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This book 1s dedicated to the health care professionals
at the front line in the battle against infectious diseases
and to the researchers who provide them with information
about the enemies and weapons to defeat them.



EADLINES AND NEWS REPORTS warn of “Flesh-Eating Bacteria,” “Mad

Cow Disease,” the AIDS pandemic, and flu pandemics. Drug-resistant

bacteria are in our hospitals and our locker-rooms, malaria incidence is

on the rise, and TB is reemerging. Every year, new infectious threats appear or
old diseases spread to new areas or attack with greater viciousness. Some of the
new diseases rear their heads and then suddenly vanish, like SARS, while others
may be with humanity for the foreseeable future. The media warn and inform of
the newly emerging diseases yet also may capitalize on public fears by overstating
the real danger or describing the diseases in the most gruesome terms possible
before moving on to the next “killer virus” predicted to kill tens of millions of
people. Meanwhile, other, less spectacular diseases spread unnoticed through
certain segments of the world’s population (as babesiosis or cryptosporidiosis in
immunosuppressed persons or dengue hemorrhagic fever in many parts of the
world). This book attempts to provide a balanced overview of some of the emerg-
ing and reemerging diseases of current times. No single text could cover all of
these diseases, but a number of illnesses have been selected which are found in
different regions of the world. Many of these strike tropical regions or developing
countries with particular virulence, others are found in temperate or developed
areas, and still other microbes and infections are more indiscriminate. In five or
ten years, other diseases may have emerged as major killers of humanity while
some of the current threats may have been neutralized by the development of
new drugs, vaccines, or other preventive measures. Poverty, civil unrest and war,
and lack of access to modern health care supplies and facilities have fueled epi-
demics of some of the diseases covered in this book. If these underlying causes
could be nullified or eliminated, many diseases would be controllable and large
numbers of people freed from their crippling effects upon health and prosperity.
Since many of the infectious diseases presented in this book are relatively
new or little information is known about the causative agent, much of the mate-
rial has been derived from recent infectious disease journals or other related
articles. Other timely information is derived from the Centers for Disease Control
and Prevention, the World Health Organization, or MedLine Plus. The excellent
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Emerging Infections series from the American Society for Microbiology have
also provided much of the background material for this book.

This text has been written to accommodate several different groups of stu-
dents, including but not limited to, upper-level undergraduate or graduate students
in biology or medically-related professions, public health students, and persons
already working in the healthcare arena. Not all of the information may be useful
to every audience but the material (especially some of the immunology and micro-
biology) 1s presented for use by those who wish to have a greater understanding
of how the microbes function and cause disease and how the human body attempts
to remove or minimize the damage. This information may be skipped without
losing understanding of the disease itself or its prevention and treatment.

The diseases are divided by type of causative agent: bacteria, viruses, protozoa,
or infectious protein. Those chapters which deal with diseases induced by infection
with a single organism or group of organisms are organized in a similar fashion:
mtroduction, history, the disease(s), the causative agent(s), the immune response,
diagnosis, treatment, prevention, and surveillance. The Major Concepts section
presents a brief overview of the most important concepts found in the chapter.
The Summary is a thumbnail sketch of the basic information about the microbe
and the associated disease. Review Questions help students to test their knowledge
of the material, while Topics for Further Discussion allow for a wider conversation
of the implications of the disease and challenge students to “think outside of the
box” to develop new solutions. There are no right answers or solutions to the mate-
rial found within this section; rather, it is hoped that any students entering into the
medical or research fields, as well as those destined to serve in public health, may
learn to search for innovative ways of dealing with health-related problems.

The two introductory chapters provide basic information that will be useful
for the other chapters, including an introduction to emerging and reemerging
infectious diseases, proposed causes for disease emergence, very basic microbiol-
ogy, and very basic immunology. The latter is included since a discussion of
disease needs to include how the host attempts to defend itself as well as what
can go wrong with this “protective” response. The last two chapters cover topics
of particular interest. Chapter Twenty-Nine discusses emerging diseases in immu-
nocompromised individuals since the numbers of people in this group are increas-
ing rapidly, posing unique challenges to public health. Chapter Thirty describes
several of the agents that may be used in acts of bioterrorism. Many of these
agents have already been used for this purpose. Hopefully, the spread of knowl-
edge about the threat of bioterrorism will discourage its usage in the future.

New Philadelphia, Ohio Lisa A. Beltz
February 2011
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CHAPTER 1

INFECTIOUS DISEASES
PAST AND PRESENT

LEARNING OBJECTIVES
e Discuss the roles of plague and smallpox in human history

e Discuss the most important infectious diseases in the world
today

e Discuss the linkages between infectious diseases, poverty, and
civil unrest

e Describe a number of emerging and reemerging infectious dis-
eases found in the Americas, outside of the Americas, and
throughout the world

e Discuss a number of factors contributing to the emergence or
reemergence of infectious diseases

e Gain a sense of the number of new infectious diseases that
have emerged recently and the rapid pace of discovery of the
microbes responsible, development of antimicrobial drugs, and
evolution of microbial drug resistance
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Major Concepts

History

Infectious diseases have had a great impact on human history, killing vast num-
bers of persons and disabling or disfiguring many others. Some diseases have
transformed the social and economic landscape of a region, as when the decline
in the peasant population following the Black Death contributed to the end of
the feudal system. The fight against smallpox led to the development of vaccina-
tion, a weapon in the human arsenal that prevented major loss of life by protect-
ing people from a wide range of diseases. Due to an ever-better understanding
of the causative agents of infectious diseases, other tools have been developed
to prevent or treat illnesses, including improved sanitation, greater availability
of clean drinking water, the increased use of disinfectants, the discovery of
antimicrobial compounds, and improvements in the inspection, processing, and
preparation of food and drink. The incidence and severity of infectious diseases
have fallen in developed nations but are again on the rise worldwide.

Infectious Diseases Today

The leading causes of death due to infectious diseases in the world today are lower
respiratory tract infections, diarrheal diseases, HIV/AIDS, tuberculosis, malaria,
and dengue hemorrhagic fever and shock syndrome. Many of the victims of these
diseases belong to the most vulnerable segments of our population, the very young
and the very old, those weakened by other pathological conditions, and those with
compromised immune responses. Many other diseases affect smaller segments of
humankind. Some of these preferentially strike those living in certain climates or
ecosystems, in lower socioeconomic groups, or in regions of civil unrest and war.
Other diseases are more prevalent in some racial groups, age ranges, occupations,
or one gender. Still other diseases are indiscriminate killers. Incidence of some
diseases peaks in certain seasons, while others occur year round.

Emerging and Reemerging Infectious Diseases

Many diseases have either been described for the first time within the past 40 to
50 years or have increased in incidence, severity, or geographical range. This text
focuses on a number of such diseases and the associated microbes. Several factors
in combination have contributed to the explosion of emerging and reemerging
infectious diseases in recent times (as evidenced by the Timeline at the end of
this chapter). Our awareness of new infections may be due in part to improved
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detection and understanding of the underlying causes of illness. Many of the
emerging diseases, however, appear to be entirely new to humans, while many
reemerging diseases represent increasing threats to humankind. Several of the fac-
tors believed to contribute to the emergence or reemergence of infectious diseases
include microbial evolution, the trend toward increasing urbanization, population
migrations between regions or into formerly uninhabited areas, the ease and
speed of long-distance movement of persons and materials, natural disasters,
climatic and ecological changes, and decreased vaccination rates in many regions
of the world. One of the important factors contributing to the rapid emergence of
new infections is the increasingly large numbers of immunocompromised indi-
viduals who are vulnerable to the development of severe or life-threatening
diseases as a result of infection by organisms formerly viewed as nonpathogenic.

History of Infectious Diseases

Much of the history of humankind has been critically shaped by infectious
diseases. Large, widespread outbreaks of bubonic, pneumonic, and septicemic
plague, caused by infection with Yersinia pestis, have struck repeatedly, includ-
ing the Plague of Justinian from 542 to 767, which killed 40 million people
in Europe and Asia Minor and initiated the Dark Ages, and the Black Death,
lasting from the fourteenth to eighteenth centuries. The latter began in Central
Asia and subsequently spread to China, India, and Asia Minor, entering Italy in
1347. Twenty-five to fifty percent of the population of Europe succumbed to the
plague within the next three years, leading to the death of many peasants and
the abandonment of much of the agricultural land. The resulting food shortage
and loss of an abundant workforce rendered the existing governments ineffective.
These were major factors in the eventual collapse of the feudal system and the
rise of middle-class artisans. Improvements in sanitation were also implemented
due to lessons learned during the plague years.

Smallpox is another disease that changed the face of human history, quite
literally, for over three thousand years, afflicting humans with horrific and disfig-
uring scars, blindness, and death for most of our known existence. Its eradication
has been one of our greatest achievements.

The rich and powerful were not spared the attention of this deadly pesti-
lence. Scars were even found on the mummy of the Egyptian pharaoh Ramses V.
Throughout the ages, the fatality rate often approached 30%, with 65% to 80% of
the survivors left with pockmarks on their faces as reminders of their ordeal. As late
as the 1700s, 10% to 14% of the children in France, Sweden, and Russia died of
smallpox. Surviving the disease was almost a rite of passage, and no parent could
be totally at ease until his or her children had vanquished that most dreaded foe.



_ EMERGING INFECTIOUS DISEASES

FIGURE 1.1 Child with smallpox

Source: CDC/Jean Roy.

“The smallpox was always present,” wrote T. B. Macaulay, “filling the
churchyards with corpses, tormenting with constant fears all whom it had
stricken, leaving on those whose lives it spared the hideous traces of its power,
turning the babe into a changeling at which the mother shuddered, and making
the eyes and cheeks of the betrothed maiden objects of horror to the lover.”

It was observed in China over a thousand years ago that survivors of smallpox
did not contract the disease again, even after extended exposure to infected per-
sons. It was additionally discovered that inoculation of previously unexposed
persons with material from dried smallpox scabs derived from persons with mild
cases of the disease often safeguarded the inoculated persons against developing
severe infection at a later time. This practice was known as variolation and
occasionally resulted in death. Variolation was brought to Europe in 1721 by
Lady Mary Wortley Montagu, the wife of the British ambassador to Turkey.
Decades later, Edward Jenner acted on the common observation that milkmaids,
who typically developed the mild disease cowpox, did not later suffer from
smallpox or develop the hideous scars present on most members of society. In
1796, he modified the practice of variolation by inoculating a young boy, James
Phipps, with material from cowpox scabs and subsequently challenging him with
smallpox. Fortunately for James (and humanity), the boy was protected.

Thus began the age of vaccination, which ultimately led to the eradication
of smallpox as a result of the concerted efforts of many dedicated individuals work-
ing under difficult conditions throughout the world for a decade. The program
featured the quarantine of patients and their contacts as well as vaccination of all
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FIGURE 1.2 Sign announcing smallpox vaccination

INOCULATION

Those who are desirous to take the infection of the
SMALL - POX, by inoculation, may find themselves
accommodated for the purpose, by applying to.

Stephen Samuel Hawley
Fiskdale, in Sturbridgc.

February 7, 1801

N. B. A Pest-House will be opened, and accommoda-
tions provided by the first day of March next.

Source: CDC.

potential contacts. Ali Maalin from Somalia is believed to have acquired the last
naturally occurring case of smallpox in 1977. Several subsequent cases occurred
several years later in England following viral escape from a laboratory:.

While smallpox remains the only disease that humans have totally eliminated
from nature, the lessons learned during this triumph of humans over one of its
most deadly foes have been applied many times in subsequent years. Highly
effective vaccines have been developed and brought into widespread use to tame
other serious microbial diseases such as polio, whooping cough, German measles,
mumps, and tetanus. The science of epidemiology, initiated by John Snow to
trace the source of a cholera epidemic in London in the 1850s to a specific water
pump, transformed public health. The “germ theory of disease,” developed by
Louis Pasteur, Robert Koch, John Lister, and others in the 1860s, revolution-
ized beliefs concerning the origins of diseases. These developments—along with
improvements in sanitation, the availability of clean drinking water, practices
such as pasteurization and sterilization of beverages and food, increased use
of disinfectants, the discovery of antimicrobial compounds such as antibiotics
(discussed in Chapter Eleven) and antiviral drugs, improvement in the inspection
of meat and processing facilities, more thorough cooking of meat and eggs, and
educational programs—eventually served as tipping points for many infectious
diseases in the developed areas of the world. The numbers of cases of microbial
illnesses dramatically declined: the incidence of tuberculosis, malaria, cholera,
and many other diseases fell either regionally or around the world. Many persons
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in the public health arena in the early 1970s declared an imminent end to threats
by infectious diseases.

The victory dance proved premature. A number of factors reversed the
gains made in humankind’s war against pathogenic microbes. Diseases thought
to be on the brink of extinction reemerged with a vengeance, and many new
devastating diseases, including AIDS and a variety of hemorrhagic fevers, began
to appear at an alarming rate. Rather than an end to the war against microbes,
we were surprised to find ourselves facing fresh troops and new enemies. The
battle continues as both sides reassess their strategies and struggle to develop new
weapons better suited to the continuingly evolving situation.

The Role of Infectious Diseases in the World Today

A number of serious infectious diseases affect humans currently. The type of
microbe, the mode of transmission, and the incidence of disease within a popu-
lation or region varies according to income levels and socioeconomic status, age,
gender, type of employment, general health parameters, social customs, housing
preferences, climate and ecology of the region (temperature and rainfall; wood-
land versus prairie versus coastline), and the types and abundance of vector and
reservoir species. Many of the diseases strike primarily members of the population
with poor immune responses: the very young, the elderly, pregnant women, and
immunocompromised individuals. Some infectious diseases, including Lyme dis-
ease and hantavirus pulmonary syndrome, preferentially strike men and women
between the ages of 20 and 40. Other serious illnesses, such as pandemic influenza,
are more indiscriminate with regard to their victims’ age. Due to differences in
occupational exposure and recreational activity, some infectious diseases, among
them the American hemorrhagic fevers and ehrlichiosis, strike men more fre-
quently than women because males are more likely to spend time working in
the cornfields and on cattle ranges or hunting and fishing in the wooded areas
where the rodent or insect vectors of these diseases are found. Others are more
common among women. One such example is the prion disease kuru, which
afflicted women exposed to prions while preparing brains for consumption dur-
ing funeral rites. Persons in poor overall health are more likely to succumb to
mnfectious diseases. Once infected with one microorganism, individuals are more
susceptible to other infections due to generalized immunosuppression. Social
customs may increase infectious disease incidence as exemplified by funeral rites
that exposed women to the Ebola virus. The type of housing common to a given
region also affects disease incidence. People living in homes with thatched roofs
and no screened windows or doors are exposed to disease vectors, as seen with



INFECTIOUS DISEASES PAST AND PRESENT _

Chagas’ disease in South America, where the “kissing bug” vector bites humans
sleeping in the thatched huts at night. Tropical areas are home to many, but not
all, of the emerging infections presented in this book. A hot, humid environment
may support large populations of insect vectors year round. Some microbes are
unable to survive in colder environments. Vector and reservoir species availability
also influences the spread of diseases. Chagas’ disease is moving into parts of the
southern United States, where the insect vector can survive the winters and where
abundant small mammals are present to serve as reservoir hosts.

The population of immunosuppressed individuals in both developed and
developing regions is increasing, leading to the emergence or reemergence of
many infectious diseases. The AIDS pandemic has been responsible for much
of this increase, especially in developing regions. Organisms other than HIV,
such as Epstein-Barr virus (causative agent of mononucleosis) and herpesviruses,
suppress immune reactivity. The aging of the population in developed regions
1s also a factor because various immune system components either decrease in
mass (thymus), numbers (some populations of T lymphocytes), or effectiveness
(T and B lymphocytes, natural killer cells) as persons age. Diabetes and cancer
chemotherapy also compromise immune response. The incidence of both dia-
betes and cancer is increasing in developed nations due to obesity and recent
alterations in diet, exercise, lifestyle, and occupation.

Depression also adversely affects various aspects of the immune response
because functions of the central nervous system and the immune system are

FIGURE 1.3 Incidence of diabetes in the United States
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closely linked. Anti-inflammatory medications that are used to treat autoimmune
disorders, such as rheumatoid arthritis, Crohn’s disease, psoriasis, and systemic
lupus erythematosus (such as corticosteroids), suppress lymphocyte responses and
increase susceptibility to infectious diseases, such as tuberculosis and staphylococ-
cal infections.

Several infectious diseases cause a great degree of suffering and death in the
world today. Lower respiratory tract infections are caused by several bacteria,
viruses, and protozoa, including Streptococcus prneumoniae, Haemophilus influenza, respi-
ratory syncytia virus, influenza viruses, parainfluenza viruses, and Preumocysitis
gurovect (formerly P carinii). These together constitute the leading cause of death
due to infectious disease. Diarrheal diseases are the second leading infectious
cause of death throughout the world and are the primary cause of malnutri-
tion. Diarrheal organisms include Vibrio cholerae, Shigella spp., Campylobacter spp.,
Salmonella spp., rotavirus, Cryptosporidium spp., E. coli, and Giardia lamblia. Children
under the age of 2 years are most vulnerable to these infections, and 1.5 mil-
lion children die annually of diarrheal disease. HIV/AIDS 1is the single leading
infectious cause of death. In 2007, some 33 million persons were living with
HIV, and 2.7 million new infections were recorded. Approximately 2 million
HIV-related deaths occur each year, and 25 million persons have died from
AIDS since the mid-1980s. The tuberculosis bacterium infects about one-third
of the world’s population and killed almost 1.6 million people in 2007. Many
people are coinfected with HIV and M. tuberculosis: indeed, tuberculosis is one of
the leading causes of death in HIV-positive persons. Malaria caused around 1
million deaths in 2005, and 247 million persons were infected with the parasite
responsible. Very young African children are especially vulnerable to infection
and death and average 1.6 to 5.4 episodes of malarial fever per year. We are
currently in the midst of a pandemic caused by the dengue virus, resulting in
the extremely painful dengue fever (“breakbone fever”) or the very dangerous
dengue hemorrhagic fever, which has a high fatality rate if untreated. Fifty-six
million infections occur each year, and the number of cases and disease range
are increasing, with explosive outbreaks being reported.

The Links Between Infectious Diseases,
Poverty, and Civil Unrest

Infectious diseases continue to be major causes of human death in the world.
This 1s particularly true for areas that are gripped by poverty and the associated
ills of decreased access to clean drinking water, malnutrition, overcrowding, sub-
standard housing that does not fully protect against physical or biological threats
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(temperature extremes, wetness or dryness, insects, and rodents), inadequate health
care, and poor educational opportunities. These factors combine to undermine
the health of infants, children, and adults in the affected regions, leaving them
vulnerable to infectious illnesses. Exposure to insect and rodent vectors in the
home increases the spread of pathogenic microbes responsible for diseases such
as bubonic plague, malaria, yellow fever, and Lassa fever. Contaminated water
supplies transmit diseases such as cholera and schistosomiasis. Overcrowded liv-
ing conditions, such those found in the slums of major urban centers, homeless
shelters, and some prisons, nursing homes, and mental health facilities, permit the
rapid spread of infections such as tuberculosis and typhus. Women may be forced
mnto prostitution to obtain money for food for themselves and their children,
increasing their risk of acquiring sexually transmitted diseases such as AIDS and
syphilis. Children born of infected mothers may become infected in utero, during
labor, or via contaminated breast milk. Persons addicted to drugs or alcohol may
live in poverty or turn to prostitution in order to obtain funds to feed their habit.

Once individuals in a poverty-stricken region have acquired an infectious
disease, they are unlikely to receive adequate treatment due to the inability
to pay for services and medications or the lack of health care facilities and
practitioners in close proximity to their residence. Many impoverished regions
are located in remote areas with few roads. Most of the population may not
own a motor vehicle to allow travel to distant sites, and fuel may be either too
expensive or too scarce to permit its use by the majority of persons. Roads may
be in poor condition or impassable during the wet season. Many governments
may be unable or unwilling to provide basic health services or emergency care.
Educational programs that could reduce disease incidence or severity are often
of limited value because much of the population may not own televisions or
radios and may not read newspapers due to illiteracy.

Poverty and disease often form a vicious circle that entraps large regions
of the world today. As noted, poverty may set the stage for sickness. Sickness
may then deepen the poverty of an area as individuals who could have been
vital members of the workforce, producing food and bringing money into the
region, are too ill to be fully productive or to work at all. Corporations may be
unwilling to bring factories into regions with ill workers. Areas of sub-Saharan
Africa suffer from decreased tourism as travelers hesitate to expose themselves
to tropical diseases, some of which are difficult to prevent or treat. Ill children
may have frequent absences from school. Some infectious diseases impede
children’s physical and cognitive development, interfering with their ability to
learn the information and skills necessary to lead themselves and their societies
out of the grip of poverty and increasing the distance between developed and
developing regions of the world.
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Many regions of the world suffer under the twin burdens of poverty and
civil unrest. Civil wars as well as wars between nations force mass population
movements. Combatants and refugees carry diseases from an indigenous region
to other areas. Agricultural activity and economic development are challenged.
Refugee camps may be hotbeds of infectious disease due to overcrowding, inad-
equate clean water supplies, lack of proper sanitation facilities, and malnutrition.
Areas of active combat are barriers to transportation of food, medicine, and
vaccines, not only to the involved area but also to areas served by the associated
roads or waterways. Civil unrest and wars disrupt the fabric of society and may
tear apart the social mores of the culture. This may further the spread of disease
as sexual practices change in manners conducive to microbial transmission.

The role of infectious disease in the world today is linked to a region’s
income level. In the world as a whole, coronary heart disease and stroke and
cerebrovascular disease were the leading causes of death, responsible for 12.2%
and 9.7% of the deaths, respectively, in 2004, according to the World Health
Organization. Four of the remaining ten leading causes of death in the world
are due to infectious diseases (lower respiratory tract infections, 7.1%; diarrheal
diseases, 3.7%; HIV/AIDS, 3.5%; and tuberculosis, 2.5%; total, 16.8%). Among
low-income countries, six of the ten leading causes of death were infectious
diseases (lower respiratory tract infections, 11.2%; diarrheal diseases, 6.9%;
HIV/AIDS, 5.7%; tuberculosis, 3.5%; neonatal infections, 3.4%; and malaria,
3.3%; total, 34.0%). In middle-income countries, on the other hand, two of the
ten major causes of death were of an infectious nature (lower respiratory tract
infections, 3.8%, and tuberculosis, 2.2%). Among high-income countries, only
one of the ten leading causes of death in 2004 was an infectious disease (lower
respiratory tract infections, 3.8%). Less than 25% of the people in low income
countries live to the age of 70 years, and more than one-third of the deaths
are among individuals under the age of 14 years. In middle-income countries,
almost 50% of the population dies after the age of 70, and that figure exceeds
67% in high-income countries. The proportion of deaths among those under
the age of 14 years is 10% and 1% in middle- and high-income countries,
respectively.

Emerging and Reemerging Infectious Diseases

No one textbook can cover the vast numbers of emerging and reemerging
infectious diseases that have either been discovered during the past four to
five decades or have greatly increased in incidence or virulence regionally or
worldwide during that time. A number of these have been selected for inclu-
sion in this book. These include viral, bacterial, and protozoan infections and a
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number of important diseases found in both tropical and temperate and both
developed and developing regions of the world. Some of these are familiar to
the general public, while others are virtually unknown even to most members
of the medical community in the developed world. The sheer number of new
infectious organisms and their spread to novel geographical regions complicates
the tasks of physicians, nurses, public health agencies, epidemiologists, and leg-
islators in their roles of safeguarding the general population against infection.
This text attempts to draw attention to a subset of these diseases, some of which
were once as obscure and remote as slim disease in Africa was to health care
personnel before the recognition of the AIDS pandemic. The health and lives
of billions of people in the future relies on vigilance of health workers to trends
in old diseases and to the emergence of others.
The following diseases are presented in this book:

Diseases Found Primarily in the Americas
® Lyme disease: multisymptom disease transmitted by tick bite; includes rash,

arthritis, neurological manifestations

® FEhrlichiosis: potentially serious or fatal bacterial infection of white blood cells;
transmitted by tick bite

® Hantavirus pulmonary syndrome: severe to fatal respiratory disease found most
commonly in the American Southwest; deer mice serve as disease reservoirs

® West Nile encephalitis in the United States: results in rare but serious neuro-
logical disease; transmitted by mosquito bite

® American hemorrhagic fevers: hemorrhagic fevers with high fatality rates
found in South and North America; rodents serve as reservoir species

® (Chagas’ disease in the United States: potentially fatal parasitic infection of the
blood that leads to cardiac failure; transmitted by “kissing bugs”

Diseases That Occur Primarily Elsewhere in the World
® Marburg and Ebola hemorrhagic fevers: hemorrhagic fevers with high fatality

rates found primarily in Africa

® [assa fever: a hemorrhagic fever found primarily in western Africa; transmit-
ted by inhalation of contaminated rodent excreta

® Monkeypox: a potentially fatal smallpoxlike disease found primarily in Central
Africa; transmitted directly between humans

® Malaria (reemergent and newly drug-resistant): potentially fatal parasitic
infection of red blood cells; transmitted by mosquito bites
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Variant Creutzfeldt-Jakob disease and other transmissible spongiform enceph-
alopathies: fatal neurological diseases caused by an infectious protein; trans-
mitted between humans or by consumption of infected beef

Diseases That Occur Around the World

Drug-resistant bacteria: includes methicillin- and vancomycin-resistant bac-
teria as well as drug-resistant strains of Pseudomonas aeruginosa and Streptococcus
pneumoniae

Group A streptococci: cause potentially fatal infections such as scarlet fever,
necrotizing fasciitis, childbed fever, and toxic shock syndrome

Legionnaires’ disease: a potentially fatal respiratory infection; transmitted by
inhalation of bacteria in aerosolized water droplets

Dengue fever: an extremely painful disease that may progress to the often fatal
dengue hemorrhagic fever or dengue shock syndrome

Escherichia coli O157:H7: causes potentially fatal diseases such as hemolytic
uremic syndrome and hemorrhagic colitis; transmitted by the oral-fecal route

Helicobacter pylor:: causes peptic ulcers and hepatocellular carcinoma

Bartonella species: cause several potentially serious diseases including cat-
scratch fever, trench fever, and bacillary angiomatosis

HIV/AIDS: fatal immunosuppressive disease; transmitted through sexual
contact or blood

Kapost’s sarcoma: cancer caused by human herpesvirus-8 that can be fatal
to HIV-positive persons

Hepatitis C: potentially fatal liver disease caused by a bloodborne virus

Severe acute respiratory syndrome (SARS): potentially fatal respiratory illness;
transmitted via inhalation

Influenza: pandemic influenza strains result in widespread loss of life; trans-
mitted via inhalation

Tuberculosis: reemergent lung disease that has become resistant to many com-
monly used drugs; transmitted by inhalation

Cryptosporidium: causes severe diarrheal disease with a high fatality rate in
immunosuppressed persons; transmitted via contaminated water or food

Babesiosis: potentially fatal parasitic infection of red blood cells; transmitted
by tick bite
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Other chapters discuss diseases that particularly imperil persons with suppressed
immunity (a rapidly growing segment of human societies) and the emerging
threat of biological warfare agents.

In addition to the diseases covered in this book, many others are being stud-
ied by researchers around the world. For example, in the journal Emerging Infectious
Diseases, published by the Centers for Disease Control and Prevention, the fol-
lowing microbes or diseases were discussed in the September 2009 issue: avian
bornaviruses, Baylisascaris, bluetongue virus, bocavirus, Campylobacter enteritis,
Candida dubliniensis, Chlamydia, feline infectious peritonitis virus, foot-and-mouth
disease, Gordonia sputa, hantavirus, Kyasnur Forest disease virus, Merkel cell
polyomavirus, rhinovirus C, rotavirus, Saffold cardiovirus, strongyloidiasis, Zika
virus, and zygomycosis. The following were covered in the October 2009 issue:
acute Q fever, Aichi virus, anthrax, Borrelia hispanica relapsing fever, coxsackievi-
rus, human bocavirus 2, Japanese encephalitis virus, leishmaniasis, lymphocytic
choriomeningitis virus, melioidosis, nontuberculosis mycoplasma infection, novel
arenavirus in southern Africa, plague, Preumonocystis jirovecu, rabies, rickettsia,
Salmonella enterica, and scrub typhus.

Factors Contributing to the Emergence of New
Infectious Diseases and the Spread and Evolution
of Older Diseases

A number of factors have led to the recent increase in the emergence and
reemergence of infectious diseases. One trivial factor may be increased aware-
ness of a disease or the discovery of an infectious cause for an old affliction.
An example of the latter is our relatively recent awareness of the bacterium H.
pylori as the cause of peptic ulcers and hepatocellular carcinoma. In many cases,
however, older diseases have either undergone increases in incidence or virulence
regionally or throughout the world or novel diseases have appeared in the human
population. Some of these changes result from microbial evolution through
mutation of their DNA or RNA or by the acquisition of new genetic material in
the form of plasmids or via transformation or transduction by a bacteriophage.
Some microbes, such as influenza and HIV, have rapid mutation rates: influenza
viruses of pigs, birds, and humans may exchange RNA if they happen to infect
the same cell, and HIV uses an error-prone enzyme during replication and lacks
a repair mechanism. The pathogenic . cols O157:H7 contains several virulence
factors that are borne on either a plasmid or a bacteriophage that has infected
the bacterium. These changes in genetic material allow the development of
drug-resistant microbes, followed by natural selection processes that are fueled
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by factors such as medicinal overuse of drugs, agricultural practices, patient
noncompliance with correct drug dosage, and failure to complete the course of
treatment.

Several additional factors involve the movements of individuals or groups.
One such factor is the trend toward increasing urbanization, which has moved
drawn numbers of people away from their lives in traditional villages to large
population centers with different social customs and moral values concerning
sexual practices. The rapid increase in city size has not allowed the time and
resources necessary for careful planning, resulting in haphazard growth and the
appearance of huge slum areas with overcrowded, shoddy housing and very
limited access to sanitary waste disposal facilities and clean water for drinking,
cooking, bathing, and laundering clothing;

Another factor, noted earlier, is the mass migration of populations (civilians
or military personnel) that occurs during war or civil unrest and the result-
ing spread of disease to new areas, especially under conditions that also allow
movement of disease vectors or reservoir species. Such population movements
occurred during the exploration and colonization of the Americas and the
importation of slaves followed by the introduction of European and African
diseases into New World groups, often with disastrous results for the indigenous
peoples. During the Pacific campaign of World War II, North American and
European soldiers serving in Asia were heavily afflicted by tropical maladies such
as malaria, dysentery, and typhoid fever.

A third factor is the rapid movement of individuals and materials by modern
transportation systems. A person may travel around the world by air in several
days, carrying pathogenic microbes to a wide range of new hosts. A recent
outbreak of mumps was linked to an infected individual flying into and out of
a number of American cities within the span of a week. SARS traveled from
China to Toronto’s Chinatown in a similar manner in 2003. Infected vector spe-
cies may also bring diseases into new areas, as occurred with the arrival of West
Nile virus via its mosquito vector on a ship that arrived in New York Harbor
in the summer of 1999. Reservoir hosts may also travel illicitly aboard ships, as
the rats bearing bubonic plague from Asia to California did in the 1800s. Other
infected reservoir hosts may be imported as pets (monkeypox-infected African
rodents were brought into the United States in 2003) or for medical research
purposes (Marburg hemorrhagic fever broke out in Germany and Yugoslavia in
1967 in primate centers housing African green monkeys).

A fourth factor is the settlement and clearing of “virgin” territory for farm-
ing in the rain forests of South America, Asia, and Africa. This brought humans
into greater contact with new species of animals and disrupted existing ecosys-
tems, allowing the emergence of diseases such as Argentine hemorrhagic fever
due to shifts in rodent populations inhabiting the newly developed cornfields
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in the Pampas and the emergence of HIV in humans, believed by many to
have entered people when a macaque infected with the simian immunodefi-
ciency virus bit a farmer trying to carve out a living in the rain forests of sub-
Saharan Africa.

Natural disasters and climatic factors play roles in disease emergence. A
natural disaster triggered a large outbreak of bubonic and pneumonic plague
in India in 1994 after a long disease-free period. It was believed to have been
initiated by changes resulting from a large earthquake and its aftershocks, fol-
lowed by mass population movements and rapid expansion of a population of
rats that were particularly suited to host and transmit Yersinia pestis to humans.

Climatic factors contributed to the recent appearance of a new respiratory
disease in the United States. The mild winter and wet spring accompanying El
Nifio in the southeastern United States in 1993 led to an unusual abundance of
pinyon nuts in the Four Corners region of Arizona, New Mexico, Colorado, and
Utah. The deer mouse population of that region exploded, leading to crowding
among the mice and their increased contact with the Navaho residents of the
area. Some members of the mouse population were infected with Sin Nombre
virus, which subsequently spread to numerous other mice and then to humans,
leading to the first reported outbreak of the often fatal hantavirus pulmonary
syndrome. Navaho folklore had previously warned of death stalking the people
following a mild winter with many pinyon nuts.

Other factors contributing to the emergence or reemergence of infectious
diseases are functions of health care systems. One such factor is the recent
decline in quality and availability of local and national health services in many
areas of the world, including much of Africa and the former Soviet Union.
Changing national alliances at the conclusion of the colonial era decreased the
input of European funds for building and maintenance of clinics and hospitals,
medical supplies, and personnel. It also set in motion a long series of vicious
battles for control of the regions by differing ethnic or religious groups, rival
chieftains, and various political factions. Some of the resulting warfare contin-
ues to the present. Another factor leading to disease reemergence is decreased
vaccination. Many parents in developed countries, including the United States,
choose to not vaccinate their children against many potentially serious infec-
tious agents such as the polio virus, the mumps virus, and Pertussis (the causative
agent of whooping cough). These diseases are no longer common in developed
countries, lulling many persons into a false sense of security that is occasionally
shattered, as witnessed by the mumps outbreak in Iowa early in this century
and the reemergence of measles in children in some parts of the United States.
Other parents fear that vaccination may increase the risk for their children to
develop autism, a claim based on small bits of unreliable research. Other vac-
cines, such as that formerly used to protect against smallpox, are no longer widely
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available. The agent used in the smallpox vaccine, vaccinia virus, may cause
serious disease, and the natural transmission cycle of smallpox has been broken
for three decades. Despite the inherent risks associated with that particular vac-
cine, immunization with vaccinia virus during the smallpox eradication program
did appear to decrease incidence and severity of monkeypox in humans. Vials
of smallpox virus still officially exist in Biosafety Level 4 facilities in the United
States and the Russian Federation. A former Soviet bioweapons researcher also
claims that very large stocks of the virus are in the hands of terrorist states and
could conceivably be used in a bioterrorism attack against the world’s almost
totally unprotected population.

A major factor influencing the emergence and increased virulence of infec-
tious diseases is the large increase in the numbers of immunosuppressed persons
throughout the world today. As noted earlier, a variety of factorslead to decreased
competence of the immune system. Immunocompromised individuals, especially
HIV-positive persons in late-stage AIDS with extremely low numbers of CD4"
T helper cells, are very vulnerable to infection by a number of microbes, with
greater morbidity and higher mortality rates. Many of the diseases covered in
this text may be included in this category. These include ehrlichiosis and anaplas-
mosis; monkeypox; malaria; necrotizing fasciitis following group A streptococcal
infection; Legionnaires’ disease; life-threatening manifestations of E. coli infec-
tion; bacillary angiomatosis, bacillary peliosis hepatis, and endocarditis induced
by infection by Bartonella spp.; infection by human herpesvirus-8 and Kaposi’s
sarcoma; Cryptosporidium-induced diarrheal disease; and babesiosis. Persons with
compromised immunity are also vulnerable to potentially fatal manifestations
of disease caused by other infectious agents, including gram-positive cocci such
as Enterococcus faecalis and E. faecium; gram-negative bacilli such as Pseudomonas
aeruginosa; intracellular bacteria such as Salmonella and Listeria monocytogenes;
fungi such as Candida spp., Aspergillus spp., and Fusarium spp., and other organ-
1sms such as the Mycobacterium avium complex and Cyclospora. If the numbers of
immunocompromised persons continue to increase, we may expect to see new
illnesses arise due to infection of this population by long-established human
pathogens.

Timeline

The accompanying timeline traces some of the important events in the history
of the emerging infections covered in this book. The incidence of emerging
infections has increased in the past several decades, and new organisms have
been discovered. The times when antibiotics were first used and resistance to
them developed are also listed.
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Timeline for Emerging Infectious Diseases

Before 50,000 B.C. Helicobacter pylori (cause of gastric ulcers) believed to have colonized humans in

Africa

5000 B.C. Evidence of tuberculosis found in human bones

1000 B.C. Hippocrates described disease characterized by lung nodules matching the
description of tubercles found in tuberculosis

A.D. 300s Artemisinin used in China to treat malaria (Plasmodium infection)

1600s Quinine used in South America to treat malaria

1664 Description of scarlet fever (infection with group A streptococci)

1730 Scrapie (prion) discovered in sheep

1736 Major outbreak of severe scarlet fever in the American colonies

Mid-1800s Beginning of quinine resistance among Plasmodium

1800s-1900s Sanatorium movement for the treatment of tuberculosis in the wealthy

1825-1885 Series of cyclical, highly lethal epidemics of scarlet fever in Paris, London, Dublin,
and New York City

1840s Ignaz Semmelweis suspected an infectious origin for childbed fever (group A

streptococcal infection) and initiated handwashing with chlorinated lime solution
for people delivering babies, resulting in a rapid decrease in the mortality rate

1871 First description of necrotizing fasciitis (infection by group A streptococci) in the
Americas, reported by a Confederate army surgeon during the Civil War

1871 Large outbreak of bartonellosis during the building of the Central Railroad from
Lima to Oroya, Peru

1872 Recognition of an unusual pigmented skin cancer (Kaposi’s sarcoma caused by
human herpesvirus-8) in elderly men in Vienna by Moritz Kaposi

1875 Spiral bacteria found in gastric ulcers and aspirates, postulated to play a causal role
in gastric disease

1882 Discovery of Mycobacterium tuberculosis by Robert Koch

1885 Discovery of Escherichia coli by Theodore von Escherich

1885 Investigation of Oroya fever (caused by Bartonella) by Daniel Carrién

1888 First description of Babesia species, by Viktor Babe, in cattle erythrocytes

1906-1909 Malaria and yellow fever brought into control in Panama by decreasing numbers

of the mosquito vector under the direction of W. C. Gorgas of the U.S. Army
Medical Corps

1907 Cryptosporidium muris found in asymptomatic mice by Edward Tyzzer

1909 Chagas’ disease (caused by Trypanosoma cruzi) first described by Carlos das Chagas

1912 Discovery of Cryptosporidium parvum by Tyzzer

1915 Large outbreak of trench fever (infection by Bartonella) during World War |

1918 “Spanish flu” pandemic (HINT)

1920s Discovery of Creutzfeldt-Jakob disease (caused by human prion)

1921 Beginning of widespread use of BCG (bacillus Calmette-Guérin) as a tuberculosis
vaccine

1928 Discovery of penicillin by Sir Alexander Fleming

1930s Benito Mussolini drained swamps near Rome, greatly decreasing the incidence of
malaria in ltaly

1930s Recognition of hemorrhagic fever with renal syndrome (infection by hantavirus)
among Japanese troops stationed in Manchuria prior to World War Il

1930s Decreased incidence of severe invasive group A streptococcal infections

1933 Isolation of the influenza virus

1936 Scrapie found to be transmissible between sheep

1936 Prontosil, a sulfonamide, used to treat established childbed fever (infection by
group A streptococci)

1937 West Nile virus first isolated in the West Nile district of Uganda

1938 Epidemic of bartonellosis in Columbia

1940s Beginning of widespread use of penicillin, amid reports of drug resistance

1940s-1950s Major epidemics of rheumatic fever (infection by group A streptococci) in the U.S.
military during World War Il and the Korean War

1950 Recognition of cat-scratch disease (infection by Bartonella)

(Continued)
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Timeline for Emerging Infectious Diseases (Continued)

1950s
1950s
1950s-1960s
1953

1955

1957

1957

1957

1957
1958
1958

1959

Early 1960s
1960s

1961

1961

1963
Mid-1960s
1966
1967
1968
1969
1970
1970s
1970s
Mid-1970s
1976
1976
1976
1976

1976
1976

1976
1977

Late 1970s
1977
1979-1982

1980
1980s

1980s

Cryptosporidium linked to diarrheal disease in calves and poultry

Chloroquine used to treat malaria

Malaria Eradication Campaign

Report of sennetsu fever (infection by Legionella) in Japan

Description of Argentine hemorrhagic fever

“Asian flu” pandemic (H2N2)

Discovery of kuru (prion disease) in Fore Highlanders of Papua New Guinea

West Nile virus responsible for severe neurological symptoms among residents of
Israeli nursing homes

First report of human infection with Babesia divergens

Isolation of the Junin virus (cause of a type of American hemorrhagic fever)

Monkeypox virus identified as causative agent of smallpox-type rash in cynomolgus
macaques in a primate colony in Denmark

First reported outbreak of Bolivian hemorrhagic fever

Introduction of methicillin and oxacillin, amid reports of drug resistance

Appearance of chloroquine-resistant Plasmodium falciparum

H5N1 avian influenza first detected in South African terns

Reports of methicillin-resistant strains of Staphylococcus aureus (MRSA) in the
United Kingdom

Isolation of the Machupo virus (cause of a type of American hemorrhagic fever)

First recognition of human babesiosis in the United States, in California

Tikvah Alpers noted that the scrapie agent was extremely resistant to inactivation
by ultraviolet light and questioned whether it could replicate without nucleic
acids

First report of Marburg hemorrhagic fever; establishment of vaccine production
facilities in Marburg and Frankfurt, Germany, and Belgrade, Yugoslavia

“Hong Kong flu” pandemic (H3N2)

First report of Lassa hemorrhagic fever in a missionary hospital in Nigeria

Monkeypox virus first reported in humans in the Democratic Republic of the
Congo (DRC)

Reemergence of malaria

Babesia microti found to cause human illness on Nantucket Island

Pseudomonas aeruginosa begins to develop resistance to expanded-spectrum
cephalosporins, carbapenems, aminoglycosides, and fluoroquin

First reported outbreak of Legionnaires’ disease at an American Legion convention
in Philadelphia

First report of Lyme disease in Old Lyme, Connecticut

First reported human infection with Cryptosporidium parvum

Carleton Gadjusek received the Noble Prize in medicine for his discovery of the
transmissibility of Creutzfeldt-Jakob disease and kuru

Isolation of Hantaan virus (causes hemorrhagic fever with renal syndrome)

First report of Ebola hemorrhagic fever in two simultaneous outbreaks in Yambuku
and Kinshasa, Zaire (DRC), and Maridi and N’zara, Sudan

“Swine flu” (HINT); initiation of the National Influenza Immunization Program

Swine flu immunization program halted due to large numbers of vaccine-
associated cases of Guillain-Barré syndrome and some deaths

Slim disease (infection with HIV) appeared in parts of Africa

Emergence of strains of Streptococcus pneumoniae resistant to erythromycin,
trimethoprim, sulfamethoxazole, vancomycin, tetracycline, chloramphenicol, and
ofloxacin

Isolation of Helicobacter pylori and its role in gastric diseases postulated by Robin
Warren and Barry Marshall

Official elimination of natural transmission of smallpox

Beginning of resistance to sulfadoxine-pyrimethamine and mefloquine among
Plasmodium

Increasing pathology of necrotizing fasciitis and other severe group A streptococcal
infections
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Timeline for Emerging Infectious Diseases

1981 Unusually aggressive form of Kaposi’s sarcoma in young homosexual men in
New York and unexpectedly high numbers of cases of Pneumocysitis carinii
pneumonia in young homosexual men from Los Angeles triggers awareness
of the AIDS pandemic; AIDS also found in intravenous drug users

1981 Borrelia burgdorferi (cause of Lyme disease) isolated by William Burgdorfer

1982 AIDS found in high numbers in Haitians and hemophiliacs

1982 Prions isolated by Stanley Pruisiner

1982 First reported outbreak of E. coli O157:H7 resulting from tainted hamburgers in
the U.S. Pacific Northwest and Michigan

1982 Reports of severe diarrheal disease associated with Cryptosporidium parvum in
persons later found to be HIV-positive

1983 Lymphadenopathy-associated virus (later renamed HIV-1) isolated by Luc
Montagnier at the Pasteur Institute

1983 Reports of E. coli strains resistant to penicillin

1983 Description of bacillary angiomatosis (infection by Bartonella)

1984 Human T lymphotropic virus-lll (later renamed HIV-1) isolated by Robert Gallo

Mid-1980s Appearance of multidrug-resistant tuberculosis

1986 Beginning of the bovine spongiform encephalopathy (BSE) epidemic, in the United
Kingdom

1986 Description of human monocytotropic ehrlichiosis (infection by Ehrlichia chaffeensis)
in Arkansas

1986 Development of zidovudine (AZT) for the treatment of AIDS

1987 Bacillary angiomatosis found as an opportunistic infection in individuals with AIDS

1988 Ban on feeding ruminant-derived protein to other ruminants went into effect

1989 First reported outbreak of Venezuelan hemorrhagic fever

1989 Hepatitis C virus cloned

1989 First reported outbreak of Ebola Reston in nonhuman primates imported from the
Philippines to Reston, Virginia

1989-1990 Ban on the use in human or animal foods of brain, spinal cord, tonsil, thymus,
spleen, or lower intestine tissue from cattle over the age of 6 months

1990 First reported case of Brazilian hemorrhagic fever

1990 Development of blood test for hepatitis C virus

1990 Isolation of Ehrlichia chaffeensis at Fort Chaffee, Arkansas

1990s Appearance of vancomycin-resistant enterococci

1990s Increased numbers of tuberculosis and multidrug-resistant tuberculosis in the
United States

1990s-2000s Increasing numbers of severe group A streptococcal infections

1991 Babesia isolate type WA-1 discovered to cause an acute malarialike disease in
Washington State

1991 Babesia isolate type CA-1 identified in California

1992 Babesia isolate type MO-1 caused fatal disease in a 73-year-old splenectomized
man in Missouri

1992 Global Malaria Control Strategy

1992 Ebola Reston reported in Italy in cynomolgus monkeys imported from the
Philippines

1992 Isolation of Bartonella henselae and B. quintana from bacillary angiomatosis lesions

1993 Large outbreak of waterborne Cryptosporidium parvum-associated diarrhea in
Milwaukee, Wisconsin

1993 First report of adult respiratory distress syndrome (caused by hantavirus) among
Navahos in the American Southwest

1993 Identification of Bartonella henselae

1993 Bartonella elizabethae isolated from blood of a person with fever and endocarditis

1994 First report of Ebola Ivory Coast in humans and chimpanzees

1994 National Institutes of Health confirm role of Helicobacter pylori in gastric ulcers and
chronic gastritis

1994 World Health Organization names Helicobacter pylori a class | carcinogen

(Continued)
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Timeline for Emerging Infectious Diseases (Continued)

1994
1994

1994
1995
1996

1996

1996
1996-1997
1996-1997
1996-2000
1997
1997
1998
1998-2000

1999
1999
1999
2000

2000-2001
2000-2001
2001
2002
2002
2002
2002-2003
2003
2003
2003

2003
2003-2004
2004
2004-2005
2005
2005
2005-2006

2006
2007
2007-2008
2008
2008
2008
2008
2008

2009

Discovery of atypical form of Creutzfeldt-Jakob disease (prion infection), later
named variant Creutzfeldt-Jakob disease

Human herpesvirus-8 first identified in Kaposi’s sarcoma tissues from an AIDS
patient

Recognition of human granulocytic anaplasmosis by Johan Bakken in Minnesota

Large outbreak of Ebola hemorrhagic fever in Kikwit, DRC

Large waterborne outbreak of Cryptosporidium parvum-associated diarrhea in Las
Vegas, Nevada

Isolation of Whitewater Arroya virus (cause of a type of American hemorrhagic
fever) from wood rats

Very large outbreak of E. coli O157:H7, from contaminated radish sprouts, in Japan

Large outbreak of Ebola hemorrhagic fever in Gabon

Large outbreak of Lassa hemorrhagic fever in Sierra Leone

Increased numbers of monkeypox outbreaks in DRC

H5N1 influenza A first reported in humans in Hong Kong

Pruisiner receives Noble Prize in medicine for his work on the prion theory

Roll Back Malaria Partnership

Large outbreaks of Marburg hemorrhagic fever among gold miners near
Durba, DRC

First reported cases of hemorrhagic fever caused by Whitewater Arroya virus

Description of dog and human disease due to Ehrlichia ewingii

First report of West Nile virus in the Western Hemisphere in New York City

Large outbreak of E. coli O157:H7 from contaminated municipal water supplies, in
Walkerton, Ontario

Increased incidence of extensively drug-resistant tuberculosis

Large outbreak of Ebola hemorrhagic fever in Gulu, Uganda

West Nile disease found south of the United States in the Cayman Islands

West Nile disease reported in humans in Canada

Reports of high-level vancomycin-resistant Staphylococcus aureus (VRSA)

Differentiation of Cryptosporidium parvum and C. hominis

Severe acute respiratory syndrome (SARS) epidemic

Beginning of second wave of H5N1 avian influenza in humans in Southeast Asia

Isolation of SARS-associated coronavirus (SARS-CoV)

First report of monkeypox in the United States, from African rodents imported
into Texas

First monkeypox outbreak in the Republic of the Congo

Four mild cases of SARS in China

Avian H7N3 variant causes mild illness in two persons in Canada

Large outbreak of Marburg hemorrhagic fever in the Uige province of Angola

Warren and Marshall receive Nobel Prize in medicine for their work on Helicobacter

President’s Malaria Initiative

Discovery of natural infection with Marburg virus in a nonprimate species, fruit
bats, in Gabon

First reports of human H5N1 influenza outside of Southeast Asia in Turkey,
Azerbaijan, Djibouti, Egypt, and Iraq

H7N7 avian virus causes typically mild illness in humans in the Netherlands

Spread of H5N1 influenza to Nigeria and Pakistan

H5N2 avian influenza virus appears as an asymptomatic infection of poultry
workers in Japan

First reported cases of hemorrhagic fever caused by Chapare virus

Large outbreak of Marburg hemorrhagic fever in a bat-infested mine in Uganda

First reported case of Marburg hemorrhagic fever in the United States, in a traveler
returning from Uganda

First reported cases of hemorrhagic fever caused by a novel Old World arenavirus
in Zambia and South Africa

Declaration of “swine flu” pandemic by new strain of HIN1 influenza virus
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Summary

Effects of Several Infectious Diseases in History

e Plague resulted in massive population reduction, altered economic and civil
structure, and led to reforms in sanitation. ¢ Smallpox was a major killer of
the young and previously unexposed populations and led to the development of
vaccination.

Leading Causes of Death Due to Infectious Disease Today

* Lower respiratory tract infections ¢ diarrheal diseases * HIV
* tuberculosis ¢ malaria ¢ dengue hemorrhagic fever and shock
syndrome

Poverty-Associated Factors That Increase Infectious
Disease Incidence

e Decreased access to clean drinking water ¢ malnutrition

e overcrowding ¢ substandard housing ¢ poor educational
opportunities ¢ prostitution as a source of income ¢ inadequate
health care due to the inability to pay for services and medications

e lack of local health care facilities and practitioners ¢ lack of roads
or their impassability * poor access to motor vehicles or fuel to travel to
health care sites

Civil-Unrest-Associated Factors That Increase Infectious
Disease Incidence

* Mass population movement due to wars ¢ geographical spread of
disease by combatants and refugees * poverty due to loss of crops
and economic disruption ¢ amplification of disease in refugee

camps * physical inhibition of the transportation of food, medicine,
and vaccines by areas of active combat ¢ altered sexual practices due
to disruption of social mores

Factors Contributing to the Emergence or Reemergence
of Infectious Diseases

e Microbial evolution ¢ wurbanization ¢ large population migration
* rapid long-distance transportation of persons and materials ¢ human
intrusion into formerly uninhabited territories * natural disasters

e climatic changes ¢ decreased vaccination ¢ increased numbers

of immunocompromised individuals
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Key Terms

Emerging and reemerging infectious diseases Infectious diseases that
have either been discovered during the past 40 to 50 years or greatly increased in
incidence or virulence regionally or worldwide

Urbanization Movement of large numbers of people away from traditional
villages to large population centers with differing social customs and moral values;
may result in overcrowding and decreased sanitation

Vaccination Inoculation with nonpathogenic material derived from infectious
agents in order to induce protective immunity against future infection

Variolation Inoculation with material from dried scabs derived from persons
with mild cases of smallpox to protect against the future development of severe
infection

Review Questions

1. What are variolation and vaccination, and how did each develop?

2. What microbes are responsible for many of the cases of lower respiratory
tract infections and diarrheal diseases found in developing nations? Name
three of other major microbial diseases leading to death in the world today.

3. How may illness increase the poverty of an area?

4. What are some of the emerging infectious diseases found throughout the
world and the organisms that cause them?

5. What are some reasons for the observed decrease in vaccination?

Topics for Further Discussion

1. The Black Death killed a large percentage of the inhabitants of Europe in
the fourteenth to eighteenth centuries, leaving a vastly altered society in its
wake. In what ways are AIDS and the reemergence of tuberculosis currently
inducing societal changes in developed nations?

2. Smallpox was one of the worst scourges of humanity until its eradication in
the 1970s, and the practice of vaccination was developed as a result of this
disease. Vaccination has gone on to save the lives of untold millions of people
infected with other infectious diseases. Research the positive effects that have
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come from the AIDS pandemic, including advances in the understanding of
the body’s defensive systems and treatment of other diseases.

3. Outline several practical ways that might reduce the incidence of lower respi-
ratory tract infections and diarrheal diseases in impoverished regions. Keep
in mind limitations (finite financial resources and personnel, educational level
of the population, cultural and religious customs, the role of geography and
climate, and the ability and willingness of local governments to assist in the
effort). Suggest practical ways in which the limitations might be minimized.

4. New diseases have emerged throughout history, Humans have countered
with new strategies (sanitation, vaccination, antimicrobial medications) for
protection against infection or to decrease the severity of the resulting disease.
Discuss possible innovative means by which humans might combat infectious
diseases in the future, such as gene therapy or means of eliminating large
numbers of closely related microbes from the environment.
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CHAPTER 2

OF MICROBES AND MEN

LEARNING OBJECTIVES

® Describe viruses, bacteria, protozoa, and prions and discuss how
they differ

e Discuss the differences between prokaryotes and eukaryotes
® Describe the roles of DNA, RNA, proteins, and mutations
® Discuss how bacteria and viruses increase their genetic diversity

® Describe the adaptive and innate immune systems and the func-
tions of the cells found in each

e Describe and differentiate the classes of antibodies and different
categories of cytokines

e Describe the different categories of antimicrobial agents and
how they act to kill microbes
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Major Concepts

Infectious Agents

Several types of infectious agents are described in this chapter. Viruses are obli-
gate intracellular parasites whose small size enables them to pass through most
filters. They exist on the border between life and nonlife in that they are not
capable of carrying out many of the processes normally associated with living
organisms by themselves. Bacteria compose the majority of prokaryotic organ-
1sms and are surrounded by cell walls containing peptidoglycan. They are subdi-
vided in several ways, including by shape (round to oval cocci, rod-shaped bacilli,
and corkscrew-shaped spirochetes) and staining characteristics (gram-positive,
gram-negative, acid-fast). Protozoa are unicellular eukaryotic organisms whose
cell wall, if present, does not contain chitin or cellulose. Their ranks include some
of the major killers of the residents of tropical regions, including the well-known
malaria and the less publicized schistosomiasis. Prions are nonliving, infectious
proteinaceous particles. They are misfolded forms of normal cellular proteins
that replicate by inducing the normal form of the protein to refold into the prion
form. They lack RNA and DNA. All of these infectious agents have developed
means of slipping past the skin and mucous membrane barriers of humans to
gain entry into their host.

The Production of Protein and Generation of Genetic Diversity

DNA encodes the genetic information of most forms of life. It serves as a tem-
plate for the production of RNA, which is in turn the code for the production
of the proteins that provide much of the structure and direct most activities of
organisms. A small group of the viruses that use RNA to store their genetic
code must use this RNA as a template for the production of their DNA. HIV
1s one such virus. This unusual extra step in protein production is the target of
some of the drugs used to treat AIDS. Changes in the structure of DNA lead to
changes 1n the structure and functions of proteins, often leading to fundamental
changes in the organism. Mutations are one way in which the structure of DNA
is altered. Most mutations are detrimental to the organism and may result in
decreased chance of survival. In rare instances, however, mutations may lead to
a survival advantage. HIV and influenza viruses use a rapid rate of mutation
to evade the host immune system as well as drugs and vaccines. Other means of
changing the structure of DNA and thus increasing the species’ genetic diversity
include conjugation, transformation, acquisition of plasmids, and transduction
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in bacteria. Some viruses have error-prone replication enzymes and fail to cor-
rect their mistakes.

The Human Immune System

The human immune system may be divided into adaptive and innate branches.
The activity of the adaptive branch is slow to develop but provides a powerful
defense targeted very specifically to the present threat. It acts more rapidly and
vigorously with repeated exposures to the same microbe. Cell types involved
are the B and T’ lymphocytes, which kill cells infected by microbes and pro-
duce five classes of antibodies as well as many of the cytokines that regulate
the immune response. The innate branch of the immune system is believed to
be more ancient than the adaptive branch. It is faster-acting and nonspecific,
each cell responding to a large number of threats. Innate immunity does not
improve with subsequent exposures to the threatening agent. Cell types involved
include neutrophils, monocytes and macrophages, dendritic cells, natural killer
cells, eosinophils, basophils, and mast cells. Some of their actions include inges-
tion and killing of microbes, killing of infected cells, killing of parasitic worms,
and production of allergic reactions. Over the course of history, many microbes
have evolved means of evading various components of the immune system.
In response, humans have produced additional defensive components such as
the adaptive immune system. Throughout time, microbes and humans have
continued to evolve new offensive and defensive strategies, each side gaining a
temporary advantage but neither achieving total victory.

Antimicrobial Agents

A variety of antimicrobial agents have been developed to protect humans from
infection or disease. Some of these are derived from other microbes (fungi or
bacteria), some are plant derivatives, and others have been synthesized in the
laboratory. Most of the antimicrobial drugs attempt to target differences between
the microbe and humans in order to lessen toxicity to the host. Antibiotics kill
bacteria or inhibit their growth. They are not active against viruses and may not
be able to reach the site of infection. Antiviral drugs attack viruses. Several com-
pounds kill parasitic protozoa and worms. Antifungal drugs kill fungi but may
be toxic to human cells. As humans continue to develop newer and more effec-
tive drugs, subpopulations of microbes become resistant as the battle between
microbes and men continues.
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Introduction

Infectious agents range from extremely simple, such as the nonliving prions and
the barely living viruses, to the complex (parasitic protozoa and worms). Bacteria
are responsible for some of the more common infections and are prokaryotes
whose cellular structure differs greatly from that of humans. Many bacteria and
protozoa are free-living, some are always parasitic, and others may function in
either capacity. Viruses and prions are obligate intracellular parasites that require
the machinery of the cells to function and replicate.

Agents that infect humans have forged a complex relationship with us over
the course of history. Organisms that have only relatively recently begun to infect
humans were originally believed to be more pathogenic than organisms that have
interacted with us for long spans of time. This theory, however, has recently
been challenged, as it does not explain the serious nature of infections such as
malaria, tuberculosis, and smallpox, which have a very long history with humans.
Infectious agents must be able to adapt to withstand challenges posed by human
defenses, both natural agents (barriers to entry and the immune response) and
antimicrobial agents. Over the millennia, humans have also adapted to the chang-
ing face of their microbial foes. This process resembles a complex evolutionary
waltz in which each partner constantly responds to the actions of the other. The
dance continues to the present day:.

This chapter describes the various types of infectious agents and how they
are able to enter the human body and to adapt rapidly to the changing host
environment. Human immune responses are very briefly described next. The
chapter concludes with short descriptions of some of the types of antimicrobial
agents used in the human battle against infectious invaders.

Infectious Agents: The Enemy Combatants

Microbes: The Good, the Bad, and the Ugly

Microorganisms (microbes) are commonly held in low regard due to the potential
of some of their ilk to cause serious, if not fatal, diseases (the bad and the ugly).
Microbes, however, serve many beneficial functions and are vital to continuing
life on earth (the good). Some of these beneficial activities include the decompo-
sition of wastes and recycling of nutrients (degradation of dead plant and animal
matter; components of sewage treatment plants), use by the food and bever-
age industry (production of sauerkraut, cheese, and alcohol), bioremediation
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(degradation of oil following oil spills and leaks), pest and pathogen control
(killing insects attacking crops; infecting and killing pathogenic bacteria, such
as anthrax), use in biotechnology to produce recombinant proteins (insulin or
hepatitis B vaccine) within bacteria or fungi and in gene therapy as vehicles to
deliver genes to protect against life-threatening human diseases (severe combined
immunodeficiency or cystic fibrosis).

Microbes are living organisms too small to be viewed individually with-
out magnification. They include viruses (on the edge of the life-nonlife
divide), prokaryotic organisms (bacteria and Archaea), fungi (molds and
yeasts), protozoa, and algae. Some of these types of microbes (Archaea,
fungi, and algae) will not be extensively covered in this book even though
some fungi (Aspurgillus and Candida) may serve as human pathogens. Although
most infectious agents are microbes, not all microbes are infectious agents.
Other types of infectious agents include the prions that cause transmissible
encephalopathies, such as mad cow disease (discussed in this text), and mul-
ticellular parasites, including parasitic helminthes and arthropods (not cov-
ered separately in this text). Examples of parasitic worms include Trichinella
spiralis (the causative agent of trichinosis), Necator americanus (the “American
killer” species of hookworm), and Schistosoma spp. that are responsible for
a great deal of suffering and death throughout much of the developing
world. Parasitic arthropods include Ixodes scapularis (the black-legged tick),
Pulex wrritans (the human flea), and Pediculus humanus corporis (the body louse),
which transmit viruses and bacteria between animals and humans or from
one human to another.

Viruses: Complex Collections of Chemicals or Life Forms?

Viruses (virus 1s Latin for “poison”) are tiny agents that pass through most filters.
They do not consist of cells but rather are collections of nucleic acid (DNA or
RNA) in a core surrounded by a protein coat and sometimes an envelope. Viruses
carry out some, but not all, of the normal processes of life. Due to the absence
of most metabolic and synthetic enzymes present in living organisms, they are
obligate intracellular parasites that must reside within cells in order to repro-
duce. Although many viruses infect eukaryotic cells, others (bacteriophages)
inhabit prokaryotic bacteria. In some cases, bacteria are pathogenic to humans
only when infected by a certain virus. Bacillus anthracis, the causative agent of
anthrax, carries several such bacteriophages. A group of viruses, the retro-
viruses, contain an unusual enzyme, reverse transcriptase, which produces

DNA using an RINA template (to be discussed shortly). The four well-defined
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retroviruses of humans (HTLV-1, HTLV-2, HIV-1, and HIV-2) are all serious
or deadly pathogens.

Viruses, like bacteria, may act as infectious agents of human disease. Viral
diseases include AIDS, yellow fever, hepatitis, hemorrhagic fevers, influenza,
polio, and the common cold. Important distinctions exist in the manner by which
viruses and bacteria are killed, however. Viruses, unlike bacteria, are not killed
by antibiotics but may be killed by interferons (chemical agents produced by
host immune cells). A number of antiviral agents have been developed recently,
including ribaviran and zidovudine (AZT] used to treat HIV infection).

In addition to causing infectious diseases, viruses may initiate cancer. About
10% of human cancers are of viral origin. Viruses may induce expression of
oncogenes (genes that cause cancer if mutated, overexpressed, or improperly
expressed). Some viruses contain oncogenes within their genetic material, while
other viruses “turn on” copies of a human cell’s own oncogenes during viral
integration into a host cell’s chromosome. Some cancer-causing viruses are
HTLV-1 (acute T cell leukemia), papillomaviruses (cervical cancer), Epstein-Barr
virus (Burkitt’s lymphoma), hepatitis B and C (liver carcinoma), and human
herpesvirus-8 (Kaposi’s sarcoma).

FIGURE 2.1 Yellow fever virus

Source: CDC.



OF MICROBES AND MEN _

Bacteria: Simple Prokaryotic Cells

Bacteria are typically small, unicellular prokaryotes surrounded by cell walls
containing peptidoglycan. They take a variety of shapes, including spheroid or
ovoid (cocct such as Streptococcus), rodlike (bacilli such as E. coli), and corkscrew-
like (spirochetes such as Borellia burgdorfers, the causative agent of Lyme disease).
Some bacteria bear projections, such as the long, whiplike flagella of Helicobacter
pylor, which causes peptic ulcers. Bacteria have differential reactions to various
staining procedures. A commonly used stain is the gram stain, which divides
bacteria into gram-positive (organisms appear purple) and gram-negative (organ-
1sms appear pink). Other bacteria are visualized by special staining techniques;
one such bacterium 1s Mycobacterium tuberculosis, which 1is acid-fast.

Bacteria generally have a single circular chromosome containing DNA for
their genetic information in the absence of histone proteins. They usually divide
by binary fission, an asexual form of clonal reproduction that produces two
individuals identical to the parent. This reproductive strategy does not by itself
lead to the degree of genetic diversity required to adapt rapidly to environmen-
tal changes, such as exposure to antibiotics or the host’s immune system. One
method of increasing genetic diversity is conjugation, a process whereby DINA
1s exchanged between individuals of opposite mating types. Other means of
acquiring different DNA will be discussed later in this chapter.

Bacteria are the most common form of prokaryotic organisms on earth (the
other being the nonpathogenic Archaea). Prokaryotic structure differs greatly
from that of eukaryotes, and some of these differences have been exploited dur-
ing drug development. Prokaryotes lack membrane-enclosed organelles found
within eukaryotic cells, including the nucleus, endoplasmic reticulum, Golgi
apparatus, and lysosomes. Significantly, prokaryotic and eukaryotic ribosomes
differ substantially. Prokaryotic ribosomes contain 30S and 50S subunits, while
eukaryotic ribosomes contain 40S and 60S subunits, a difference exploited by
many antibiotics, which attack components of either the 30S or 50S subunit.
Eukaryotic organisms, by contrast, use cell walls (when present) containing cellu-
lose or chitin; contain membrane-enclosed organelles; divide by mitosis; arrange
their DNA in multiple, linear chromosomes containing histone proteins; and
have carbohydrates and sterols in their plasma membranes. Many eukaryotes
multiply sexually, with male and female individuals.

Protozoa: Single-Celled Eukaryotes

Protozoa are unicellular eukaryotic organisms. They may be free-living in soil
or water, reside within other organisms parasitically, or have life cycles with both
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Prions:

Modes

free-living and parasitic components. Some protozoa move using pseudopodia
(“false feet”; Amoeba histolytica, responsible for severe, bloody diarrhea) or flagella
(Trypanosoma cruzi, the causative agent of Chagas’ disease). Protozoa use linear
DNA as their genetic material and may reproduce asexually (amoebas), sexually as
males and females, or both asexually and sexually (Plasmodium species, which cause
malaria). A number of protozoa cause serious human diseases, such as malaria,
African sleeping sickness, leishmaniasis, babesiosis, and amoebic meningitis.

Infectious Proteins?

Prions (infectious proteinaceous particles) are extremely hardy, infectious pro-
teins that lack DNA and RNA but nevertheless divide and infect cells. Although
prions are classified as nonliving material, they function as obligate intracellular
parasites. They may be acquired in a hereditary fashion, by mutation of a per-
son’s DNA, or by infection. Prions are very difficult to inactivate and can with-
stand almost all types of chemical treatments and normal autoclaving processes
that denature virtually all other proteins, due to their ability to fold themselves
correctly back to their previous form.

Prions are self-propagating, misfolded proteins closely related to normal pro-
teins encoded by human genes and are found within the cells of normal individu-
als. They are formed by the interaction between the normal cellular protein (PrP)
and the protein’s prion form (PrP*). PrP* induces PrP° to undergo a change in
shape and become a PrP*. Thus the normal form of the protein and the patho-
genic form differ in primarily in shape, the shape of the PrP being its hereditary
material rather than DNA or RNA.

Prions are responsible for several universally fatal illnesses that are character-
ized by spongelike changes to the brain. In humans, these include several forms
of Creutzfeldt-Jakob disease (C]JD), kuru (once found in members of the formerly
cannibalistic Fore Highlander tribe of Papua New Guinea after handling or eat-
ing brains of dead relatives), Alpers syndrome (a prion disease of infants), fatal
familial insomnia, and variant GJD (a human form of mad cow disease, acquired
by eating beef from infected cattle). In addition to infecting cattle, spongiform
encephalopathies strike sheep (“scrapie”), deer, elk, and mink.

of Transmission: Penetrating the Human Stronghold

Before microbes can wage war on humans, they must first travel to their next
host, breach the external barriers, and gain entry to the correct body region.
Some microbes travel between hosts through an airborne route or by respira-
tory secretions, attached to tiny bits of solid matter (Junin virus, the causative
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FIGURE 2.2 Transmission via respiratory secretions

Source: CDC/Brian Judd.

agent of Argentine hemorrhagic fever, and the Sin Nombre virus, responsible
for hantavirus pulmonary syndrome, carried by aerosolized rodent excreta) or
enclosed within small droplets of liquid (Legionella pneumophila, responsible for
Legionnaires’ disease, via water aerosols). Other microbes gain entry through
food (E. coli O157:H7 via undercooked hamburgers), drink (major outbreaks
of Cryptosporidium by ingestion of contaminated water from municipal drinking
supplies), or ingestion of recreational water (swimming or diving).

Humans have protective barriers that normally block the entry of foreign life
forms: these are primarily the skin and the mucous membranes lining the diges-
tive, respiratory, and urogenital tracts. The latter also contain a specialized type of
antibody, IgA, to block microbial entry. Microbes must somehow penetrate these
lines of defense in order to infect the interior of the human host. Some organisms
enter via breaks in the skin (Staphylococcus species causing boils and skin infections;
Trypanosoma cruzi, the causative agent of Chagas’ disease, in the fecal matter of
kissing bugs entering through the insects’ bite wounds) or mucous membranes
(HIV entering through damaged anal membranes following sexual intercourse).
Prior infection with other microbes or trauma to these barrier structures aids
in microbial entry. Some microbes need a little help from their friends to pass
through the skin barrier. Ticks, lice, and mosquitoes serve as vector hosts whose
bites transport microbes into humans, as in the cases of Borrelia burgdorfert (Lyme
disease; Ixodes ticks), Bartonella quintana (trench fever; Pediculus lice), West Nile virus
(West Nile encephalitis; Culex mosquitoes), and Plasmodium spp. (malaria; Anopheles
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mosquitoes). Living conditions that permit interactions between these arthropods
and humans facilitate disease transmission. Bites or scratches of animals may
also carry microbes past the skin, as exemplified by Bartonella henselae (cat-scratch
disease) and rabies virus transmission through the bite of infected raccoons or
bats. Persons with compromised immunity may have increased susceptibility to
infection, especially those with low levels of mucosal IgA antibody.

Other infectious agents may be carried past the skin or into the lungs by
medical instruments. For example, HIV may enter by injection with a hypoder-
mic needle, prions may enter via contaminated scalpels during brain surgery, and
Legionella may be present in the output of nebulizers and ventilators. Hospitals
and clinics that use improperly sterilized equipment may thus serve to transmit
disease between patients, amplifying a single initial case into a large outbreak, as
has occurred several times with Ebola hemorrhagic fever. Transfusions of blood
or blood components, organ transplantation, and other human-derived products
may also transmit microbes, as occurs with HIV via contaminated blood and
platelets and prions during transplantation of infected meninges or growth factor
derived from human pituitary glands.

Some microbes exist for part of their life cycle in wild or domestic animals
that serve as reservoir hosts until they again infect humans. In some cases, such
as monkeypox, the reservoir host (squirrels) may transmit the disease to humans.
Other reservoir hosts, like the black rat reservoir of Yersinia pestis (plague) and the
white-tailed deer reservoir of Anaplasma phagocytophilum (human granulocytic ana-
plasmosis), are themselves hosts to the microbe’s arthropod vector. Increases in
numbers of the reservoir host or in its contact with humans may lead to increased
disease incidence. Such has been the case recently during the population explo-
sion of white-tailed deer and several diseases associated with the arthropods
they host, including Lyme disease and chrlichiosis. Some of the reservoir hosts
are human pets, such as prairie dogs, reservoirs for monkeypox. Other reservoir
hosts are exotic sources of human food, such as palm civets and raccoon dogs,
reservoirs for SARS CoA virus. Still other reservoir hosts are used for medical
research, such as the African green monkey hosts of Marburg virus.

Genetic Information and the Making of Proteins:
Preparing the Armament

From DNA to RNA to Protein: Making the Weapons of War

One of the most important concepts in the field of biology was the discovery
that specific regions of DNA, the genetic material of all living organisms except
some viruses, serve as templates for the production of specific, unique messenger
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RNA molecules during the process of transcription. These RNA molecules,
in turn, serve as keys to produce specific, unique proteins during the process of
translation. DNA is composed of two long chains of interconnected nucleotides
twisted into the form of a double-helix, resembling a spiral staircase. RNA, by
contrast, consists of much shorter single chains of closely related nucleosides.
Proteins are long strings of amino acids folded in complex ways. The sequence
of amino acids in a protein determines the subsequent folding pattern of that
protein. The folding pattern of the protein in turn determines its activity as
form dictates function.

Alterations in the sequence of DNA nucleotides (mutations) change the
sequence of the resulting RNA and the protein. Some proteins determine much
of the structural architecture of cells, and other proteins, in the form of enzymes,
catalyze the chemical reactions of cells; consequently, changing the structure
of proteins fundamentally changes the cell’s form and activity. Changing cells’
activities may change the processes of the associated tissues and organs and
may affect the organism as a whole. Mutations in DNA may thus have large-
scale effects on the individual harboring the mutation. Most mutations tend to
be deleterious to the individual, inhibiting proper functioning of the resulting
protein, and may lead to the death of the individual or impair its ability to
compete effectively for resources. Some rare mutations, however, may lead to a
more fully functional protein or a protein with new or improved activities. Such
mutations benefit the affected individual and may increase its ability to success-
fully compete for resources, allow the individual to adapt to changing external
conditions, allow it to enter a new ecological niche, or facilitate evasion of the
host immune response, drugs, and vaccines. The acquisition of new sequences
of DNA by other means may likewise occasionally be beneficial to individual
organisms. Species that have the ability to increase their genetic diversity rapidly
may also readily adapt to new situations and withstand threats to their survival.
Because beneficial mutations are rare and deleterious mutations are common,
these species need to reproduce rapidly so that the loss of many individuals due
to deleterious mutations is compensated by large numbers of offspring, some of
which are better adapted for survival. Microbes multiply very rapidly, producing
large numbers of offspring. As will be discussed shortly, they also have means of
quickly increasing their genetic diversity.

From RNA to DNA: Unconventional Weaponry

The scheme just described for producing unique proteins from specific regions of
DNA containing a unique sequence of nucleotides has subsequently been shown
to be a rather simplified description of a far more complex process. For example,
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a given sequence of DNA may permit the production of more than one sequence
of resulting RNA, and a given RNA sequence may be translated into more than
one protein. Proteins themselves are often chemically altered after their produc-
tion, leading to subsequent alterations in their functions. Furthermore, some
viruses were found to use RNA as their genetic information, and this RINA may
be double-stranded. One group of viruses, the retroviruses, was further found
to contain an enzyme that turned the transcription process on its head. The
reverse transcriptase enzyme, found in all retroviruses including HIV, uses single-
stranded viral genomic RNA as a template to produce first single-stranded and
later double-stranded DINA.

The earliest anti-HIV medications, including AZT, targeted reverse tran-
scriptase, believed to be present only in retroviruses. Years later, however, other
organisms, including humans, were also found to use reverse transcriptase
enzymes. Human telomerase, the enzymatic star of the 2009 Nobel Prize for
Medicine or Physiology, is one such enzyme. Lymphocytes and stem cells are
some of the few types of differentiated human cells known to use telomerase.
Not surprisingly, persons taking AZT often suffer from decreased lymphocyte
counts as well as other side-effects.

Increasing Genetic Diversity: Evading the Human Defenses

As discussed earlier, prokaryotes typically reproduce by binary fission, result-
ing in a clone of progeny that are identical to the original parent bacterium.
This does not lead to genetic diversity or allow adaptation to new situations
that microbes encounter, such as the adaptive host immune response or anti-
microbial agents. Some bacteria partially address this problem by conjugation,
an exchange of DNA between bacterial partners of different mating types.
Conjugation increases genetic diversity of those species of bacteria.

To further increase diversity, bacteria have developed additional means of
acquiring DNA. One such means is transformation, a process by which some
species of bacteria may under certain conditions acquire pieces of DNA from
the external environment. Transformation occurs naturally in Bacillus (the caus-
ative agent of anthrax), Haemophilus influenzae (a causative agent of pneumonia),
Neusseria gonorrhoeae, and some Streptococcus and Staphylococcus species.

Another means by which bacteria obtain new DNA is by the acquisition
of plasmids. Plasmids are small, circular pieces of nonchromosomal DNA
that may divide in a somewhat autonomous manner within bacteria. They may
travel between bacteria of the same or different species, acting rather like selfish
parasitic pieces of DNA that infect bacteria. Plasmids are not typically required
for the survival of bacteria under normal circumstances, and bacteria often
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treat plasmids as junk DNA, expelling them unless the plasmid contains a gene
beneficial to the bacteria. Plasmids bearing such “useful” genes are thus more
likely to be retained inside their bacterial host and survive. Many plasmids do
contain such genes, which allow their host bacteria to compete more success-
fully by encoding toxins that kill other bacteria or contain antibiotic resistance
genes. Plasmid exchange is partially responsible for the rapid spread of antibiotic
resistance between bacterial species. For example, in some hospitals, a plasmid
containing the vancomycin resistance gene is being passed from some gut bac-
teria (Lnterococcus faecium) to Staphylococcus aureus present in skin wounds. Some of
these staphylococci are already resistant to methicillin and several other antibi-
otics (MRSA strains) due to their acquisition of a different sort of transmissible
DNA, the mobile genetic island staphylococcal cassette chromosome SCComec.
Often plasmids accumulate several antibiotic resistance genes, as in the case of
the EHEC plasmid found in the virulent O157:H7 strain of E. coli. This plasmid
carries genes encoding several virulence factors, including the enterohemolysin
protein, which lyses red blood cells; espP, an enzyme that cleaves pepsin and
human coagulation factor V, inhibiting blood clotting; and catalase peroxidase,
which protects the bacteria against toxic reactive oxygen species produced by
the host immune system.

Another means by which bacteria increase genetic diversity is transduction.
In this process, bacteriophages infect different bacteria, transmitting genes
between bacteria of the same or different species. E. coli O157:H7 are infected
by lambdalike bacteriophages that contain genes encoding Shiga toxins, which
are very similar to toxins produced by Shigella dysenteriae type 1 bacteria. These
toxins destroy intestinal blood vessels, resulting in hemorrhagic colitis and lead-
ing to the formation of gummy clots that may clog the kidneys and cause the
potentially fatal hemolytic uremia syndrome. Some strains of MRSA are infected
by bacteriophages encoding the Panton-Valentine leukocidin, which destroys
neutrophils, a type of white blood cell, and causes tissue death.

Viruses also have means of increasing genetic diversity. The HIV enzyme
reverse transcriptase often makes errors (five to ten per division), and the virus
has no enzymes to correct these mistakes, allowing them to become permanent.
Hepatitis C virus is another RNA virus whose high mutation rate is combined with
the lack of repair mechanisms. Influenza is also an RNA virus, and it uses a differ-
ent strategy to increase genetic diversity. Influenza A viruses from birds may infect
pigs. If the avian influenza virus infects a pig cell containing a swine influenza virus,
the two viruses may exchange some of their RNA. This hybrid influenza virus may
subsequently infect a human and swap genetic material with a human influenza
virus, producing a novel influenza virus. Such viruses are vastly different from
typical human influenza A viruses and occasionally cause dangerous pandemics.
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The Immune Response: Humans Fight Back, Part One

Humans have developed a dual action defensive system containing a more
ancient and rapid response component (innate immunity) and a slow-developing,
powerful, more recent component (adaptive immunity). These two components
act in an interrelated manner to deal with most of the microbial invaders that
threaten human health. Microbes, with their rapid means of increasing genetic
diversity, continually evolve new ways to evade the human immune response.
Humans respond by increasing and improving their defensive arsenal. Over the
course of history, microbes and humans have each evolved means of increasing
their own survival at the expense of the other. Both sides have developed elabo-
rate weapons systems, but neither has emerged as the victor in the evolutionary
arms escalation race.

Cells of the Immune System: The Members of the Military

The adaptive and innate branches of the immune defensive service each contain
their own types of troops, each specializing in a slightly different protective role.

The Adaptive Immune Response By recognizing specific regions of invading
microbes and malignant cells (antigens), adaptive immunity provides a very
powerful, large-scale, extremely precise defense. Individual cells of the adaptive
immune system (the lymphocytes) recognize one, and only one, short portion of
a protein, usually 8 to 13 amino acids long. The many billions of different
lymphocytes present within a given period of time each typically recognize a
slightly different antigen. The initial generation of these reactions against a given
pathogen (primary immune response) is slow, requiring 10 to 14 days; subsequent
exposure to the same pathogen, however, triggers a rapid and overwhelming
protective response (secondary response) that is more powerful than the primary
response and improves with each subsequent exposure to the same microbe.
Vaccination speeds this process by exposing people to antigens from dead or
inactivated microbes (attenuated microbes), initiating a primary response so
that the first exposure of the vaccine recipient to the same live, pathogenic
microbe stimulates a secondary immune response that rapidly kills the microbe,
often prior to the onset of illness. The precision of this response requires
vaccination against each species or strain of pathogen because vaccination
protects only against microbes whose antigens were present in the vaccine.
Because adaptive immunity is very precise and specific often to the exact
amino acid sequence of the original pathogen, even very minor changes in the
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Table 2.1 Immune cells and immune responses

Type of Immune Response Cell Type Action
Adaptive B lymphocyte Produce antibodies
T helper lymphocyte Produce cytokines
T killer lymphocyte Kill viruses and cancer
cells
Innate Neutrophil, monocyte, Phagocytosis
macrophage
NK cell Kill viruses and cancer
cells

antigenic structure of the microbial invader allow it to escape detection by this
branch of the immune system. The ability of the HIV virus to generate rapid
mutations leading to small changes in its proteins permits it to evade this most
powerful arm of the human immune system. The speed and ease of mutation
of HIV also complicates the task of producing an effective vaccine, and such a
vaccine is not currently available. Influenza strains also mutate rapidly, as noted
earlier. They change antigenically from one season to the next, requiring yearly
vaccination using antigens from the currently circulating viral strains. Large,
unanticipated mutations in these viruses, such as occur during influenza pandem-
ics, render the vaccines ineffective.

Two general classes of lymphocytes generate the adaptive immune response,
the closely related B and T lymphocytes. The primary task of B lymphocytes 1s
to produce the five major classes of antibodies (discussed later in this chapter).
Antibody responses are most effective against extracellular pathogens such as
the majority of bacteria and fungi and extracellular parasites. Antibodies may
also block entry of intracellular organisms, such as viruses, into their target cells
(neutralizing antibodies) or may inactivate microbial toxins. The tetanus vaccine
uses a harmless form of the toxin (tetanus toxoids) to generate antibodies that
prevent the pathogenic form of the toxin from killing human cells. B cells also
function as “antigen-presenting cells” to aid in activation of CD4" T helper cells
(to be described shortly).

T lymphocytes are subdivided into two major branches: CD4" T helper cells
and CD8" T cytotoxic (killer) cells. Both cell types require activation following
interaction with antigen bound onto surface molecules (major histocompatibility
complex molecules—MHC class I and class II) present on other cells from the
same individual. CD8" T killer cells are triggered by contact with antigen bound
to MHC class I molecules, which are typically found on most nucleated human
cells (but not on red blood cells, sperm, or neurons). T killer cells induce apoptosis
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(programmed cell death) in atypical cells, such as cells infected by viruses or intra-
cellular bacteria (Listeria monocytogenes) and parasites (Babesia or Plasmodium species),
malignant cells, and cells transplanted from another individual. They provide some
of the most effective protection against viral infection and cancers. Viruses and
cancer cells often attempt to evade killing by these cells by diminishing the expres-
sion of MHC class I molecule on cells to decrease the activation of T killer cells.
CD4" T helper cells act as the officers of the immune system by secreting
a large variety of cytokines (immune messenger molecules), which direct and
control activity of other cells of the immune system or act on microbes directly.
HIV specifically infects and kills CD4" T helper cells, thus throwing the entire
immune response into disarray. T helper cells require stimulation by antigen
bound to MHC class II molecules on antigen-presenting cells (B cells,
monocytes and macrophages, and dendritic cells). Several categories of T helper
cells exist. Thl cells compose one such category. These cells secrete Thl cyto-
kines that primarily induce immune responses against intracellular organisms
such as viruses by stimulating activation of CD8" T killer cells, macrophages,
and natural killer cells. Th2 cells fall into another category. They secrete Th2
cytokines, which act mainly on bacterial invaders by stimulating production of
specific classes of antibody by B cells. Th2 cells also stimulate production
and activation of eosinophils, mast cells, and basophils. Thl cytokines tend to
inhibit activation of Th2 cells, whereas Th2 cytokines tend to inhibit activation of
Th1 cells. T regulatory cells (Treg) comprise another category of CD4" T helper
cells. These cells express high levels of the receptor for the cytokine interleukin-2.
Treg function to down-regulate activity of Th1 and Th2 cells, acting as a brake on
the immune system to avoid consequences of a runaway immune response such
as autoimmune diseases and allergies in which members of our body’s defense
system damage other body cells in a manner resembling immune friendly fire.

The Innate Immune System The components of the innate immune system
provide immediate, nonspecific protection against microbial and cancerous
threats. Individual cells of the innate immune system each recognize multiple
antigens present on multiple microbes. Innate immunity, though rapid and
versatile, 1s far less powerful than adaptive immunity and is believed to have
evolved far earlier. Its activity level does not improve or react more rapidly
after repeated exposures to antigen, as is the case with the adaptive immune
system. Components of the innate and adaptive immune systems function
interactively, as macrophages and dendritic cells (innate immunity) function as
antigen-presenting cells, which activate CD4" T helper cells (adaptive
immunity), whereas cytokines produced by T helper cells stimulate full
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activation of macrophages and natural killer cells. Antibodies (products of the
adaptive immune system) kill bacteria in conjunction with the complement
cascade and stimulate release of vasoactive components from basophils and
mast cells (components of the innate immune system). Several cell types are
involved in the innate immune response.

Polymorphonuclear neutrophils (neutrophils) are phagocytic cells that ingest
large particles and microbes, killing them by the combined action of powerful
digestive enzymes and reactive oxygen and nitrogen species (ROS and RNS).
Neutrophils are the most common of the white blood cells and are vital in the
defense against bacterial invaders. These cells may also release enzymes and
ROS extracellularly.

Monocytes and macrophages comprise another group of phagocytic cells
that kill ingested material in a manner similar to that employed by neu-
trophils. They, along with dendritic cells, express MHC class II molecules
on their surface and function as antigen-presenting cells vital to CD4" T
helper cell activation. Monocytes are immature cells found in the blood. After
approximately eight hours, they migrate into the tissues and mature into mac-
rophages. Microglia are brain-dwelling macrophages. Macrophages produce
several inflammatory cytokines and may induce either protective or patho-
logical inflammation during diseases such as tuberculosis and rheumatic heart
disease following streptococcal infection. These cells, like T helper cells, express
CD4 and are infected by HIV.

Natural killer (NK) cells are morphologically similar to lymphocytes and
function in a manner reminiscent of the actions of CD8" T killer cells. NK cells,
however, kill virally infected cells and cancerous cells in a nonspecific manner
and choose as their targets cells containing few or no MHC class I molecules.
As stated previously, some viruses and cancers reduce the expression of MHC
class T molecules on cells in order to avoid killing by CD8" T killer cells; such
cells then become better targets for NK cell-mediated killing.

Several other cell types are present at low levels in the blood or tissues.
Eosinophils are believed to aid in defense against parasitic worms and protect
against severe allergic reactions. Basophils and mast cells are activated by immu-
noglobulin E (IgE) antibodies to release vasoactive chemicals, such as histamine
and the leukotrienes, triggering allergic reactions.

Antibody Classes: The Heavy Artillery

The five classes of antibodies have partially overlapping but also specialized
functions. All five are produced by the same adaptive immune cell type, the B
lymphocyte. If this cell type is inactivated, all classes of antibody could be lost.
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IgG are the most common class of antibodies in the blood. They are able to
activate the complement cascade, a series of enzymatic reactions that termi-
nates in the formation of large, destructive pores within the plasma membrane
of the targeted microbe or cell. Another functions of the complement cascade
1s to attract other immune cells to the area. IgG adhered to a microbe draws it
to the attention of phagocytic cells and NK cells for killing and disposal. These
antibodies are able to trigger agglutination, the formation of large complexes
of antibody and antigen that may be removed from circulation by phagocytic
cells. IgG are the only class of antibodies able to cross the placenta in order to
protect the fetus.

Immunoglobulin M (IgM) are the largest of the antibodies, over five times as
large as IgG. IgM have a superior ability to activate complement and agglutinate
antigens. They are the only type of antibody made during a primary immune
response and are the first class of antibody made by infants.

Immunoglobulin A (IgA) are more than twice the size of IgG. They are the
most abundant of the antibodies in secretions, such as tears, saliva, and mucus,
and perform the vital role of blocking microbial entry via the nose, mouth,
gastrointestinal tract, and urogenital system. Because IgA are present in breast
milk, they help protect newborns against infection.

Immunoglobulin D (IgD) are present almost exclusively on the surface of
B lymphocytes. Like the other classes of antibodies, they serve as the B cells’
receptor for antigen.

IgE are the least abundant antibody class. These antibodies adhere to recep-
tors on the surface of mast cells and basophils. Upon binding to their antigen,
IgE antibodies trigger many of the most common allergic reactions.

Cytokines and Chemokines: Communications Corps
and Chemical Weaponry

Cytokines are immune messenger molecules that communicate between cells
of the immune system, increasing or decreasing activity of various cells. Some
cytokines stimulate hematopoiesis, the formation of all types of blood cells,
while others trigger activity of other human cells, such as neurons of the brain
or hepatocytes of the liver. Some types of cytokines induce apoptotic death of
infected cells or cancerous cells. Still other cytokines directly impair the division
of viruses. Cytokines may be divided into several broad categories.
Hematopoietic cytokines stimulate formation of erythrocytes, leuko-
cytes, and platelets by stem cells of the red bone marrow. Erythropoietin (Epo)
stimulates production of erythrocytes. Thrombopoietin (T'po) triggers production
of megakaryocytes and, subsequently, platelets. Granulocyte colony-stimulating
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factor (G-CST) stimulates the production of neutrophils, eosinophils, and baso-
phils, and macrophage colony-stimulating factor (M-CSF) initiates formation
of monocytes and macrophages. Granulocyte-macrophage colony-stimulating
factor (GM-CSF) encourages formation of neutrophils, eosinophils, basophils,
and monocytes and macrophages.

Th1 cytokines are produced by Thl cells or other immune cells. They play
important roles in the defense against viral infections and cancer by activating
macrophages, CD8" T killer cells, and NK cells. Interleukin-2 (IL-2) serves as
a growth factor for T lymphocytes and activates B lymphocytes, NK cells, and
macrophages. Interferon-gamma (IFN-vy) inhibits viral growth, activates macro-
phages and NK cells to kill viruses and cancer cells, and increases the expression
of MHC class I and II molecules on cell surfaces. IFN-y also inhibits release of
Th2 cytokines. IL-12 and IL-23, while not Thl cytokines, stimulate production
of the Thl cytokines and IL-15 functions in a manner similar to that of IL-2.

Th2 cytokines are produced by Th2 cells or other immune cell types. They
function primarily in protection against many bacterial, fungal, and parasitic
infections by stimulating B lymphocytes, eosinophils, and basophils. IL-10
decreases Thl cytokine production as well as other functions of the immune
system. IL-4 encourages production of IgE antibodies and suppresses produc-
tion of Thl cytokines. IL-5 activates eosinophils and stimulates their formation.

Th17 cytokines protect against many bacterial infections. IL-17 is the major
representative of this group of inflammatory cytokines. I1-25 is also a member
of this group.

Treg cytokines are made by Treg cells. They act to decrease the immune
response in order to prevent autoimmune, inflammatory, and allergic reactions.
Transforming growth factor-B (TGF-B) and IL-10 are the two primary Treg
cytokines.

Proinflammatory cytokines induce inflammation, a process characterized
by an influx of immune cells, resulting in redness, swelling, pain, heat, and loss
of function. IL-1, IL.-6, and tumor necrosis factor-a (TNF-a) are members of
this group. IL-6 also stimulates acute phase responses by the liver. IL-1 and
TNF-a additionally function as endogenous pyrogens (“fire generators”) that
stimulate the hypothalamus to produce fever that kills many microbes. TNF-o
also kills tumor cells and induces wasting (such as occurs during AIDS). Excess
levels of this cytokine occurring in diseases such as toxic shock syndrome (mas-
sive streptococcal infection) lead to shock and rapid death.

The interferons are so named for their ability to interfere with viral growth.
Interferons also have antiproliferative properties and can inhibit cancerous
growth. Interferon (IFN)-o and IFN-f are the type I interferons. IFN-y (immune
interferon) is also a Thl cytokine.
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Table 2.2 Actions of selected cytokines

Category Cytokine Action
Hematopoietic growth Erythropoietin T erythrocyte production
factors
Thrombopoietin T platelet production
G-CSG T production of neutrophils,
eosinophils, basophils
M-CSF T production of monocytes and
macrophages
Th1 cytokines IL-2 Growth factor
Activates leukocytes
IFN-y  viral growth
Activates leukocytes
Th2 cytokines IL-4 T production of IgE
IL-5 Activates eosinophils
Th17 cytokines IL-17 Protect against bacterial
infections
Treg cytokines IL-10 | autoimmune diseases
TGF-B { allergies
 inflammation
Inflammatory cytokines  IL-6 Induces inflammation
IL-1 Induces inflammation and fever
TNF-a Induces fever

Tumor necrosis factors (TINF) trigger the death of tumor cells. TNF-a is also
a proinflammatory cytokine, while TNF-$ is a Thl cytokine.

Chemokines are cytokines with chemotactic activity that attract other
cells, primarily those of the immune system, into an area. IL-8 attracts neutro-
phils. IP-10, I-TAC, and Mig (monocyte induced by IFN-v), by contrast, attract
CD4" Thl cells. Migration inhibitory proteins (MIP-1 and MIP-2) decrease

migration of macrophages, retaining them in a given area.

Antimicrobial Agents: Humans Fight Back, Part Two

In addition to the body’s own natural defensive mechanisms, for several thou-
sand years humans have used medicinal agents derived initially from other
organisms, such as plants and fungi, to protect themselves from infectious
diseases. More recently, humans have used chemical or molecular biological
techniques to design and mass-produce still more effective drugs. Some of
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the earliest antimicrobial compounds were extracted from medicinal plants
by cultures throughout the world, including those of Egypt, the Middle East,
India, China, and the Americas, including many plants mentioned in the Bible,
such as garlic, white wormwood (used to treat malaria and other infections),
aloe, cumin, and chickpea. Traditional healers beginning 2,500 to 3,000 years
ago were observant botanists. Today, scientific methods are increasingly being
brought to bear in attempts to uncover the mechanisms of action of other plants
used in “alternative medicine.” A great deal of interest is currently focused
on the antibacterial, antiviral, and anticancer activities of plant extracts such
as the polyphenols, a large group of antioxidants derived from green tea, acai,
soy, and red wine.

Antibiotics are drugs that either kill bacteria or inhibit their growth. Many
antibiotics are produced by fungi. Some of the early work on antibacterial
agents was performed by René Dubois, who studied the ability of soil extracts
to kill Streptococcus pneumoniae. He later isolated an antibacterial compound from
a soil bacterium, Bacillus brevis. Sulfonamides (sulfa drugs) were synthesized after
the discovery that a red dye could successfully treat some cases of pneumonia.
These drugs, as well as trimethoprim, mimic a precursor of folic acid in such
a manner as to inhibit synthesis of this vital compound by bacteria, thus halt-
ing their growth. Humans are not affected by sulfa drugs because we do not
produce our own folic acid but rather obtain it from dietary sources. Many
of the antimicrobial compounds selectively affect microbes by targeting key
differences between these organisms and humans. Bacteria are particularly sus-
ceptible to antimicrobial drugs because prokaryotes (bacteria) and eukaryotes
(humans) differ in several key cellular structures, as described earlier. Some of
the bacterial structures and activities targeted by antibiotics include the 30S
(neomycin, tetracycline, and aminoglycosides such as streptomycin) and 50S
ribosomal subunits (azithromycin, chloramphenicol, clindamycin, erythromycin,
linezolid, and quinupristin-dalfopristin), the peptidoglycan layer of the bacterial
cell wall (B-lactam antibiotics and glycopeptides and lipoglycopeptides such as
teicoplanin, dalbavancin, telavancin, and vancomycin), and the bacterial mem-
brane (daptomycin and polymyxins). Other commonly used antibiotics include
the B-lactam compounds such as penicillin, amoxicillin, ampicillin, cephalospo-
rins, and monobactams. The fluoroquinolones act by binding to bacterial DNA
gyrase, an enzyme used during DNA replication. Rifampin and mupirocin block
synthesis of bacterial RNA.

Antibiotics have limitations. They do not target viruses. Some antibiotics
kill bacteria (bacteriocidal compounds), while others block their growth without
killing the organisms (bacteriostatic compounds). Antibiotics also have differ-
ential abilities to penetrate tissues, enter cells, or pass through the blood-brain
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barrier. Some antibiotics may be toxic to fetuses. Antibiotics that target the 30S
or 50S ribosomal subunits may be toxic to cells because mitochondria, key cel-
lular organelles involved in energy production, contain ribosomes very similar
to those found in bacteria.

Relatively few compounds are available that kill viral invaders: acyclovir is the
gold standard antiviral agent. Some antiviral compounds inhibit the replication
of viral RNA. The benzofuran derivatives, indole-N-acetamine, phenylanlanine,
thiophene, etravirine, and efavirenz are non-nucleoside-based RNNA replicase
inhibitors, while ribavirin, zidovudine (AZT), and stavudine are nucleoside ana-
logs. Some of the former agents may cause rash and liver toxicity, while the
latter are toxic to human mitochondria and their use may lead to muscle pain,
weakness, fatigue, loss of body fat, and lactic acidosis. Several antiviral agents
target serine proteases: these include boceprevir, ciluprevir, and telaprevir. Other
drugs target various HIV enzymes, such as protease (indinivar, squinavir, and
ritonavir) and integrase (raltegravir). Miraviroc and vicriviroc block the binding
of HIV to its CGCR)H coreceptor on macrophages. Enfuvirtide blocks HIV fusion
with the host cell membrane. Most of these drugs have a number of side effects,
some of which are potentially very serious. Highly active antiretroviral therapy
(HAART) uses a combination of some of these drugs to inhibit HIV growth. It
has greatly extended the life span of many infected persons.

Other agents act against protozoan invaders. Examples of antimalarial com-
pounds include artemisinin and its derivatives, quinine, chloroquine, sulfadoxine-
pyrimethamine, and mefloquine. Nifurtimox (lampit) is used to treat infection
with Trypanosoma cruzi. Nitazoxanide and paromomycin (Humatin) are partially
effective against infection with Cryplosporidium parvum.

Microbes have developed resistance to many of these agents. The story
of drug-resistant microbes is described in the chapters on multidrug-resistant
bacteria, drug-resistant malaria, and multidrug-resistant and extensively drug-
resistant tuberculosis.

Summary

Types of Infectious Agents

e Viruses ¢ Bacteria ¢ Protozoa ¢ TIungi ¢ Prions

Means of Increasing Genetic Diversity in Bacteria and Viruses

e Bacteria: conjugation, transformation, acquisition of plasmids, and
transduction ¢ Viruses: error-prone reproductive enzymes, lack of genomic
repair mechanisms, genomic reassortment between similar species
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Cells of the Adaptive Immune Response and Their Functions

e B lymphocytes (antibody production, T helper lymphocyte activation via
antigen presentation) ¢ T helper lymphocytes (production of many types
of cytokines) ¢ T killer lymphocytes (killing of atypical cells, including cells
infected by microbes)

Some of the Cells of the Innate Immune Response
and Selected Functions

* Neutrophils (phagocytosis, killing of ingested and extracellular

microbes) ¢ Monocytes and macrophages (phagocytosis, killing of ingested
and extracellular microbes, antigen presentation, production of inflammatory
cytokines) ¢ Dendritic cells (antigen presentation) < Natural killer cells
(killing of atypical cells, including cells infected by microbes) ¢ Eosinophils
(protection against parasites, protection against allergic responses)

* Basophils and mast cells (release of vasoactive compounds, production

of allergic reactions)

Classes of Antibodies
e IeG o IgM  IgA « IgD -« IgE

Major Types of Cytokines
e Hematopoietic ¢ Thl <« Th2 ¢ Thl7 ¢ Treg

e Proinflammatory ¢ Interferons ¢ Tumor necrosis factors
¢ Chemokines

Targets of Antibiotics

* Tolic acid synthetic machinery « 30S and 50S ribosomal
subunits * Peptidoglycan layer of the bacterial cell wall + Bacterial
membrane ¢ DNA gyrase ¢ Bacterial RNA synthetic machinery

Activities of Antiviral Compounds

* Inhibition of RNA replication by non-nucleoside-based RNA
replicase inhibitors or nucleoside analogs ¢ Inhibition of enzymatic
activity (serine proteases, integrase) * Inhibition of viral binding to
receptors ¢ Inhibition of viral fusion with host cell membranes

Key Terms

Adaptive immunity Arm of the immune response that provides very powerful,
large-scale, extremely precise defense by recognizing specific regions of proteins
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Agglutination Formation of large complexes of antibodies and antigen to be
removed from circulation by phagocytic cells

Antigen-presenting cells B cells, monocytes and macrophages, and
dendritic cells

Attenuated microbes Weakened, nonpathogenic microbes
Bacteria Prokaryotes surrounded by cell walls containing peptidoglycan
Bacteriophages Viruses that infect bacteria

Binary fission Asexual form of clonal reproduction that produces two indi-
viduals identical to the parent

Chemokines Cytokines with chemotactic activity

Complement cascade Series of enzymatic reactions that terminates in the
formation of large, destructive pores within the plasma membrane of the targeted
microbe or cellular target and also attracts other immune cells to the area

Conjugation Process whereby DNA is exchanged between individuals of oppo-
site mating types
Cytokines Immune messenger molecules

DNA Genetic information composed of two long chains of interconnected
nucleotides twisted into the form of a double helix (except in some viruses)

Hematopoietic cytokines Cytokines that stimulate formation of erythro-
cytes, leukocytes, and platelets by stem cells of the red bone marrow

Inflammation Process characterized by an influx of immune cells and red
blood cells followed by redness, swelling, pain, heat, and loss of function

Innate immune system Arm of the immune response that provides immedi-
ate, nonspecific protection against microbial and cancerous threats

Mutations Alterations in the sequence of DNA nucleotides

Oncogenes Genes that may cause cancer if mutated, overexpressed, or improp-
erly expressed

Plasmids Small circular pieces of nonchromosomal DNA that may divide in a
somewhat autonomous manner in bacteria

Prions Infectious proteinaceous particles; self-replicating, misfolded proteins

Proteins Long strings of amino acids folded into complex patterns; produced
from RINA by translation
Protozoa Unicellular eukaryotic organisms whose cell wall, if present, does not

contain chitin or cellulose

Retroviruses Viruses that use the enzyme reverse transcriptase to reproduce
their genetic material
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RNA Single chains of nucleosides (except for some viruses) produced from DNA
by transcription

Transduction Transmission of genetic information between bacteria of the
same or different species by a bacteriophage

Transformation Process by which some species of bacteria may under special
conditions acquire pieces of DNA from the external environment

Viruses Tiny obligate intracellular parasites that pass through most filters

Review Questions

1. How do prokaryotes differ from eukaryotes?

2. How do microbes breach the skin and mucous membranes to gain access to
the interior of human hosts?

3. What are four ways in which bacteria increase their genetic diversity? Briefly
describe each.

4. How do the adaptive and innate immune systems differ? What cell types
function in each?

5. What are some of the limitations of antibiotics?

Topics for Further Discussion

1. The rapid mutation rate of HIV allows it to evade the host immune response
and become resistant to antimicrobial agents. Discuss possible reasons why
other viruses and bacteria do not mutate as rapidly as HIV.

2. The human immune system contains both innate and adaptive branches.
Discuss how these two branches interact and complement each other.

3. The immune system contains cells (basophils and mast cells) and antibodies
(IgE) that trigger allergic reactions. Search the Internet for other functions
of these cells that may explain why they have been retained as a part of the
human defense system.

4. Antimicrobial agents often attack microbial structures or processes that differ
from those found in humans. Humans do not use conjugation, transforma-
tion, transduction, or acquisition of plasmids in order to increase genetic
diversity as bacteria do. Discuss possible ways in which humans may target
these processes in order to kill bacteria.
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CHAPTER 3

LEARNING OBJECTIVES

Define Lyme disease

Describe the spirochete responsible for causing this illness

Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

Discuss methods of treatment

® Discuss methods of prevention
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Major Concepts

Outbreak

Lyme disease was first reported in Connecticut in 1976 as an outbreak of
arthritis in an unusually large number of children and adults. It was later found
to result from infection by a tickborne spirochete bacterium. A spirochete is a
spiral-shaped, rodlike bacterium that has caused diseases such as syphilis and
relapsing fever. Nymphal and larval forms of the tick transmit the spirochete
to humans. Disease incidence is highest during spring and summer when these
ticks are seeking new hosts.

Symptoms

The symptoms of Lyme disease include a combination of a tick bite with or
without the presence of a tick, an erythema migrans rash, fever, chills, fatigue,
weight change, hair loss, swollen glands, sore throat, irritable bowel, chest pain,
shortness of breath, heart palpitations, joint pain and stiffness, muscle
pain, headache, tingling or numbness, facial paralysis, double vision, buzzing
or ringing in the ears, dizziness, poor balance, light-headedness, difficulty walk-
ing, tremor, heart murmur, confusion, forgetfulness, poor short-term memory;,
mood swings, meningitis, sensitivity to light, recurring hepatitis, and adult
respiratory distress syndrome. Lack of prompt treatment may lead to persistent
fatigue or malaise, migratory musculoskeletal disorders, chronic encephalopa-
thy and encephalomyelitis, peripheral neuropathy, and difficulty with concen-
tration or memory.

Setting

Lyme disease in the United States occurs primarily in the Northeast along the
coast from Maine to Maryland, in portions of the Midwest, and in parts of
the Far West. It is also found in temperate areas of Canada, Europe, Africa, Asia,
and Australia. Incidence of Lyme disease has been on the rise due to increased
habitats for the tick vectors and the mice and deer on which they feed. The
rising incidence is also influenced by greater use of tick habitat by humans and
an increase in the construction of human residences in these regions. Southern-
tick-associated rash illness (STARI) is a similar disease found in the American
Southeast. It results from infection with Borrelia lonestari, transmitted by the bite
of the lone star tick.
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Infection

Lyme disease is the result of infection by genospecies of Borrelia burgdorfer: sensu
lato. These are gram-negative, flagellated spirochetes, similar to the causative
agent of syphilis. Over 300 strains of these bacteria are found worldwide. In
Europe and Africa, B. afzeli and B. garni may also cause Lyme disease, while
B. japonica and B. miyamoto cause the disease in Japan. Borrelia species have a small
linear chromosome and up to 9 circular and 12 linear plasmids. These plasmids are
mvolved in the infection of mammals and ticks and in drug resistance. The spiro-
chetes contain very limited numbers of biosynthetic proteins, relying instead on the
host for most of their nutritional needs (importantly, B. burgdorfer: does not require
iron for survival, permitting it to avoid host defense mechanisms that limit micro-
bial access to iron). Following a localized skin infection, bacteria enter the blood
and cerebrospinal fluid and may migrate to the myocardium of the heart, retina,
muscle, bone, spleen, liver, meninges, and brain. As systemic infection declines,
some organisms persist for years in areas such as the joints, nervous system, and skin.

Immune Response

The reaction of the immune system to B. burgdorfers is complex, involving
complement-mediated lysis, antibody production by B lymphocytes, Thl cytokine
secretion by T helper lymphocytes, activation of macrophages, and phagocytosis by
neutrophils. These cells, acting together, kill bacteria and limit their dissemination.
The immune response may, however, also induce pathology. Persons suffering from
moderate to severe arthritis often have very high levels of antibody in their blood
and joints, which may contribute to arthritis. The bacteria trigger macrophages to
produce proinflammatory cytokines such as IL-1 3, TNF-a, and IL-6, worsening
joint damage. Borrelia also have mechanisms to evade the immune system, such as
complement regulatory factors, rapid antigenic variation to avoid recognition by
T cells, and triggering apoptotic death pathways in macrophages.

Medicinal Therapy

Various bacteriostatic or bacteriocidal drugs are available to treat Lyme disease,
including the tetracyclines, doxycycline, minocycline, penicillins (amoxicillin but
not penicillin G), macrolides, and cephalosporins. These vary widely in their
ability to penetrate tissues and enter the central nervous system. Antibiotic use
may result in the Jarish-Herxheimer reaction, a temporary increase in discom-
fort due to shedding toxins released by dead spirochetes stimulating an intense
Immune response.
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Prevention

Ticks are found mainly in leaf litter and low-lying vegetation. Prevention of
Lyme disease involves avoiding tick habitat; wearing light-colored, protective
clothing that covers the arms and legs; wearing closed shoes; and using tick repel-
lents containing DEET (an oily, colorless chemical that is the active ingredient in
the most widely used insect repellents that may be safely applied to the skin) on
clothing and exposed skin. The removal of leaf litter, tall grass, woodpiles, and
brush from residential areas may reduce vector and reservoir habitat. Following
visits to tick-inhabited areas, it is essential to inspect the skin and hair, and
promptly remove ticks using methods that completely eliminate all tick parts.

Introduction

Lyme disease, sprecad by the bite of deer ticks, is the most prevalent
arthropod-borne illness in temperate climates due to reforestation, decreased
hunting, increased human habitation near woodlands, and the subsequent
increases in deer numbers and in human-deer interactions. First reported in
Connecticut, this disease has been found in all states in the United States. It is
concentrated in three regions: the Northeast coast from Maine to Maryland, the
Midwestern states of Wisconsin and Minnesota, and parts of the Far West. It is
endemic in New York, New Jersey, Connecticut, Pennsylvania, Massachusetts,
Rhode Island, Delaware, Maryland, Wisconsin, Minnesota, California, and
Oregon. While the absolute number of cases in the United States are highest
in New York and Pennsylvania, the incidence is highest in Delaware (77 per
100,000 population) and Connecticut (51 per 100,000). Numbers of cases in
other coastal or midwestern states are increasing as the causative bacterium,
Borrelia burgdorferi, spreads to new areas. It is estimated that only 10% of
the true number of cases are accurately diagnosed and reported to the Centers
for Disease Control and Prevention. Lyme disease also occurs in Ganada, much
of Europe, the former Soviet Union, northern China, Japan, North Africa, and
eastern Australia. The areas of Europe with highest incidence of disease are
Germany, Austria, Slovenia, and Sweden, in which the infection rate approaches
that of Connecticut.

In the United States, Lyme disease most commonly strikes individuals
between the ages of 5 and 14. Incidence decreases between the ages of 15 and
30 and then slowly increases until 70 years, followed by declining numbers in
older persons. Males are infected at a higher rate than females, perhaps due to
a greater exposure to ticks.



e oisease (N

Table 3.1 Incidence of Lyme disease by state

State 2004 2005 2006 2007 2008
Alabama 0.1 0.1 0.2 0.3 0.1
Alaska 0.5 0.6 0.4 1.5 0.9
Arizona 0.2 0.2 0.2 0.0 0.0
Arkansas 0.0 0.0 0.0 0.0 0.0
California 0.1 0.3 0.2 0.2 0.2
Colorado 0.0 0.0 0.0 0.0 0.0
Connecticut 38.5 51.7 51.0 87.3 78.2
Delaware 40.8 76.7 56.5 82.7 88.4
District of Columbia 2.9 1.7 10.7 19.7 12.0
Florida 0.3 0.3 0.2 0.2 0.4
Georgia 0.1 0.1 0.1 0.1 0.4
Hawaii 0.0 0.0 0.0 0.0 0.0
Idaho 0.4 0.1 0.5 0.6 0.3
Illinois 0.7 1.0 0.9 1.2 0.8
Indiana 0.5 0.5 0.4 0.9 0.7
lowa 1.7 3.0 3.3 4.1 2.8
Kansas 0.1 0.1 0.1 0.3 0.6
Kentucky 0.4 0.1 0.2 0.1 0.1
Louisiana 0.0 0.1 0.0 0.0 0.1
Maine 17.1 18.7 25.6 40.2 59.2
Maryland 16.0 22.1 22.2 45.8 31.0
Massachusetts 23.9 36.3 22.2 46.3 60.9
Michigan 0.3 0.6 0.5 0.5 0.8
Minnesota 20.1 17.9 17.7 23.8 20.0
Mississippi 0.0 0.0 0.1 0.0 0.0
Missouri 0.4 0.3 0.1 0.2 0.1
Montana 0.0 0.0 0.1 0.4 0.6
Nebraska 0.1 0.1 0.6 0.4 0.4
Nevada 0.0 0.1 0.2 0.6 0.3
New Hampshire 17.4 20.3 46.9 68.1 92.0
New Jersey 31.0 38.6 27.9 36.1 37.0
New Mexico 0.1 0.2 0.2 0.3 0.2
New York 26.5 28.8 23.1 21.6 29.5
North Carolina 1.4 0.6 0.4 0.6 0.2
North Dakota 0.0 0.5 1.1 1.9 1.2
Ohio 0.4 0.5 0.4 0.3 0.3
Oklahoma 0.1 0.0 0.0 0.0 0.0
Oregon 0.3 0.1 0.2 0.2 0.5
Pennsylvania 32.1 34.6 26.1 32.1 30.7
Rhode Island 23.0 3.6 28.8 16.7 17.7
South Carolina 0.5 0.4 0.5 0.7 0.3
South Dakota 0.1 0.3 0.1 0.0 0.4
Tennessee 0.3 0.1 0.2 0.5 0.1
Texas 0.4 0.3 0.1 0.4 0.4

(Continued)



m EMERGING INFECTIOUS DISEASES

Table 3.1 Incidence of Lyme disease by state (Continued)

State 2004 2005 2006 2007 2008
Utah 0.0 0.1 0.2 0.3 0.1
Vermont 8.0 8.7 16.8 22.2 53.1
Virginia 2.9 3.6 4.7 12.4 11.4
Washington 0.2 0.2 0.1 0.2 0.3
West Virginia 2.1 3.4 1.5 4.6 6.6
Wisconsin 20.8 26.4 26.4 32.4 26.5
Wyoming 0.8 0.6 0.2 0.6 0.2

Note: Confirmed cases per 100,000 persons, calculated using July 1 population
estimates for each year.

Source: CDC.

FIGURE 3.1 Annual incidence of reported cases of Lyme disease
in the United States, by age group and sex, 19922004
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History

Lyme disease was named after the town of Old Lyme, Connecticut, where it was
reported in 1976 to cause an unusually large number of arthritis cases in children (39
cases in children and 12 in adults). The arthritis presented as intermittent episodes
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FIGURE 3.2 Reported cases of Lyme disease in the
United States, 19942008
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of asymmetric pain and swelling, particularly in large joints such as the knees.
A search of historical records indicates that a similar condition was reported in
1883 in Breslau, Germany, by Alfred Buchwald, who described a degenerative skin
condition, acrodermatitis chronica atrophicans. In the early 1900s, Arvid Afzelius
observed a ringlike lesion that he believed resulted from the bite of an Ixodes tick.

In the Americas, Lyme disease was present in Cape Cod during the 1960s.
DNA from the causative organism, however, was detected by polymerase chain
reaction (PCR) in museum specimens of ticks and mice from Long Island dating
from the late nineteenth and early twentieth centuries. After European coloniza-
tion, much of the habitat required for Lyme disease transmission was removed
as wooded areas were cleared for farmland. During the twentieth century, how-
ever, much of the area was returned to forests, and the deer, rodent, and tick
populations grew; as did the incidence of Lyme disease. This disease now affects
suburban locations in some of the most heavily populated regions of the country,
including Boston, New York, Philadelphia, and Baltimore.

The Disease

The initial symptoms are known as early localized Lyme borreliosis and include
a rash, erythema migrans (EM), in 60% to 80% of infected individuals. This
rash appears between 2 and 30 days after the bite of an infected tick and often
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FIGURE 3.3 Erythema migrans

Source: CDC/James Gathany.

has a bull’s-eye appearance that may be circular or oval. The rash may be quite
large, up to 30 inches in diameter. It is often accompanied by a nonspecific fever.

Although up to 10% of infections may be asymptomatic, Lyme disease is
usually associated with a variety of symptoms that allow it to be confused with
other diseases. It presents as a combination of several of the following symptoms:
tick bite, erythema migrans rash at the tick bite site or other areas, fever, chills,
sweats, fatigue, weight change, hair loss, swollen glands, sore throat, irritable
bowel, chest pain or rib soreness, shortness of breath, heart palpitations, joint
pain or swelling, stiffness of joints, neck, or back, muscle pain, headache, tin-
gling or numbness, facial paralysis (such as Bell’s palsy), double or blurry vision,
buzzing or ringing in the ears, dizziness or poor balance, light-headedness or
difficulty walking, tremor, heart murmur, confusion, difficulty thinking, forgetful-
ness, poor short-term memory, disorientation, mood swings, meningitis, sensitiv-
ity to light in the eyes, mild transient or recurring hepatitis, or adult respiratory
distress syndrome. Patients do not manifest all of the listed symptoms. If the
infection 18 not promptly treated in a manner leading to its elimination, several
manifestations may occur several years later, including persistent fatigue and mal-
aise, together with migratory musculoskeletal disorders, such as Lyme arthritis,
chronic encephalopathy and encephalomyelitis, peripheral neuropathy, and dif-
ficulty with concentration and memory. These symptoms are believed by some to



v orsease (CERNE

result from persistent infection. Host immunogenetic background may influence
disease course, with individuals with major histocompatibility complex class II
HLA-DRB1#0401 and 0101 alleles at increased risk for chronic joint inflamma-
tion or nonresponsiveness to antibiotic therapy. Coinfection with the protozoan
parasite Babesia mucroti or the bacterial causative agent of human granulocytic
ehrlichiosis, both transmitted by deer ticks and endemic to regions with high
incidence of Lyme disease, may lead to acute flulike symptoms.

A disease similar to Lyme disease, southern-tick-associated rash ill-
ness (STARI), is present in the American Southeast and is transmitted by
the bite of the lone star tick, Amblyomma americanum. This tick carries a newly
described spirochete, Borrelia lonestari. This spirochete may be widespread
in the southeastern United States.

The Causative Agent

Borrelia burgdorfers was 1solated by William Burgdorfer at the Rocky Mountain
Laboratory in 1981. Lyme disease results from infection with genospecies of
B. burgdorferi sensu lato, gram-negative, flagellated spirochetes. These highly
motile, tightly-coiled spiral bacteria are similar to the causative agent of syphilis.
Over 300 strains of these bacteria are found worldwide. The causative genospe-
cies in the United States is B. burgdorfer: sensu stricto. The A, B, I, and K clones,
distinguished by their outer surface protein C (OspC), are often associated with
disseminated Lyme disease. The A clone is prevalent in both the Americas
and Europe and its OspC gene is fairly uniform in both locations, suggesting
recent migration. The B clone, by contrast, has greater variability between the
continents, indicative of a longer period of geographical isolation. In Europe,
additional species of Borrelia also cause Lyme disease, including B. afzelii
and B. garinii. The latter two strains also occur in Africa; B. japonica and
B. miyamoto arc found in Japan.

The spirochetes’ cell wall consists of a cytoplasmic membrane surrounded by
peptidoglycan with internal flagella and a loosely associated outer membrane. It
was one of the first microbes to be fully sequenced and has a segmented genome
with a small, 900-kilobase linear chromosome and up to 9 circular and 12 linear
plasmids. The plasmids have roles in infectivity and drug resistance. One of
these, the 36-kilobase linear plasmid 1p36, is important in allowing infectivity
of mammalian cells. The responsible region is the bbkl7 (adeC) gene, encoding
an adenine deaminase that allows production of hypoxanthine through the de
novo pathway of nucleotide and nucleoside synthesis. Another linear plasmid,
Ip25, and its gene encoding nicotinamidase are vital to infectivity of ticks and
mice. Another Ip25 gene encodes a lipoprotein involved in persistence in ticks.
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FIGURE 3.4 Spirochete

Source: CDC/W. F. Schwartz.

B. burgdorfer: uses a large number of lipoproteins, including the outer sur-
face proteins that have been used in vaccine development. The surface-exposed
lipoprotein, VISE, undergoes extensive antigenic variation and may aid the
spirochete in avoiding the host adaptive immune response. These bacteria con-
tain few biosynthetic proteins and must therefore rely on the host to supply many
of their nutritional needs. B. burgdorfer: is unusual in that it does not require iron
for survival, at least in vitro. This allows it to avoid host defense mechanisms
that limit microbes’ supply of iron. The spirochete also does not produce toxins.

The Lyme disease agent is transmitted from host to host by hard ticks
in temperate zones of the Northern Hemisphere. In the United States, these
are most commonly the deer tick (Ixodes scapularis, formerly 1. dammini) or the
western black-legged tick (1. pacificus). The preferred host of the former tick
is the white-footed mouse. In the northeastern United States, 10% to 50% of
the deer ticks are infected with the spirochete. In Europe, Lyme disease occurs
throughout the range of the sheep tick, 1. ricinus, and in Asia, the vector is the
taiga tick, 1. persulcatus. 'The natural life cycle of B. burgdorfer: involves transfer
between the hard ticks and small mammals. The major reservoirs of B. burgdorfer:
in the eastern United States are white-footed mice and eastern chipmunks. In
Europe, other vertebrate species also host the spirochete, including birds, reptiles,
and many small to medium-sized mammals. In Asia, the immature ticks feed
on voles, shrews, and birds, and the adult form feeds on most larger animals,
including hares, deer, and cattle. Humans are accidental hosts and are infected
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by the bite of either the larval or the nymphal stage of the ticks. During these
stages, the ticks are very small, approximately the size of the period at the end
of this sentence, and are difficult to detect, particularly because they prefer hairy
areas (armpits, groin, scalp). Early removal of the ticks is important to prevent
Lyme disease because transmission of the spirochete takes at least 36 hours, the
time needed for the spirochete to migrate from the tick’s midgut to its salivary
glands. Transmission of spirochetes to humans on the West Coast involves two

FIGURE 3.5 Nymphal Amblyomma americanum (lone star tick)
(above) and engorged tick (below)

Source: CDC/Amanda Loftis, William Nicholson, Will Reeves, and Chris Paddock.
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intersecting cycles. The first of these involves dusky-footed wood rats and Ixodes
spinipalpis, which do not bite humans but maintain the cycle in nature. The sec-
ond cycle involves wood rats and 1. pacificus ticks, which do bite humans but are
less commonly infected. Nymphs of . scapularis in the southeastern United States
feed mainly on lizards. Lizards are not infected by B. burgdorfer: due to their innate
ability to kill the bacteria using the complement cascade of the innate immune
system; consequently, Lyme disease is not common in that region.

The transmission season peaks between April and July when the nymphs
are seeking hosts. Ticks are found mainly in leaf litter and low-lying vegetation.
Unlike many other arthropod disease vectors, such as mosquitoes, ticks take a
large blood meal only once per life cycle stage, ingesting 10 to 100 times their
body weight. Larvae and nymphs feed on a range of hosts, while the adults
require large animals, such as deer, cattle, sheep, or horses. B. burgdorfer: also
infects and causes disease in dogs, cats, cattle, and horses. In a nymphal tick host,
the spirochete remains dormant in the midgut from fall until late spring; OspA
1s the primary antigen expressed. As the nymph feeds, OspA expression decreases
and that of OspC increases. The latter is needed for infection of mammals, and
it is predominantly expressed when the spirochete moves to the salivary glands.

In the mammalian host, localized skin infection occurs. Within weeks, the bac-
teria begin to disseminate by binding to integrins, proteoglycans, and glycoproteins
on cells or in tissues. These include heparin sulfate and dermatan sulfate on epi-
thelial cells and neurons, and decorin, which associates with collagen and may
allow its association with the extracellular matrix of the heart, nervous system,
and joints. The spirochetes also bind the receptors for fibronectin and vitronec-
tin. They move into the blood and cerebrospinal fluid, and small numbers may
be found in the myocardium, retina, muscle, bone, spleen, liver, meninges, and
brain. Later, systemic infection declines, with the organisms persisting for years in
the joints, nervous system, or skin. The different Borrelia species vary in ability to
persist and cause pathology in the different sites. B. burgdorfer: appears to favor the
joints and is the most capable of inducing arthritis. B. afzeliz, however, may remain
in the skin for decades and cause acrodermatitis chronica atrophicans, mainly on
sun-exposed surfaces of the distal extremities in elderly women. B. garni is the
most neurotropic, resulting in many types of neurologic abnormalities, including
borrelial encephalomyelitis, which is similar to multiple sclerosis.

The Immune Response

Soon after the appearance of the EM rash, complement begins to lyse the spi-
rochetes. Several of the Borrelia species produce complement regulatory factors
that result in cleavage of C3b, vital to host complement-mediated microbial
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killing. A humoral immune response then occurs, with the production of anti-
body, mostly IgM reactive to OspC, and later IgG. In individuals with moderate
to severe arthritis, very high levels of antibody may be found in the blood and
in the joints. This antibody may contribute to the arthritic manifestations of
the disease. Cell-mediated immunity is also present, as T lymphocytes respond
to bacterial antigens, secreting interferon-y and activating macrophages. The
ViIE lipoprotein, previously mentioned, undergoes antigenic variation to escape
recognition by these cells.

Bacterial lipoproteins stimulate the innate immune system by binding to sev-
eral microbial recognition receptors on macrophages, including CD14 and the
Toll-like receptor 2 (TLR2)/TLR1 heterodimer. These cells, together with neu-
trophils, phagocytize and destroy bacteria in the lesions and limit their dissemi-
nation. B. burgdorfer: also kill macrophages by triggering cytoplasmic signals that
induce cytokine production and activation of caspase-1, resulting in apoptotic
death of the immune cell. The syphilis spirochete fails to kill the macrophages
in this manner, while dendbritic cells are spared by Borrelia. In Lyme disease,
mgestion of spirochetes also induces macrophages to produce transcripts for
the proinflammatory cytokines pro-IL-13 (IL-18), TNF-o, and IL-6, which may
worsen joint damage. Caspase-1 must be active to process and secrete IL-1(3.
The immune response thus functions to both contain the spirochetes and cause
much of the pathology.

Diagnosis

Lyme disease has been called the “great pretender” due to its similarity to several
other disease conditions, including multiple sclerosis, systemic lupus erythema-
tosus, amyotrophic lateral sclerosis (Lou Gehrig’s disease), fibromyalgia, chronic
fatigue syndrome, and Alzheimer’s disease. Isolation and culture of B. burgdorfer:
from infected individuals is considered the gold standard for diagnosis, and most
commonly uses material from skin biopsies or cutaneous lavage from EM lesions
or blood from patients with early disseminated disease.

Many of the common diagnostic tests for Lyme disease detect antibod-
ies, such as the enzyme-linked immunosorbent assay (ELISA) and the indirect
fluorescent-antibody assay (IFA). These tests are not highly sensitive or specific,
for an infected individual may test negative for antispirochete antibodies and
still have the disease if infected with a different strain of B. burgdorferi than was
used in the diagnostic test. An infected person may also test negative for anti-
bodies in the blood but still have them in the spinal fluids. An antibody-based
test might alternatively suggest that a person who is not infected indeed has the
disease. This is particularly true for individuals with syphilis, which is caused by
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another bacterial spirochete, Treponema pallidum, as antibodies developed against
this bacterium may cross-react with B. burgdorferi. Occasional false-positive tests
also occur in individuals with infectious mononucleosis, systemic lupus erythe-
matosus, or rheumatoid arthritis. A second test, such as Western blot, is needed
to confirm the diagnosis. This test directly detects the antibodies to the correct
spirochete antigens. A positive result is indicated by positive reactions against any
two of the following antigen bands: 20, 23, 35, 39, 41, or 88 kilodaltons (kD).
PCR may also be used to detect B. burgdorferr DNA in synovial fluid samples of
individuals with arthritis or skin biopsy samples from those with EM.

The Lyme urine antigen test (LUAT) identifies spirochete antigens shed in
the urine. This test has greater reactivity after the spirochetes begin to die, as
occurs following antibiotic treatment, and is not as useful as serological or other
molecular techniques. Other tests may search for the presence of antibodies in
the cerebrospinal fluid.

Treatment

In its early stages, Lyme disease almost always responds to antibiotic treatment.
If untreated, however, it can progress to late Lyme disease, with arthritic, neu-
rological, and cardiac manifestations. These require more intensive therapy and
may be permanent. A number of antibiotics may be used; these are admin-
istered either orally or intravenously, and each has its positive characteristics.
Tetracyclines are bacteriostatic, halting the growth of bacteria without killing
them. These drugs are taken into infected cells to fight intracellular bacteria.
Doxycycline and minocycline are able to penetrate the spinal fluid and the
brain. The penicillins, for their part, are bacteriocidal, killing bacteria, but are
not effective against intracellular organisms. Among this group, amoxicillin is
effective for the treatment of Lyme disease and is safe for pregnant women,
whereas penicillin G is ineffective. The macrolides are bacteriostatic but kill the
bacteria when used at high concentrations. They have good tissue penetration
and attack intracellular bacteria. The cephalosporins are bacteriocidal. They
penetrate tissues, as well as the spinal fluid and the brain. An earlier treatment
option was the use of colloidal silver, which may be effective as a drug supple-
ment. An unfortunate side effect of this treatment is the tendency of one’s skin
to turn gray. The Food and Drug Administration does not recommend the use
of the injectable compound bismacine (chromacine), prescribed by some alter-
native medicine practitioners. This drug contains high levels of bismuth and is
not approved for use in an injectable form or as a treatment option for Lyme
disease. Its use may lead to bismuth poisoning, resulting in heart or kidney failure.
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Antibiotic therapy may also lead to short-term problems. The prolonged use
of antibiotics may kill beneficial bacteria inhabiting the digestive system, leading
to an overgrowth of yeast and possibly causing thrush. Eating yogurt with live
cultures or taking acidophilus tablets restores the bacterial flora. The Jarish-
Herxheimer reaction is a temporary increase of patient discomfort after
antibiotic treatment. This reaction was first described in syphilis and occurs when
the spirochetes die, shedding toxins that induce an intense immune response.
This results in headache, chills, fever, neck pain, rashes, and fatigue.

Antibiotic-resistant strains of B. burgdorferr have arisen. Some isolates of
strain B31 are resistant to macrolide, lincosamide, or streptogramin A antibiotics.
This resistance was not due to inactivation of the antibiotics or to their removal
by efflux pumps but resulted from modification of the bacterial ribosomes to
decrease their binding to these antibiotics. Resistance could be transferred by
conjugation to other bacterial species, such as the gram-positive Bacillus subtilis
and Enterococcus faecalis. Several plasmids have been postulated to be involved in
the transfer of resistance. A recent report suggests the role of an outer membrane
protein, BesC, in a tripartite multidrug drug export system of the resistance
nodulation division type that may be at least partially responsible for the natural
ability of B. burgdorferi to resist antibiotics. This protein is homologous to the TolC
protein in Escherichia coli and forms membrane channels in planar lipid bilayers.
Its removal prevents successful bacterial infection of mice.

Prevention

The best way to prevent acquiring Lyme disease is to prevent the transmission
of the spirochetes from ticks to humans. Risk of infection is highest when the
nymphal forms are most actively feeding, during the late spring and early sum-
mer. Many people are exposed during recreational activities, such as hiking,
camping, and fishing. Others are at risk due to jobs that result in exposure, such
as construction, farming, landscaping, forestry, brush clearing, surveying, park or
wildlife management, and railroad, oil field, or utility line work.

Several guidelines to prevent tick attachment and subsequent transmission
of bacteria are as follows: (1) wear light-colored clothing to readily permit view-
ing of ticks before their attachment; (2) wear a long-sleeved shirt, long pants,
and closed shoes with socks, and tuck the shirt into the pants and the pants into
the socks; (3) use tick repellant containing N,N-diethyl-m-toluamide (DEET)
on the skin (must be reapplied after several hours; check for adverse reactions
in children) or permethrin for longer protection (several days) on clothing and
boots; and (4) carefully check skin and hair for ticks soon after leaving their
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RECENT DEVELOPMENTS

Antibodies may be protective against the development of Lyme disease. In animal
models, immune serum (containing antibodies against B. burgdorferi) prevents
infection of naive animals upon challenge. In dogs, a vaccine (Bacterin) exists that
uses whole, killed organisms. In humans, much of the vaccine work has focused on
the use of recombinant outer surface proteins (Osp). Recombinant OspA vaccines
were developed in the 1990s. One such vaccine, licensed in the United States, was
withdrawn by 2002 due to limited public acceptance resulting from the low risk
of Lyme disease in many regions, the need for booster shots every year or two,
and the relatively high cost compared with antibiotic treatment for early infection.

habitat. DEET should not be applied to the hands or face or to irritated skin.
The CDC provides detailed instructions on tick removal at http://www.cdc.gov/
ticks/removing_a_tick.html. Folk remedies such as hot matches and petroleum
jelly are not advised. Take care to not touch the tick with bare hands.

Risk of infection may also be decreased by removing tick, rodent, and deer
habitat. This may be accomplished by application of chemicals to kill ticks and
mites (acaricides) and removing leaf litter, tall grass, woodpiles, and brush at
one’s residence. Other methods include chemical treatment of deer and rodents
by means of deer feeding stations and bait tubes and biological control with fungi

FIGURE 3.6 Approved method of tick removal

1

Source: CDC/DVBID
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or parasitic worms or wasps. If one does visit areas inhabited by ticks, carefully
mspect skin and hair soon after leaving the area, promptly removing any ticks
detected using approved methods that completely remove all tick parts.

Surveillance

Recent technological advances like remote sensing methods, including satellite-
determined environmental variables such as temperature, humidity, elevation,
and land cover type, together with information about vector density, have been
used to identify and characterize tick habitats. This information is then analyzed
with georeferenced epidemiological data to yield a comprehensive picture and to
produce risk maps and to suggest how alterations in environmental factors might
influence disease occurrence and severity. Such studies have been performed in
Baltimore County, Maryland, and in Wisconsin.

Summary

Disease

*  Lyme disease

Causative Agents

e Borrelia burgdorfer: *  B. afzeli * B.ganni ¢ B.japonica
e B. myamoto

Agent Type

e Gram-negative, flagellated spirochete

Genome
« DNA

Vectors

e Deer tick (Ivodes scapularis) * Western black-legged tick (£. pacificus)

e Sheep tick (L ricinus)  Taiga tick (I persulcatus)

Common Reservoirs

e Mammals (white-footed mouse, eastern chipmunks, voles, shrews, hares,

dusky-footed wood rat, dogs, cats, cattle, and horses) ¢ Birds ¢ Reptiles

Mode of Transmission
e Tick bite
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Geographical Distribution

e Temperate areas throughout the world

Year of Emergence
« 1976

Key Terms

Borrelia afzelii Agent of Lyme disease in Africa

Borrelia burgdorferi Spirochete agent of Lyme disease

Borrelia garinii Agent of Lyme disease in Africa

Borrelia japonica Agent of Lyme disease in Japan

Borrelia lonestari Spirochete agent of southern-tick-associated rash illness
Borrelia miyamoto Agent of Lyme disease in Japan

DEET A tick repellent that is safe to apply to intact skin

Erythema migrans Large circular or oval rash with a bull’s-eye appearance;
often associated with Lyme disease

Jarish-Herxheimer reaction Augmentation of symptoms (headache, chills,
fever, neck pain, rashes, and fatigue) following antibiotic therapy of spirochete-
associated diseases; due to an excessive immune response triggered by antigens
released by dying bacteria

Lyme disease Most prevalent arthropod-borne illness in temperate climates;
characterized by a wide range of symptoms, including erythema migrans, migra-
tory arthritis, fever and chills, and neurological symptoms following a tick bite

Southern-tick-associated rash illness (STARI) Discase similar to Lyme dis-
ease that is found in the southeastern United States; transmitted by Borrelia lonestar:

Review Questions

1. What areas of the United States and the world have the highest incidence of
Lyme disease?

2. What symptoms are typically associated with disseminated Lyme disease?

3. What compounds are used to treat Lyme disease?

4. What bacteria cause Lyme disease in the United States, Africa, Europe, and
Asia? What are the vector and reservoir species for each of these?

5. Treponema pallidum is caused by a similar bacterium. What disease does this organism
cause, and how does infection with 7. pallidum complicate diagnosis of Lyme disease?
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Topics for Further Discussion

1. Other than the methods listed in this chapter, what other means might be
devised to reduce human exposure to ticks or to interrupt the Borrelia life cycle?

2. Because the genome of B. burgdorferi encodes few biosynthetic proteins, the
spirochete depends on its host to supply many of its nutrients. How might
this characteristic be used to protect infected humans?

3. What other diseases are caused by spirochetes, and how are they similar to
Lyme disease? What other diseases are transmitted by Ixodes ticks?

4. Describe how various Borrelia genes protect the bacteria against antibiotics
or the host immune response. Many of these are encoded by plasmids. How
might this location influence drug resistance?
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CHAPTER 4

HUMAN EHRLICHIOSIS

LEARNING OBJECTIVES

e Define and contrast ehrlichiosis, anaplasmosis, and related
diseases

Describe the Ehrlichieae bacteria responsible for causing these
illnesses

Discuss modes of infection

Discuss the host’s response to infection

Discuss methods of treatment

Describe symptomatology and diagnosis

Discuss methods of prevention
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Major Concepts

Diseases

Bacteria of the Ehrlichieae group cause several tickborne infections of humans
and animals which include human monocytotropic ehrlichiosis (HME; caused by
LEhrlichia chaffeensis), human granulocytic anaplasmosis (HGA; caused by Anaplasma
phagocytophilum), human disease due to Ehrlichia ewingii, and sennetsu fever (caused
by Neorickettsia sennetsu). Tickborne fever of sheep, cattle, and goats and pasture
fever of sheep, cattle, bison, deer, and rodents, as well as serious disease in horses,
dogs, and cats, may resulting from infection with A. phagocytophilum as well.

Symptoms

Although many ehrlichial infections remain asymptomatic, severe illness may
occur, with up to half of infected individuals hospitalized. Early symptoms
include fever, malaise, muscle and bone aches, headache, and gastrointestinal
abnormalities with or without rash. Blood cell numbers are decreased. Serious
disease manifestations include prolonged fever, kidney failure, disseminated intra-
vascular coagulation, meningoencephalitis, seizures, coma, and adult respiratory
distress syndrome. Death occurs in 2% to 5% of the cases for HME and 7% to
10% of cases of HGA. The latter is associated with fungal or viral infection, pos-
sibly indicating an immunosuppressive effect of the bacteria. Immunosuppressed
persons, especially those who are HIV-positive, are more likely to develop severe
disease: the fatality rate in this group 18 25%. Alveolar damage and intersti-
tial pneumonia; lymphobhistiocytic infiltrates; focal necrosis of the spleen, liver,
and lymph nodes; and diffuse hemorrhaging may occur during cases of lethal
infection. F. ewingi also causes serious disease in immunosuppressed persons.
Sennetsu fever is a rare and mild disease.

Infection

The ehrlichial bacteria are small, obligate, intracellular, gram-negative cocci
residing within phagocytic white blood cells, such as monocytes and macro-
phages or neutrophils, in which they may form microcolonies called morulae.
L. chaffeensis 1s transmitted primarily by adult lone star ticks. High rates of infec-
tion occur in Arkansas, North Carolina, Missouri, Oklahoma, New Jersey, and
Tennessee. Because these diseases are tickborne, the majority of cases occur
in rural settings or, less commonly, in suburban locations. The median age of
infected individuals i1s 44 years, and males are more commonly infected than
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females. Persons spending large amounts of time in wooded areas (foresters,
rangers) have an increased risk of infection. A. phagocytophilum is spread by
nymphal and larval stages of the blacklegged and western blacklegged ticks in
the United States and is found in Connecticut, Minnesota, Rhode Island, New
York, Wisconsin, and California. HGA 1is also found in a number of European
countries, including Slovenia, the Netherlands, Spain, Sweden, Norway, Croatia,
Poland, Italy, Austria, and Irance. A number of animal species serve as reservoir
hosts for these bacteria, including white-tailed deer, dogs, wolves, coyotes, sheep,
cattle, goats, horses, and some rodents.

Immune Response

Protective immunity against ehrlichiosis and anaplasmosis is provided by CD4"*
T helper cells and CD8" T killer cells, the cytokines interferon-y and tumor
necrosis factor-a, and antibodies produced by B lymphocytes. Ehrlichia bacteria
evade the immune response by (1) not expressing lipopolysaccharide and pep-
tidoglycan typically used by immune cells to recognize bacteria, (2) preventing
lysosomes from fusing with endosomes containing bacteria, (3) failing to activate
enzymes within the host cells that generate bacteriotoxic reactive oxygen species,
and (4) blocking apoptotic self-destruction by infected cells.

Treatment and Prevention

HME and HGA may be successfully treated by antibiotics such as doxycy-
cline, another tetracycline, or rifampin. Preventive measures include avoiding
exposure to or attachment of ticks, their prompt removal, and elimination of
tick habitat.

Introduction

Some 1,200 cases of human chrlichiosis and anaplasmosis were reported to the
CDC between 1986 and 1997. Ehrlichia species are found globally, mainly in tem-
perate regions of the world. Individuals with antibody reactivity to Ehrlichia
chaffeensis have been seen in countries as diverse as Argentina, Belgium,
Israel, Italy, Mali, Mexico, Portugal, Thailand, and the United States. Human
infection with Anaplasma phagocytophilum has been reported in Belgium,
Denmark, Hungary, Slovenia, and Sweden, and antibody reactivity to the granu-
locytic form has been found in Germany, Israel, Italy, Norway, Switzerland, and
the United States.
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Ehrlichiosis and anaplasmosis are tickborne zoonoses and are transmitted by
some of the same vector species as Borrelia burgdorfert, resulting in the possibility of
coinfection. Most infections occur during the spring and summer (55% to 70%
between May and July), reflecting times of greatest exposure to the appropri-
ate life stage of the tick vectors. Infection rates are higher among older adults
(usually over the age of 40), with the highest rates found in adults aged 70 to 79.
The resulting diseases, when present, range in severity from mild to very severe,
especially in immunosuppressed persons. In addition to humans, infection is
found in many common domestic and wild animal populations.

History

The first human disease found to result from infection with an FEhrlichia-like
species was sennetsu fever, caused by Neorickettsia (formerly Ehrlichia)
sennetsu, in Japan in 1953. This is a mononucleosis-like illness with fever and
swollen lymph nodes. It is very rare, with most of the cases occurring in western
Japan and Malaysia. There have been no reported deaths.

FIGURE 4.1 Range of one of the principal tick vectors
in the United States
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Human monocytotropic ehrlichiosis (HME) was described in 1986
in Arkansas and is found mainly in the southern and southeastern parts of
the United States. The causative bacterium was isolated in 1990 from Fort
Chaffee, Arkansas. Human granulocytic anaplasmosis (HGA; formerly
human granulocytic ehrlichiosis) was first recognized by Johan Bakken in 1994
after the discovery of microcolonies of an Ehrlichia-like species in a patient’s
neutrophils.

One of the important factors in the recent increase of HGA is the explo-
sive rise in the population of white-tailed deer, which increased an estimated
50-fold during the twentieth century. The deer is the primary host for all
stages of the tick vector. Populations of other hosts for this tick, including
the wild turkey and the coyote, have grown as well. There has also been
an increase in the number of humans particularly vulnerable to severe dis-
ease manifestations, including individuals who are older, have cancer, or are
immunosuppressed.

The Diseases

Infected individuals may remain asymptomatic. In those in whom disease does
develop, symptomatic illness follows an incubation period of five to ten days.
Initial signs include fever, malaise, muscle and bone aches, headache, and gastro-
mntestinal abnormalities. Rash may or may not be present, in contrast to Rocky
Mountain spotted fever, a similar condition in which rash is typically found.
Individuals may become severely ill, and up to half of them require hospitaliza-
tion. Severe reactions occurring in these illnesses include prolonged fever, kidney
failure, disseminated intravascular coagulation, meningoencephalitis, seizures,
coma, or adult respiratory distress syndrome. Death occurs in 2% to 3% of
the cases, with HME being more pathogenic, while HGA infection may lead to
serious secondary infections due to A. phagocytophilum—induced loss of neutrophil
competence. Individuals with prior immunosuppression are at the highest risk
for severe disease manifestations.

Human Monocytotropic Ehrlichiosis (HME)

HME is a moderate to severe disease whose symptoms include fever (occurring
in more than 95% of cases), headache (60% to 75%), myalgia (40% to 60%),
nausea (40% to 50%) and vomiting (36%), joint pain (30% to 35%), rash
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(35%, mostly pediatric cases or HIV-positive adults), cough (25%), sore throat,
diarrhea, swollen lymph nodes, abdominal pain, and neurological symptoms
(meningitis- or encephalitis-like illness, cognitive impairment) (10% to 40%).
Adult respiratory distress syndrome may also occur. Laboratory reports often
indicate a decrease in the numbers of red blood cells (50% of cases), white blood
cells (60% to 70%), and platelets (70% to 90%), accompanied by increased lym-
phocyte counts (45% to 85% of the white blood cells). Elevated levels of liver
enzymes (transaminase—=80% to 90%; alkaline phosphatase and bilirubin—25%
to 60%) occur. Hyponatremia (decreased urination) is seen in up to 50% of
infected adults and 70% of infected children. Serum sodium levels may be under
130 milliequivalents per liter. Some 41% to 63% of patients are hospitalized
(median duration of seven days). HME closely resembles the granulocytic forms
of the disease, but rash, central nervous system involvement, and gastrointestinal
disturbances are more common.

Asymptomatic cases have also been reported but not conclusively docu-
mented. Disease is particularly severe in the immunosuppressed and may involve
acute kidney or respiratory failure, metabolic acidosis, a profound decrease in
blood pressure, widespread blood clotting within vessels (disseminated intravas-
cular coagulopathy), liver failure, adrenal insufficiency, and myocardial dysfunc-
tion. One study indicated a 25% mortality rate in immunosuppressed patients;
67% of the fatalities were HIV-positive. Respiratory symptoms in patients with
severe disease may include interstitial pneumonitis, pulmonary edema, pleural
effusions, and acute respiratory distress syndrome. Other hematological manifes-
tations include pulmonary or conjunctival hemorrhage, gastrointestinal bleeding,
subdural hematoma, and bloody urine (hematuria). Secondary infections with
cytomegalovirus, Candida, and Aspergillus suggest that immunosuppression may be
occurring. The overall mortality rate is 2% to 5%. In immunosuppressed patients
with fatal outcome, alveolar damage and interstitial pneumonia; lymphohistio-
cytic infiltrates; focal necrosis of the spleen, liver, and lymph nodes; and diffuse
hemorrhaging have been seen. In a retrospective study of 133 HIV-positive
individuals in Nashville, Tennessee, in 1999, two cases of HME were detected
by indirect immunofluorescence, for a seroincidence rate (percentage of persons
with antibodies to the microbe) of 6.7% among symptomatic individuals and
an overall rate of 1.6%. One of the two patients required hospitalization. False
negative readings by serology are possible due to the suppressed immunity found
in this population.

Both cell-mediated and humoral immunity appear to play important roles
in defense against attack by FE. chaffeensis. Major histocompatibility complex
class II antigens, TLR4, and production of IL-6 by macrophages have been



HUMAN EHRLICHIOSIS _

implicated in efficient clearance of bacteria. SCID mice, which lack mature

T and B lymphocytes, do not survive infection. In the absence of anti-ehrlichial
antibodies, infected monocytes produce the cytokines IL-13, IL-8, and IL-10,
while in the presence of hyperimmune serum, IL.-6 and tumor necrosis factor-a
are also made. Several of these cytokines are proinflammatory or induce fever.
Lymphocytosis (elevated lymphocyte count) is a common finding, with unusu-
ally high numbers of rare CD3*CD4CD8 y~GD T cells. This T cell subset is
also elevated during infection with other intracellular pathogens, such as Listeria,
Mpycobacterium, and Leishmania species.

HME is spread primarily by nymphal or adult lone star ticks, Amblyomma
americanum, but bacteria have been found by PCR in the dog tick (Dermacentor
variabilis) and the western black-legged tick (Ixodes pacificus) as well. Both male
and female ticks feed on humans, but the females are believed to be primarily
involved in disease transmission. All stages of the tick life cycle bite humans,
and prevalence ranges from 5% to 15%. Adult ticks may acquire their infec-
tions by transstadial transmission from the nymphal stage or directly by feeding
on an infected vertebrate host. Transovarial infection of eggs or unfed larvae
has not been documented. White-tailed deer (definitive host), dogs, wolves,
goats, coyotes, and red foxes are naturally infected with E. chaffeensis and may
serve as disease reservoirs. This tick may be found in meadows, woodlands,

FIGURE 4.2 Lone star tick

Source: CDC/Amanda Loftis, William Nicholson, Will Reeves, and Chris Paddock.
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FIGURE 4.3 Number of ehrlichiosis cases in the United States,
1999-2006
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and hardwood forests. No incidence has been reported in rodents. From 1997
to 2001, there were 503 cases reported in the United States; 338 of these were
confirmed, occurring in 23 states, particularly in Arkansas, North Carolina,
Missouri, Oklahoma, New Jersey, and Tennessee. The incidence rate is 7 to 57
per 1,000,000 population. Severe HME has been found to be more common in
Georgia and North Carolina than Rocky Mountain spotted fever, a tickborne
disease that it resembles.

Most of the cases occur in rural locations and the remainder primarily in
suburban locales. The majority of cases are found in males (more than twice as
often as in females), and the median age of patients is 44 years.

Human Granulocytotropic Anaplamosis (HGA)

This form of the disease was first detected in the United States in Minnesota
in 1994 and in Europe, in Slovenia, in 1997. In the majority of cases, HGA
is a mild and self-limiting infection that resolves in about a month, but it
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FIGURE 4.4 Ehrlichiosis by state, 2001-2002
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may become a severe illness. Its symptoms include undifferentiated high fever
occurring in the spring or summer (98% of cases), severe headache (77%),
myalgia (81%), rigors, nausea, anorexia, and vomiting (25%), nonproductive
cough (20%), confusion (14%), and rash (8% to 10%). Laboratory findings
show a high number of patients with a decrease in platelet numbers, and
many also have a lowered white blood cell count. Lymphocytosis with atypical
cells may be found after the second week of illness. Anemia is less frequent.
As in HME, liver enzymes are elevated. About half of patients (48% to 53%)
are hospitalized. Symptoms may be particularly severe in the elderly, the
immunosuppressed (including HIV-positive persons and those with monoclonal
gammapathy, sickle B-thalassemia, and Down syndrome and persons with-
out a spleen), and patients with cancer or chronic inflammation. Sulfa drugs
may exacerbate HME. In people with severe disease manifestations, morulae
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(Ehrlichia colonies) may be readily observed in peripheral blood. Disease is
generally less severe in Europe than in the United States, and morulae are less
frequently noted. The mortality rate is 7% to 10% and is often associated with
infection by opportunistic fungi or viruses due to the ability of A. phagocytophilum
to inhibit neutrophil functions.

In the United States, HGA is spread by the nymphal and larval stages
of the black-legged and western black-legged ticks (Ixodes scapularis and Ixodes
pacificus), which are active in the spring and summer. The former is found in
the northeastern and upper Midwest and the latter in northern California.
Hosts of the immature ticks include small mammals (especially the white-
footed mouse), reptiles, and birds, and the adults have a high affinity for biting
humans. Many of the cases occur in regions with high levels of Lyme disease
and babesiosis, the causative agents of which the tick may be coinfected.

RECENT DEVELOPMENTS

Anaplasma phagocytophilum decreases neutrophil functions such as adherence to
endothelial cells, transmigration, phagocytosis, and production of reactive oxygen
species via the oxidative burst. The mechanisms by which the bacterium blocks
protective neutrophil activities are being uncovered. Bacterial infection increases
the binding of a repressor protein, the CCAAT displacement protein (CDP), to the
promoter region of the DNA of several genes, inhibiting their transcription.
The suppressed genes include gp91phox, involved in the oxidative burst; human
neutrophil peptide 1 (HNP-1); CCAAT enhancer binding protein epsilon (C/EBP¢),
and neutrophil gelatinase, involved in neutrophil migration. HNP-1 is a transcrip-
tion factor critical for myeloid differentiation and for the expression of genes
that produce secondary granule proteins, such as lactoferrin, gelatinase, and col-
lagenase, important for the activity of mature neutrophils. People with granule
disorder have a greater tendency for recurrent bacterial infections. Mice without
functional C/EBPe have impaired defense mechanisms because their neutrophils
have defective uptake and killing of bacteria: these mice often die of second-
ary infections. A. phagocytophilum also increases the activity of the cathepsin L
enzyme, a protease that cleaves CDP into a form that has enhanced ability to bind
to DNA. Higher activity of cathepsin A thus leads to increased cleavage of CDP
during HGA. When cathepsin L activity was inhibited chemically or by the use
of small interfering RNA (siRNA), the extent of neutrophil infection by A. phago-
cytophilum was decreased. Drugs that block the actions of A. phagocytophilum
on cathepsin L may thus reduce the numbers of lethal opportunistic infections
arising during HGA.
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FIGURE 4.5 Black-legged tick

Source: CDC/Michael L. Levin.

FIGURE 4.6 Anaplasmosis cases in the United States, 19992006
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These regions include Connecticut, Minnesota, Rhode Island, New York, and
Wisconsin. The illness has also been reported in eastern states and California.
In Georgia, a study conducted in 1987 and 1988 found an incidence rate of
53 cases per 1,000,000 per year for HGA. From 1997 to 2001, 654 confirmed
and 434 probable cases were reported from 21 states. In European countries
ranging from the west to Central Asia, Ixodes ricinus is the disease vector. It is
maintained in nature in sheep, goats, cattle, horses, dogs, cats, deer, elk, mice,
shrews, and voles. In 2003, just 20 cases were reported throughout the conti-
nent, in Slovenia, the Netherlands, Spain, Sweden, Norway, Croatia, Poland,
Italy, Austria, and France. Seroprevalance rates in northern and central Europe
ranged from 0% to 2.9% in blood donors and from 1.5% to 21% in individu-
als exposed to ticks.

FIGURE 4.7 Anaplasmosis by state, 2001-2002
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Tickborne fever is found in sheep, cattle, and goats in northern and cen-
tral Europe. This illness is characterized by a high fever and a decrease in milk
production and may be accompanied by a loss of appetite, depression, cough
and a nasal discharge, diarrhea, abortion, and mastitis. In horses in the United
States and Europe, symptoms include fever, depression, loss of appetite, edema
in the lower limbs, petechiae, and reluctance to move. In infected dogs, fever
and lethargy are noted. Similar findings have been reported in cats with feline
granulocytic ehrlichiosis, with loss of appetite and rapid breathing, as well as
increased numbers of neutrophils and a drop in lymphocyte numbers. Other
potential reservoir hosts include the white-footed mouse, rabbits, wild boar, foxes,
and birds in the United States and Europe.

HGA is found mainly in males (79%), and the median age of infection is 58
years. Its occurrence peaks between May and October and corresponds to times
of human exposure to ticks. Sitting on logs, gathering wood, and sitting against
trees are particularly risky activities, along with disturbing leaf litter.

Dog and Human Disease Due to Ehrlichia ewingii

The human disease was first recognized in 1999, and its symptoms include
fever (100%), headache (63%), muscle aches (37%), nausea and vomiting (25%),
lowered platelet numbers with or without a corresponding decrease in red
or white blood cell counts, elevated transaminase levels, and hyponatremia.
Hospitalization is required in 75% of patients. This disease has been reported
in only a few people in Missouri, Oklahoma, and Tennessee, with no deaths. It
occurs primarily in people with compromised immune systems, including those
with HIV infection. The lone star tick is believed to be the vector for Ehrlichia
ewingii, and dogs and white-tailed deer may serve as reservoir hosts. Disease
in canines includes fever, lameness, polyarthritis, and reluctance to move and
has been reported in the south central and southern states, including Arkansas,
Georgia, Mississippi, Missouri, Tennessee, North Carolina, Oklahoma, and
Virginia. The rate of infection of dogs in the last three states has been reported
as ranging from 6% to 16%.

Sennetsu Fever

Sennetsu fever was the first human disease known to result from infection
with an erhichlial-type bacterium. It is caused by Neorickettsia sennetsu and is a
mononucleosis-like disease. It 1s hypothesized to be contracted by eating fish
infected with the worm vector.
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The Causative Agents

The Bacteria

Ehrlichiosis and related diseases are caused by bacteria of the tribe Ehrlichieae
of the Anaplasmataceae family, and similar agents include the causative agents of
Rocky Mountain spotted fever and typhus. They are small (1 to 3 micrometers),
obligate, intracellular, gram-negative cocci that live within phagocytic white
blood cells—monocytes or macrophages (which are different stages of matura-
tion of the same cell type) for HME or neutrophils for HGA. A microcolony of
these bacteria is called a morula, after the Latin word for “mulberry.” Infected
cells usually contain only one or two morulae, although up to 15 have been seen
in a single cell. The cell wall of Efrlichia species 1s unusual in that it lacks lipo-
polysaccharide and peptidoglycan but does contain glycoproteins and members
of a 28-kilodalton gene family. The latter contains three hypervariable domains
(which vary greatly between individuals) that are exposed to the surface.

LEllichia chaffeensis, isolated in 1991, is the causative agent for HME and has
thus far been isolated only in the United States. It resides primarily in monocytes,
macrophages, and endothelial cells but may sometimes be found in lymphocytes and
neutrophils as well. E. ewingi uses granulocytes as host cells and also occurs in the
United States. Similar bacteria, Fhrlichia (formerly Cowdria) ruminantium, are known to
cause heartwater in cattle and other ruminants. These bacteria and their close rela-
tives Ehrlichia canis and Ehrlichia muris have a genome of 1,250 kilobases, have 97.7%
or more 165 rRNA similarity, and cause disease in their host species.

LEhrlichia may be adapted for growth in tissue culture, growing in cell lines
such as human microvascular endothelial cells, Vero cells from African green
monkeys, HelLa human cervical epithelioid carcinoma cells, THP-1 human
monocytic leukemia cells, embryonic mouse cells, murine fibroblasts, and buffalo
green monkey cells. One strain of E. chaffeensis is able to survive for 11 days in
human blood and for 21 days in tissue culture at 4°C to 6°C.

A number of genes from E. chaffeensis have been characterized, includ-
ing the variable-length PCR target; 120-, 106-, and 37-kilodalton protein
genes; the groESL heat-shock operon, the quinolate synthetase A gene, and the
p28 multigene family. The former two genes contain repeated elements and dis-
play interstrain variability. Members of the p28 multigene family include at least
16 transcribed alleles and encode the outer membrane proteins whose variability
may be a means of immune evasion. The genome encodes at least eight major
Immunoreactive proteins.

Two Ehrlichia cell types may be observed by electron microscopy: reticulate
cells containing coccoid and coccobacillary forms with uniformly distributed
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ribosomes and nucleoid DNA fibrils and dense-cored cells containing predomi-
nantly the coccoid form with its ribosomes and nucleoid DNA centrally con-
densed. Both reproduce by binary fission and have been found in samples
of patients’ blood. All members of the genus contain insignificant amounts of
peptidoglycan. The morulae are 1 to 6 micrometers wide and contain from a
single bacterium to more than 40. They sometimes contain a fine, striated fibril-
lar matrix and tubules originating from the reticular cells. The mitochondria of
the host cells are often seen next to the borders of the morulae.

Anaplasma phagocytophilum infects neutrophils and sometimes macrophages
and endothelial cells to cause HGA. Seven-eighths of the cases occur in people
with compromised immunity. This disease 1s found in the United States and
Europe. 4. phagocytophilum causes tickborne fever and pasture fever in sheep,
cattle, bison, deer, and rodents. It is found in Europe. 4. equi causes disease in
horses, but also occurs in llamas and rodents. It resides in the U.S. and Europe.
LEhrlichia ewingii 1s transmitted by A. americanum and has the same geographical
range as [ chaffeensis. Neorickettsia sennetsu lives within helminthes (worms) and
may be found in Japan and Malaysia.

The Life Cycle of E. chaffeensis in Macrophages

The 120-kilodalton outer membrane protein of E. chaffeensis may function in adhe-
sion to and internalization by macrophages. The bacteria are covered by host cell
membrane within a cytoplasmic vesicle resembling an early endosome. This does
not fuse with a lysosome. Iron is required for the growth of Efrlichia-like species.
Transferrin and its receptor are host proteins used to bring iron into the cell. They
progressively accumulate within the endosome. FFurthermore, infection of the mac-
rophage induces production of iron-response protein 1 by the host cell. This protein
raises transferrin receptor mRINA levels. The host cytokine interferon-y (IFN-vy)
kills E. chaffeensis by lowering the numbers of transferrin receptors; the bacteria
can prevent interferon activity by blocking Jak-STAT signaling and by increasing
activity of the host’s own immunosuppressant, protein kinase A. Another protein
that may aid in iron acquisition by these bacteria is a 37-kilodalton protein similar
to iron-binding proteins of other gram-negative bacteria.

The Immune Response

In mouse models of infection with E. chaffeensis, both CD4* and CD8" T lym-
phocytes were needed for survival, although a stronger role was postulated for the
latter cell type. IFN-y and TNI-a appear to act together, since inactivation of
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both genes resulted in a 75% fatality rate, while the depletion of either cytokine
alone was far less severe. Humoral immunity also plays an important role in
controlling . chaffeensis—related disease. Antibodies can protect SCID mice from
lethal infections. IgG2a directed against the outer membrane proteins, working
together with Fc receptors, clear bacteria from tissue as early as 24 hours after
infection. No protective role was assigned to neutrophils, natural killer cells, com-
plement, or reactive nitrogen species. Cell-free plasma was surprisingly found
to contain infective bacteria (10% of Ehrlichia in the blood). When incubated at
either 25°C or 37°C in plasma, these cell-free bacteria replicated, as determined
by PCR, *H-thymidine incorporation, or microscopic counts.

Ehrlichial species use several methods to evade the host defense system.
First, in addition to lacking lipopolysaccharide and peptidoglycan, which are
commonly used by hosts to recognize bacterial invaders, E. chaffeensis and
A. phagocytophilum acquire cholesterol from their hosts, which may aid in mem-
brane stabilization. Second, upon entry into their host phagocytic cells, the
bacteria alter trafficking of vesicles to prevent lysosomal fusion. Third, since a
major mechanism by which both monocytes and neutrophils kill internalized
microbes relies on reactive oxygen species and these bacteria lack several key
detoxifying enzymes, they avoid killing by failing to activate NADPH oxidase.
Tourth, E. chaffeensis transiently activates nuclear factor k of B lymphocytes
(NF-kB) and the p38 mitogen-activated protein kinase, causing the monocyte
hosts to become less receptive to external stimulation. Finally, infected host
cells may limit disease by self-destruction by the process of apoptosis. 4. phago-
¢eytophilum circumvents this process by preventing the decrease in a bcl-2 family
member, bfl-1, that occurs normally in neutrophils.

Diagnosis

In the case of HME, usually too few morulae are present in the blood, bufty
coats, or bone marrow aspirates to be diagnostically useful by viewing with
conventional light microscopy (20% to 30% sensitivity). By contrast, other cel-
lular inclusions and familial conditions have resulted in false positives. Moreover,
isolation of these bacteria from blood, bone marrow aspirates, or cerebrospinal
fluid has proved to be very insensitive. Antibody tests for IgM or IgG (fourfold
rise in indirect immunofluorescence titer to E. chaffeensis in paired serum samples
taken over a three- to six-week interval or a single titer of >256) may be used
diagnostically. However, one may not always have HGE even if one makes an
antibody response, for E. chaffeensis shows antigenic cross-reactivity with the
other species. In a prospective study conducted in Cape Girardeau, Missouri,
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from 1997 to 1999, 90% of the identified cases were antibody-positive and 31 %
had cross-reactivity to A. phagocytophilum (end point titer =160). A 21-kilodalton
protein has been used in ELISAs with a sensitivity of 95% and a specificity
of 100%. Western blotting to the 120-kilodalton protein or detection of the
16S rRNA or the groESL gene by PCR may be used to confirm the diagnosis.
In the Cape Girardeau study, sensitivity using PCR was 52% to 56%, with a
specificity of 100%.

With HGA, morulae containing hundreds to thousands of bacteria are often
visible within neutrophils in Wright- or Giemsa-stained smears of buffy coats
or peripheral blood, but this may not be the case in mild disease. At least 800
to 1,000 granulocytes should be examined at 50x to 100x magnification before
reporting a negative finding. The bacteria may be cultured in HL-60 promy-
elocytic leukemia cells to amplify bacterial numbers. EDTA-treated blood 1is
added to HL-60 cells, and the cultures followed for up to two weeks. However,
culture isolation may not be clinically useful. Antibody tests (fourfold rise in titer
in paired acute and convalescent samples) are more sensitive, with greater than
95% of patients developing antibodies during the course of illness. This tech-
nique has limitations, however, since 11% to 15% of people living in endemic
areas are seropositive, and higher rates are seen in those testing positive for the
Lyme disease agent. Confirmation is by detection of a 44-kilodalton protein by
Western blot. PCR is a sensitive technique for detecting infections, with a sen-
sitivity of 80% to 87% and 100% specificity. Targets for amplification include
gene encoding the 16S rRNA, groESL, epankl, and a 44-kilodalton antigen.

Treatment

Antibiotic therapy should be started immediately if HME or HGA is strongly
suspected. The drug of choice is doxycycline or another tetracycline antibiotic.
Tailure to respond rapidly to this drug suggests that the patient does not have
one of these diseases. Treatment is usually continued for three to five days after
fever reduction in adults, with a longer course required for more severe disease.
A shorter treatment 1s recommended for children under the age of 8 years due
to the possibility of dental staining in younger children. A seven- to ten-day
treatment with rifampin may be used alternatively for HGA, especially for milder
cases and those occurring during pregnancy. Although this drug is bactericidal
in vitro, no clinical data support its usage in the case of HME. Aminoglycosides,
macrolides and ketolides, sulfa drugs (cotrimoxazole), penicillin, cephalosporin,
fluroquinolones, and chloramphenicol have not proved to be effective. With
treatment, the fever usually is reduced in one to three days.
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Prevention

One of the most important means of avoiding chrlichiosis and related diseases
1s to limit one’s exposure to the tick vectors. Because several hours may occur
between tick attachment and the actual transmission of bacteria to the human
host, inspection for and removal of ticks after exposure to their habitat is vital.
Several methods of reducing rodent, deer, and tick habitat and for decreasing
tick attachment and transmission of the bacteria are described in Chapter Three.

Surveillance

Surveillance data have been available for about 15 years from a number of states
but not on a national level. Based on 1995 census data from across the United
States, HME was more commonly found in the Southeast and South-Central
region and HGA was more often detected in the Northeast and Upper Midwest.
The highest incidence of HGA occurred in Connecticut, Wisconsin, Minnesota,
and New York, and the incidence of HME was greatest in Arkansas, North
Carolina, Missouri, Oklahoma, and New Jersey. Because the southern portions
of Iowa border states with high rates of HME, surveillance of white-tailed deer
has been conducted to ascertain the rate of infection of this common reservoir
host. In a study of 2,277 deer, antibodies against Ehrlichia chaffeensis were found
in 12.5% of the animals in 1994 and 13.9% in 1996. Although a high incidence
of human HME is not reported in this state, the causative agent is thus present
in many members of one reservoir host.

Ehrlichiosis became a reportable disease in Connecticut in 1995 and in
New York in 1996. The state laboratories assayed serum specimens for bacteria-
specific antibodies by indirect fluorescent antibody assays and tested either whole
blood or serum for bacterial DNA by polymerase chain reaction. In Connecticut,
90% of the reported cases were HGA and 5% were HME; 5% of specimens
had antibodies against both E. chaffeensis and A. phagocytophilum. Ehrlichial cases
were reported in all months except January, and the majority (77%) occurred
during May through September. Illness occurred equally in males and females.
Mean patient age was 53 years: the 11% of patients who were hospitalized were
older than the other patients (mean of 62 versus 45 years). In New York, 88%
were HGA and the remainder HME. Cases occurred during all months, with
81% being reported May through September. More than half (55%) of the cases
occurred in males. Mean patient age was 50.1 years. More than one-third of
the patients were hospitalized.
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HGA is present in parts of Europe. In 1995 and 1996, a retrospective
serologic study collected serum samples from 554 residents of the wooded
areas of the northeastern Alpine region of Italy believed to be at high risk
because they spent large amounts of time outdoors. 4. phagocytophilum antibod-
ies were detected in 8.6% of the foresters, 5.5% of the hunters, and 1.5% of
other area residents. Borrelia antibodies were found in 14.6% of these people.
Other studies have reported antibodies against A. phagocytophilum in forestry
workers in Switzerland (17.1%), the United Kingdom (5.0%), Italy (6.3%), and
Sweden (11.4%).

Summary

Diseases

¢ Human monocytotropic ehrlichiosis ¢ Human granulocytotropic
anaplamosis ¢ Dog and human disease due to Ehrlichia ewingii  *  Sennetsu
fever

Causative Agents

o Emrlichia chaffeensis = Anaplasma phagocytophilum —«  Ehrlichia ewingii
o Neorickettsia sennetsu

Agent Types

*  Gram-negative cocci of the tribe Ehrlichicae of the Anaplasmataceae family

Genome

« DNA

Vectors

e Lone star tick, dog tick, western black-legged tick ¢ Black-legged and
western black-legged ticks, Ixodes ricinus * Lone star tick ¢  Worms

Common Reservoirs

*  White-tailed deer, dogs, wolves, goats, coyotes, and red foxes ¢ Sheep,
goats, cattle, horses, dogs, cats, deer, elk, mice, shrews, and voles * Dogs and
white-tailed deer ¢ None

Modes of Transmission

* Tick bite for all except sennetsu fever « Eating fish infected by the worm
vector
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Geographical Distribution

e United States * United States and Europe ¢ United States ¢ Japan
and Malaysia

Year of Emergence
e 1986 ¢ 1994 - 1999 - 1953

Key Terms

Anaplasma phagocytophilum Gram-negative cocci that cause human gran-
ulocytic anaplasmosis

Ehrlichia chaffeensis Gram-negative cocci that cause human monocyto-
tropic ehrlichiosis

Ehrlichia ewingii Gram-negative cocci that cause a rare febrile disease, symp-
toms of which may include headache, muscle aches, nausea and vomiting, and
lowered platelet numbers, that occurs primarily in immunocompromised persons

Human granulocytic anaplasmeosis (HGA) Mild, self-limiting infection of
neutrophils involving high fever, severe headache, myalgia, rigors, nausea, ano-
rexia, vomiting, nonproductive cough, and confusion

Human monocytotropic ehrlichiosis (HME) Moderate to severe febrile
infections of monocytes that may include headache, myalgia, nausea and
vomiting, joint pain, rash, cough, swollen lymph nodes, abdominal pain, and neu-
rological symptoms

Morula Microcolony of Ehrlichicac bacteria
Neorickettsia sennetsu Gram-negative cocci that cause sennetsu fever
Sennetsu fever Mononucleosis-like disease caused by Neorickettsia sennetsu

Tickborne fever Infection of sheep, cattle, and goats characterized by high
fever and decreased milk production

Review Questions

1. What are the four species of bacteria of the tribe Ehrlichieae of the
Anaplasmataceae family that cause disease in humans? With which disease is
each associated?

2. What are the symptoms of the two major human diseases caused by Ehrlichia-
type bacteria?
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3. How do Ehrlichia-type bacteria evade the host’s defense system?

4. What are the vectors for Ehrlichia chaffeensis? What animal species serve as its
COMMON reservoirs?

5. How may infection with Ehrlichia-type bacteria be avoided?

Topics for Further Discussion

1. Several diseases are transmitted by the same species of ticks. Make a list of
all of the important pathogens of humans and their pets that are transmitted
by the lone star tick and the dog tick in the United States.

2. Ehrlichiosis and anaplasmosis are not commonly recognized by the general
population or health care providers in many parts of the United States.
Discuss the potential for these diseases to be overlooked or misdiagnosed in
states such as Nebraska and Kansas. What measures might be implemented
to prevent this from occurring?

3. The white-tailed deer is the definitive host for several of the tick species that
transmit . chaffeensis. How might the rate of bacterial infection be decreased
in the deer population? How might tick populations in areas with high num-
bers of deer be decreased?

4. Immunosuppressed persons are more likely to develop severe HGA. What
measures might be taken to boost the appropriate types of protective immu-
nity in these populations?
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CHAPTER 5

BARTONELLA INFECTIONS

LEARNING OBJECTIVES

Define bartonellosis, cat-scratch disease, trench fever, bacillary
angiomatosis, bacillary peliosis hepatis, and endocarditis

Describe the bacilli responsible for causing these illnesses
Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

Discuss potential methods of treatment

Discuss methods of prevention
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Major Concepts

Diseases

Your Bartonella species cause human disease. These are B. bacilliformus, B. henselae,
B. quintana, and B. elizabethae. These small gram-negative bacilli belong to the a-2
subgroup of Proteobacteria. They produce bartonellosis (Oroya fever and verruga
peruana), cat-scratch disease, and trench fever in immunocompetent persons
and cause bacillary angiomatosis, bacillary peliosis hepatis, and endocarditis in
immunocompromised individuals, especially those who are HIV-positive. Several
of these conditions induce fever; others cause skin lesions or vascular endothelial
proliferation. Oroya fever, with its severe hemolytic anemia, has a high mortality
rate if untreated, and the accompanying endocarditis often necessitates heart
valve replacement.

Transmission

Arthropods play important roles in the transmission to humans of several
Bartonella species. The vectors for B. bacilliformis are members of a group of
sand flies with a very restricted geographical range. The human body louse is the
vector for B. quintana. The cat flea transmits B. fenselae between cats; the cats
subsequently infect humans by scratching, biting, or licking. Surveillance studies
show that high numbers of cats either are currently infected or have previously
been infected with B. henselae. Some areas of the world also have significant
proportions of the arthropod vector population infected with Bartonella bacteria.
Methods that decrease human exposure to the arthropod vectors help control
diseases associated by Bartonella and other bacterial species.

Immune Response

The immune system plays an important protective role in host defense against
Bartonella-induced diseases, involving both humoral (IgG, and IgA) and cell-
mediated (Thl T helper cells and interferon-y) immunity. Immunosuppressed
individuals develop more severe pathology than those with intact defense
mechanisms, particularly HIV-positive persons who have defective CD4"*
T helper cell responses.

Protection

The mild or self-limiting illnesses produced by Bartonella infection, such as cat-
scratch disease, are often not treated with drugs. Other diseases, such as Oroya
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fever, bacillary angiomatosis, and bacillary peliosis hepatis, are treated with
antibiotics, which also kill microbes that cause problematic secondary infections.
Other treatment options, such as blood transfusion, draining or excising lesions,
or replacing damaged heart valves, may also be employed.

Introduction

A wide spectrum of diseases results from infection with the four Bartonella bac-
terial species that infect humans. Although some of these diseases have been
known since the early 1900s, they are increasing in incidence and expanding
their range in human hosts. The most recently described illnesses associated
with Bartonella infection were identified in 1987 and 1993. They may lead to
serious illness in immunocompromised persons, especially those who are HIV-
positive. The AIDS pandemic has contributed to the impact of these bacteria on
the human race. Bartonella infection results in bartonellosis, cat-scratch disease,
trench fever, bacillary angiomatosis, bacillary peliosis hepatis, and endocarditis.

Bartonellosis is a potentially severe disease resulting from infection with
a small bacterium from the Bartonella genus that is transmitted by sand flies.
These insect vectors have a very restricted range in the Andes mountain region;
accordingly, bartonellosis is confined to a small area. The disease consists of
two stages that were originally believed to be distinct illnesses. The first stage is
characterized by fever and hemolytic anemia, which may be fatal. The second
stage is a mild cutaneous infection. Cat-scratch disease results from infection
by another Bartonella species. It is widespread and affects over 22,000 persons
annually, costing over $12 million in the United States alone. It is a mild infec-
tion that causes enlarged lymph nodes that exude pus. Trench fever is also
caused by a Bartonella bacterium. It is found among individuals living in crowded
conditions with poor hygiene. This illness is characterized by fever, headache,
and soreness and is usually not fatal but may be more serious among people
with AIDS, the homeless, and alcoholics. Bacillary angiomatosis may develop
following Bartonella infection of immunocompromised individuals, especially
those who are HIV-positive.

History

Bartonellosis (also known as Carrid’s disease) was so designated in honor of
Daniel Carrion, a Peruvian medical student in 1885 who investigated the initial
stages of a cutaneous disease known as verruga peruana (Peruvian warts) by
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injecting himself with material taken from skin infected with Bartonella bacilliformas.
Unfortunately, his experiment proved deadly, for he developed Oroya fever, a
severe and often lethal hemolytic infection that was not then known to be the
first stage of infection with Bartonella. Under appropriate conditions, epidemics of
bartonellosis may occur within its narrow geographical confines. The building of
the Central Railroad from Lima to Oroya in 1871 occasioned such an outbreak.
Some 10,000 Chileans and Chinese with no prior immunity to Barfonella infec-
tion were brought into an endemic area of the Peruvian Andes. Approximately
7,000 workers were infected, and the mortality rate approached 40%. Another
outbreak occurred in 1938 when B. bacillyformus spread into an adjacent region of
Columbia where the population’s immunity to the bacterium was lower; 4,000
persons died in that epidemic. Archaeological evidence of verruga peruana sug-
gests that it has afflicted persons in the Andes of Peru since pre-Columbian days.

The disease that was later designated cat-scratch disease was first rec-
ognized in the United States in the 1950 by Lee Foshay while he was studying
tularemia. At approximately the same time, Robert Debré linked the occur-
rence of suppurative (pus-exuding) adenitis in children with multiple scratches
from cats. He then studied ill persons who produced positive skin tests (Type IV
hypersensitivity reaction) to Foshay’s antigen, leading to the clinical description
of the illness. The causative agent was first visualized in lymph node samples in
1983 and identified in 1993.

Trench fever caused epidemics involving tens of thousands of troops and
prisoners of war in Europe during World War I and again during World War II
as a result of crowded, unsanitary living conditions that favor human infestation
by lice, the disease vectors. Though not fatal, trench fever nevertheless led to
prolonged periods of disability resulting from relapsing episodes of high fever
and severe back and shin pain. Decreased use of trench warfare and improving
hygienic conditions greatly reduced disease incidence in later wars. During the
1990s, a form of trench fever appeared among alcoholic, homeless individuals
in Seattle, Washington, and also in France.

Bacillary angiomatosis was discovered in 1983, and in 1987 was found
to be an opportunistic infection in individuals with AIDS. The lesions closely
resembled those occurring during verruga peruana and those seen in Kaposi’s
sarcoma (a skin cancer often found in AIDS patients; described in Chapter
Seventeen). Kaposi’s sarcoma is caused by a viral infection, whereas the bacil-
lary angiomatosis lesions contain bacilli and respond to antibiotics. The two
Bartonella species that induce this condition were isolated from bacillary angio-
matosis lesions beginning in 1992. One of these, Bartonella henselae, 1s also linked
to cat-scratch disease; the link between the two diseases was suggested by the
finding that individuals who developed bacillary angiomatosis had often done so
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following contact with cats. When serum samples were analyzed by the CDC,
antibodies to B. henselae were found in patients with both conditions. Moreover,
when the cats of several persons with bacillary angiomatosis were tested, the
animals were found to be bacteremic for B. henselae.

The Diseases

Bartonellosis (Carridn’s Disease)

Bartonellosis is restricted to humans and other primates and shows no preference
based on age, gender, or race. It manifests initially as a severe acute febrile illness
(characterized by fever) with hemolytic anemia that is often fatal (Oroya fever).
This stage usually persists for two to three months but may last as long as four
months. Some persons may develop flulike prodromal symptoms, such as fever,
muscle and joint aches (myalgia and arthralgia), and bone pain. These may be
the only evidence of disease in persons with low-level infection. People with a
higher level of infection rapidly progress to a toxic state characterized by high
fever, chills, headache, and delirtum. This is followed by hemolytic anemia
resulting from destruction of large numbers of erythrocytes infected by the
bacteria. This form of anemia (low number of erythrocytes in the blood) is due
to the destruction of red blood cells rather than their loss by hemorrhage or
decreased production. The hemolytic anemia induced by Bartonella bacilliformis is
extremely rapid, second only to malaria in the rate of drop in hematocrit. Blood
smears of infected persons contain large numbers of reticulocytes (immature
red blood cells) that are rapidly produced by the bone marrow in an attempt
to replace the mature erythrocytes that have been lost. The reticulocytes are
polychromatic (stained blue-pink) and are slightly larger than mature cells.
Erythrocyte inclusions, such as Howell-Jolly bodies (round remnants of the
nucleus), Cabot rings, and basophilic stippling (punctuate, bluish inclusions
composed of aggregated ribosomes) may also be present. The anemia leads to
the development of jaundice, pallor (pale color), and apathy. Thrombocytopenia
(low numbers of platelets) may occur. Nontender lymphadenopathy (swelling of
the lymph nodes) and hepatomegaly (enlargement of the liver) may occur, as well
as petechiae in some persons. Those who present meningeal symptoms or coma
often die. Untreated, the mortality rate for Oroya fever averages 40% (range
from 10% to 90%), and many of the fatal cases may be associated with malaria
or secondary infection with Salmonella, Mycobacterium, or protozoa species due to
immunosuppression following this stage of infection. If treated with antibiotics,
mortality drops to 8%.
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Table 5.1 Human diseases caused by Bartonella species
Disease Causative Agent Symptoms
Bartonellosis B. bacilliformis High fever, chills, headache, jaundice,

(Carrién’s apathy, delirium, hemolytic anemia,
disease) lymphadenopathy, hepatomegaly,

petechiae, meningeal symptoms, coma

Cat-scratch B. henselae Lesions with hyperplasia, granuloma,
disease suppuration with central liquification
necrosis, microabscesses,
macroabscesses
Trench fever B. quintana High fever, headache, malaise, severe

pain of the back and shins,
splenomegaly

Chronic, multifocal vascular cutaneous
lesions; erosive vascular proliferative
lesions in bone, brain parenchyma,
lymph nodes, gastrointestinal, or
respiratory systems

Inflammation of the heart or the aortic
valves, high fever, heart murmur, acute
cardiac failure, dyspnea,
echocardiographic vegetations,
bibasilar lung rales

Bacillary
angiomatosis
and bacillary
peliosis hepatis

B. henselae,
B. quintana

Endocarditis B. henselae,
B. quintana,

B. elizabethae

If the infected individual survives this stage of the disease, a second, benign
cutaneous stage may develop (verruga peruana), preceded by a shifting pain,
sometimes severe, in the muscles, bones, and joints that lasts from minutes to
several days. The dermal stage is characterized by widely disseminated, heman-
giomatous (blood-filled) lesions with diameters of several millimeters or larger
and deeper nodular lesions several centimeters in diameter that are found most
commonly on the extensor surface of the extremities. The nodules over the joints
may become tumorlike with ulcerated surfaces. Histiocytes within the lesions
contain Bartonella bacilli. Angioblastic changes (increased growth of blood ves-
sels) are seen upon microscopic examination of the dermis as the endothelial
cells divide. Lymphocytes, plasma cells, and neutrophils also infiltrate the area.
Other symptoms that may be present during this stage of infection include fever,
malaise, and anemia, which are less severe than those occurring in Oroya fever.
Verruga peruana may reflect the development of an immune response to the
bacteria that prevents their continued infection of the bloodstream. This stage
of infection is rarely fatal.
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Cat-Scratch Disease

Cat-scratch disease (CSD) or cat-scratch fever (benign lymphoreticulosis; non-
bacterial regional lymphadenitis) is seen throughout the world in immunocom-
petent persons, primarily in children or young adults, and may affect more than
one member of a family. Regional outbreaks have also been reported. Humans
are the only species known to develop this disease, which typically manifests as
a slowly progressive or chronic enlargement of either a single or regional lymph
nodes, accompanied by malaise and possibly fever. It may rarely affect other
organs as well.

In CSD, lesions develop in one or more lymph nodes, beginning with a pri-
mary lesion in the vicinity of the scratch or injury. The lesions are characterized
by hyperplasia (increased cell number), formation of a granuloma, and suppura-
tion with a central liquification necrosis (pus-exuding lesion with a dead lique-
fied center). The nodes become moderately tender. Their pathology is divided
into early, intermediate, and late stages. The initial primary lesion may present
as a small red papule, vesicle, or pustule occurring approximately 13 days after
infection. Few changes are seen in node architecture in the early stage of CSD
and include enlargement of the lymphoid follicles and their germinal centers.
The follicles are areas of the lymph node rich in lymphocytes of the adaptive

FIGURE 5.1 Small, localized lesion of cat-scratch disease

Source: CDC/Thomas F. Sellers, Emory University.
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immune system, and the germinal centers contain activated B lymphoblasts that
secrete antibodies. Regional lymphadenopathy is seen after 3 to 50 days but
rarely becomes generalized or involves nodes of other regions.

The lesion may regress or may progress to the intermediate stage, in which
tuberculoid foci appear but multinucleated giant cells (resulting from cell fusion)
are rare. Node architecture 1s noticeably distorted, and the surrounding capsule is
often broken. During the late stage, microabscesses and macroabscesses develop,
usually within a region of epithelioid cells in a palisade arrangement. The lesions
may persist for months.

CSD 1is usually self-limiting, and lymphadenopathy is the sole symptom
in about one-third of affected persons. Fewer than half of those with GSD
develop mild fever and malaise. Chills, generalized aching, and nausea are
uncommon. Occasionally, infected persons have conjunctivitis (inflammation
of the mucous membrane lining the underside of the eyelid) with preauricular,
tender lymphadenopathy (oculoglandular syndrome of Parinaud). Less fre-
quently, CSD includes encephalitis or meningitis, pneumonitis (inflammatory
lesion of the alveoli of the lungs and interstitial spaces), erythema nodosum
(painful, nodular inflammatory lesions of dermal and subcutaneous tissue),
thrombocytopenia (low numbers of platelets), osteolytic lesions (lytic bone
lesions), optic neuritis (inflammation of the optic nerve), or necrotizing hepatic
or splenic granulomata (aggregates of macrophages, lymphocytes, or fibro-
blasts in the liver or spleen).

Trench Fever

Trench fever (also known as quintana fever, shin fever, and Wolhynia fever) is
a febrile illness with either a sudden or slow onset following an incubation period
of 7 to 30 days. It is characterized by high fever, headache, malaise, and severe
pain, particularly affecting the back and shins. The fever may occur in a single
episode lasting several days or may be relapsing and typhoidlike. Splenomegaly
(enlargement of the spleen) is commonly seen. A transient, macular rash may
also be present. Infectious bacteria may persist in the blood for months to years,
and subclinical symptoms may recur for several years after the initial infection.
Immunocompromised individuals, particularly those who are HIV-positive, may
develop bacteremia (bacterial growth in the blood) or osteomyelitis (inflammation
of the bone marrow) and may also develop bacillary angiomatosis. Endocarditis
(inflammation of the heart lining) may occur in homeless alcoholics and others
with poor nutritional and health status.
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Bacillary Angiomatosis and Bacillary Peliosis Hepatis

Bacillary angiomatosis (BA) is characterized by chronic, benign tumors consist-
ing of blood vessels and are induced by two Bartonella species infecting humans,
Bartonella henselae and Bartonella quintana. It occurs almost solely in immunosup-
pressed persons and is one of the manifestations of late-stage AIDS; it typically
occurs when the CD4" T helper cell count falls below 100/mm”. Other individu-
als who are at increased risk for BA include those receiving chemotherapy for
cancer or immunosuppressive drugs to prevent rejection after organ transplanta-
tion. BA is manifested as multifocal vascular cutaneous lesions or by vascular pro-
liferative lesions in other tissues, such as bone, brain parenchyma, lymph nodes,
or the gastrointestinal or respiratory systems. These lesions may be erosive in
tissues, including the epidermis, bone, and the intestines. Because BA lesions are
highly vascular, they may be misdiagnosed as cancer, such as Kaposi’s sarcoma
or lymphoma, in HIV-positive persons.

Bacillary peliosis hepatis (BP) is another pathological condition char-
acterized by vascular proliferation. It primarily affects the liver and spleen but
may also occur in the lymph nodes. It is associated with Bartonella infection in
HIV-positive individuals. Affected persons may have decreased numbers of
platelets or blood cells and elevated liver enzyme levels, particularly alkaline
phosphatase.

BA or BP in immunocompromised individuals may be accompanied by
prolonged bacteremia. It may also be seen in immunocompetent persons with
complicated CSD. Relapses often occur in both populations even after antibiotic
therapy.

Endocarditis

Endocarditis may result from infection of either immunosuppressed or immu-
nocompetent individuals with several Bartonella species. A person may be symp-
tomatic for months before diagnosis, and the disease course is often subacute.
Replacement of the infected heart valve and antibiotic therapy are necessary
in 80% of the cases, but people typically recover afterward; the mortality rate
is 20%, primarily in patients with delayed diagnosis. Interestingly, endocarditis
associated with B. fenselae, but not B. quintana, 1s often linked to prior heart valve
mjury. The latter type of endocarditis is found mainly in alcoholic homeless
persons. The median age of those affected is 48 years, and 85% of these people
are male.

Individuals typically present with acute cardiac failure and often have a fever
exceeding 38°C (100.4°F). Frequent symptoms include cardiac murmur, dyspnea
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(difficulty breathing) on exertion, echocardiographic vegetations, and bibasilar
lung rales. Aortic valves are the most often affected and suffer destructive dam-
age. Emboli are found in approximately 40% of the individuals.

The Causative Agents

Bartonella bacilliformis

Bartonellosis is caused by a small (0.2-0.5 wm wide by 0.3-1.5 pm long) bacillus,
Bartonella bacilliformais, which was described in 1909 by Alberto Barton
and isolated in 1926. The gram-negative rods are motile by the actions of a
brush of at least ten unipolar flagella. These bacteria are obligate aerobes (abso-
lutely require oxygen) and may be cultured at 28°C: (85.6°F) under the surface
of a semisolid agar containing 10% rabbit serum plus 0.5% rabbit hemoglobin.
Growth 1s apparent after seven to ten days. Bartonella species belong to the o-2
subgroup of Proteobacteria.

Humans become infected with B. bacilliformus via the bite of infected mem-
bers of the nocturnal Lutzomyia genera of sand flies. These species reside in
valleys of the Andes mountain range in Peru, Ecuador, and Columbia between
600 and 2,800 meters (2,000-9,200 feet) above sea level, where the bacteria
are highly endemic and may cause epidemics. No reservoirs for B. bacilliformus
exist other than humans, in whom the bacteria persist for prolonged periods
of time during which infection may be propagated by blood transfusion. After
the bacteria are introduced into a human host, they enter into endothelial cells
lining blood vessels, where they divide in the cytoplasm for two to three weeks.
Bacteria then pass into the blood to infect erythrocytes. Up to 90% of a person’s
erythrocytes may be infected by the bacteria, which subsequently destroy them,
causing hemolytic anemia that may be severe. After Giemsa staining, multiple
bacilli are seen on the erythrocyte surfaces. The bacteria are also present in cells
of the innate immune system in the lymph nodes, liver, and spleen.

Table 5.2 Bartonella species that infect humans

Bacteria Vector

B. bacilliformis Lutzomyia sand flies
B. henselae cats

B. quintana human body lice

B. elizabethae rat fleas




BARTONELLA INFECTIONS m

Bartonella henselae

Bartonella henselae infection may induce illness with different presentations,
depending on the immune status of the human host. It is responsible for most
cases of GSD in persons with intact immune responsiveness and for many cases
of bacillary angiomatosis and bacillary peliosis hepatis in immunocompromised
persons. Infection of humans with B. henselae (formerly known as Rochalimaea
henselae) 1s accomplished by scratches, licks, or bites from infected cats or expo-
sure to their excreta or saliva; greater than 95% of individuals with CSD report
contact with a cat. Young cats are the most common sources of human infection
and do not themselves suffer illness. Transmission may also occur from scratches
or bites of dogs or monkeys or from inanimate objects. Cat fleas (Clenocephalides
Jelis) can host viable bacilli and may aid in transmission of B. henselae between
cats but do not appear to infect humans with these bacteria. CGSD incidence is
highest in the late fall through early spring

RECENT DEVELOPMENTS

During both CSD and BA, B. henselae bacteria target and infect endothelial
cells, resulting in the formation of a host cellular structure called the invasome.
After entry into the endothelial cells, the bacteria then divide repeatedly in the
cytoplasm in the vicinity of the nucleus. CSD and BA are also characterized by
an inflammatory influx of white blood cells into the area, including neutrophils
of the innate immune system. In one study, when bacteria derived from a BA
lesion were added to cultures of human umbilical cord vein endothelial cells in
vitro, they potently stimulated these cells by a pathway involving activation of
the transcription factor, NF-kB. The magnitude of the endothelial cell stimula-
tion was on the order of that induced by tumor necrosis factor-a, a power-
ful inflammatory cytokine. NF-kB binds to the promoters of cellular adhesion
molecules, particularly E-selectin and ICAM-1, enhancing their expression. The
adhesion molecules increase the numbers of neutrophils rolling on and adhering
to infected endothelial cells. Antibodies against E-selectin significantly reduced
neutrophils’ interaction with these cells. The strain of B. henselae used in this
study had been growing in culture for just a short period of time. Other isolates
that had been maintained longer in the laboratory had a lesser ability to induce
neutrophils’ rolling and adhesion. Neither live bacteria nor their lipopolysaccha-
rides were required to up-regulate adhesion molecules and this effect could be
reproduced using bacterial outer membrane proteins.
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Bartonella quintana

Bartonella quintana (formerly Rickettsia quintana and Rochalimaea quintana) is the
bacterium responsible for trench fever and endocarditis and also causes bacillary
angiomatosis and bacillary peliosis hepatis in immunocompromised persons. It
was first grown in culture in 1961. These bacteria are associated with crowded
and unhygienic conditions in which the human body louse vector (Pediculus
humanus corporis) thrives and which allow ease of transit between its hosts. The
bacteria multiply extracellularly in the lumen of the louse’s gut throughout its
five-week life span. B. quintana are passed in the louse’s feces and enter humans
through skin breaks, including the louse bite site. New lice are then infected by
feeding on the blood of infected humans. Bacteria-laden feces are produced by
the lice 5 to 12 days after their infection. Disease spreads from person to person
as the lice leave abnormally hot (feverish) or cold (dead) humans and infest a new
host that has a normal body temperature. Direct human-to-human transmission
of B. quintana does not occur, but due to the long time bacteria remain in the
blood (over a year in some cases), individuals who have developed trench fever
are permanently prohibited from donating blood.

In addition to epidemic outbreaks during disruptive conditions such as
war and movement of civilians into refugee camps, endemic foci of trench
fever are found in Poland, countries of the former Soviet Union, Burundi,
Ethiopia, northern Africa, Mexico, and Bolivia. Trench fever is also found in

FIGURE 5.2 Human body louse

Source: CDC/Joseph Strycharz, Kyong Sup Yoon, and Frank Collins.
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some segments of the U.S. population, particularly as an opportunistic disease
of AIDS patients and a febrile illness sometimes associated with endocarditis in
homeless or alcoholic persons (“urban trench fever”).

Bartonella elizabethae

Bartonella elizabethae (formerly Rochalimaca elizabethae) was 1solated in 1993 from
the blood of a person with a fever and endocarditis. This is the only known case
of human disease due to it. These bacteria may infect rat fleas (Xenopsylla cheoprs).

Other Bartonella Species in Domestic Animals

Bartonella vinsonui subspecies berkhoffi and B. clarrnidgeiae have been isolated from
domestic dogs and cats, respectively. The former also infects wild members of
the canine family. Neither bacterial species has been found in humans.

The Immune Response

Several aspects of the immune response play an important role in controlling
Bartonella infections and decreasing pathology. This protection may be long-
term, as those who recover from untreated Oroya fever usually develop a state
of lifelong immunity, whereas verruga peruana may recur. The importance of
a functional immune response is demonstrated by B. henselae infection, which
results in BA or BP in immunocompromised persons but the milder, self-resolving
CSD in those with intact immunity.

Both aspects of the adoptive immune system are activated during infection.
A B lymphocyte-mediated humoral (antibody) response to Bartonella may be
important to the control of the infections. Serum from the blood of a num-
ber of patients with CSD contains antibodies that recognize a conserved 83
kilodalton kD molecular weight protein from B. henselae that is not recognized
by sera from patients infected with other bacteria, including Rickettsia rickettsit,
Chlamydia, Treponema pallidum, Fransciscella tularensis, Ehrlichia chaffeensis, Mycoplasma
pneumoniae, and Escherichia coli. This bacterial molecule does react with antibodies
in sera from B. quintana—infected patients, however, demonstrating partial cross-
reactivity between the two Bartonella species. The antibodies are of the IgG (IgG)
and IgA classes. The fact that the IgG antibodies are predominantly of the IgG,
subclass suggests that the antibodies were directed against protein antigens and
that their production was dependent on T lymphocyte activity. During Bartonella
infections, this subclass appears to function by stimulating opsonization, a process
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that enhances uptake of the bacteria by phagocytic cells prior to their destruc-
tion. A cell-mediated immune response due to the action of T lymphocytes is also
prominent, with delayed-type hypersensitivity being produced in 95% to 98% of
infected individuals. The CD4" T helper cell response is generally protective and
1s of the Thl type, with lymphocytes producing the cytokine interferon-y but
not interleukin-4. HIV infection diminishes Thl responses, which may partially
account for the severity of Bartonella infections in the HIV-infected segment of
the population.

Diagnosis

Bartonellosis may be suspected in persons from the limited endemic areas who
present with fever, headache, and progressive hemolytic anemia. Diagnosis may
be confirmed by finding bacteria on the surface of erythrocytes, in sections of
cutaneous lesions, or in cultures from blood or affected skin. As many as 90%
of the host’s erythrocytes may be parasitized. Polymerase chain reaction (PCR)
may also be employed.

CSD should be considered in persons presenting with regional or local
lymphadenitis, especially those who report having contact with or being scratched
by a cat. Infection with B. henselae may be determined by lymph node histology
and a positive skin test (Type IV hypersensitivity reaction to bacterial antigen)
after 36 to 48 hours, similar to that used to detect infection with Mycobacterium
tuberculosis (causative agent of T'B, discussed in Chapter Ten). Other diseases with
similar pathology include infection with atypical mycobacteria, tularemia, toxo-
plasmosis, infectious mononucleosis, lymphogranuloma venereum, brucellosis,
plague, and coccidioidomycosis. A titer greater than or equal to 1:64 by indirect
fluorescent-antibody assay (IFA) is also considered to be a positive reaction.

Trench fever is diagnosed by the culture of B. quintana from the blood on
chocolate or blood agar in the presence of 5% CO,. Microcolonies are visible
after 8 to 21 days. IFA may detect the presence of genus-specific antibodies.

Diagnosis of BA and BP is difficult, and these conditions are often not recog-
nized or misdiagnosed as other HIV-associated cancers. Immunological detection
by skin test or IFA may not be useful because of the patients’ deficient immune
responses. The bacteria are difficult to culture but may be visualized in biopsy
material treated with hematoxylin and eosin followed by Warthin-Starry silver
stain. The tissue contains dividing endothelial cells with new, small-diameter
blood vessels and is typically infiltrated by lymphocytes and neutrophils and
clusters of granular material, which are bacterial clumps. PCR amplification
may be necessary for detection.
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Treatment

Salmonellosis is a common and serious complication of the Oroya fever stage
of bartonellosis; consequently, infection with B. bacilliformis is often treated with
chloramphenicol or ampicillin, antibiotics to which both diseases respond.
Penicillin, streptomycin, and tetracyclines are also effective against B. bacilliformis
and in reducing the fever. If the anemia is severe, blood transfusion may be
necessary. Because large skin lesions of verruga peruana may be easily abraded
and become susceptible to secondary infections, they may be excised. No spe-
cific treatment is usually administered for this cutaneous manifestation; however,
tetracycline may aid the healing process.

No specific treatment is usually used for cases of CSD, but large and tender
lymph nodes may be surgically removed if good cosmetic results are obtainable.
Pus may be removed from the nodes by needle aspiration.

Tetracyclines, such as doxycycline, are used to treat trench fever. Special care
must be taken in monitoring patients with endocarditis. Relapse may occur after
treatment, regardless of the immune competence of the person.

Immunocompromised persons, especially those who are HIV-positive, may be
treated with several antibiotics, such as rifampin, erythromycin, and doxycycline,
in cases of Bartonella infections such as BA or BP. Treatment should be continued
for three to four months for these individuals in order to prevent relapse. Unlike
CSD, antibiotic therapy for these conditions is often quite effective.

Prevention

Because bartonellosis is transmitted by sand flies, prevention efforts focus on
decreasing human contact with these insects. Some of these measures include

Table 5.3 Treatment for diseases associated
with Bartonella infection

Disease Treatment Option

Carrién’s disease Chloramphenicol, ampicillin, penicillin,
streptomycin, tetracyclines
Blood transfusion
Excision of skin lesions

Cat-scratch disease Removal of large lymph nodes
Needle aspiration of pus
Trench fever Tetracyclines

BA and BP Rifampin, erythromycin, doxycycline
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avoiding areas infested by these nocturnal vectors after sundown, applying insec-
ticides to one’s clothing and exposed skin, wearing clothing that covers the legs
and arms, using fine mesh bed netting, and the spraying of insecticides such as
DDT. DDT has greatly reduced the incidence of bartonellosis and prevented
large outbreaks during the past 20 years. Blood donated from individuals living
in endemic areas should be tested before use. The fact that the pertinent vector
species have a very restricted geographical range should be kept in mind.

In the case of CSD, given the mild and self-limiting nature of the infection,
avoidance of cats in general is not recommended. Care should be taken to avoid
being scratched, and scratches and bites that do occur should be thoroughly cleaned.
Removal of cat fleas from pets may decrease transmission between animals.

Because human body lice are the vectors for trench fever, delousing proce-
dures decrease transmission. These may include dusting clothing and bodies of
louse-infested persons with insecticides. During epidemics, systemic application
of insecticides to members of the affected population is recommended. Ideally,
people should avoid living conditions in which louse infestation may occur. This
may not be practical, however, for troops during combat or for persons living
in refugee camps or in areas experiencing disruptions and massive displace-
ment of populations, as during civil wars or following natural disasters such
as earthquakes, hurricanes, and floods. Persons living in crowded, unsanitary
conditions—particularly the homeless, impoverished residents of urban slums,
and institutionalized persons (in prisons, mental hospitals, and nursing homes)—
are also at higher risk and may lack the financial means or be otherwise unable
to improve their environment. Local or regional governmental or health agencies
may also not have the funding or the personnel to increase the hygiene for these
persons. Louse control, whenever possible, also decreases the incidence of other
more serious louseborne diseases, such as epidemic typhus (caused by Rickettsia
prowazeku) and relapsing fever (caused by Borrelia recurrentis).

Surveillance

Because epidemics of Oroya fever may result in great loss of life, intensive case-
finding efforts should be employed during those times to identify affected areas
for systematic spraying of homes with residual insecticides, particularly DDT.
Surveillance of impounded cat and pet cat populations in the San Francisco
Bay area of California found that 40% and 41% were bacteremic for B. henselae,
respectively. Kittens were most likely to have these bacteria in their blood. Other
studies examined the proportion of cats with antibodies to this microbe, which
would indicate past or current infection; 81% were seropositive in San I'rancisco,
15% in Baltimore and Japan, and 33% in Austria. The areas of the United States
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with the highest percentage of seropositive cats were the areas with high numbers
of cat fleas, reflecting the roles of these insects in transmission between cats.

Surveillance efforts have included surveys of the arthropod vectors for
Bartonella species. In a multicountry study of human body lice, more than 10%
of the lice from Burundi, France, the Netherlands, Russia, and Zimbabwe were
PCR-positive for B. quintana. Fewer than 3% of the body lice were infected in
Algeria, Australia, Congo Republic, Peru, Rwanda, and Tunisia. The highest
percentages of infected lice were found in refugee camps. B. quintana were not
detected in any of the tested head lice. Several species of Bartonella, includ-
ing B. quintana and B. henselae, were found in 19% of the Ivodes pacificus ticks
from California. B. henselae were detected in less than 2% of the I ricinus
ticks from persons in Italy. Over 60% of rat fleas were also found to be infected
with Bartonella, including B. elizabethae.

Summary

Diseases

* Bartonellosis (Carrién’s disease and Oroya fever)

e Cat-scratch fever e« Trench fever (quintana fever)

¢ Bacillary angiomatosis and bacillary peliosis hepatis ¢ Endocarditis
Causative Agents

*  Bartonella baciliformis *  B. henselae *  B. quintana

*  B. henselae and B. quintana *  B. henselae, B. quintana, and B. elizabethae
Agent Type

e Gram-negative bacillus of the genus Bartonella, oi-2 subgroup of Proteobacteria

Genome

« DNA

Vectors

e Lutzomyiasand flies ¢ None < Human bodylouse ¢ Unknown

Common Reservoirs

¢ Humans ¢ Cats ¢ Humans ¢ Unknown

Modes of Transmission

* Sandflybite ¢ Catscratch ¢ Louse feces rubbed into skin wound
e Unknown
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Geographical Distribution

e Valleys in the Andes Mountains of Peru, Ecuador, and Columbia

* Worldwide < Epidemic in areas experiencing crowded and unsanitary
conditions and endemic in parts of Poland, the former Soviet Union,
Burundi, Ethiopia, northern Africa, Mexico, Bolivia, and the United

States ¢ Unknown

Year of Emergence

e 1871 « 1950 =« 1915 =+ 1983 - 1993

Key Terms

Bacillary angiomatosis Chronic, benign tumors due to proliferation of
blood vessels that are induced by Bartonella henselae and B. quintana and typically
affect immunosuppressed persons

Bacillary peliosis hepatis Vascular proliferative disease of the liver and
spleen due to infection of immunosuppressed persons by Bartonella

Bartonella bacilliformis Gram-negative bacilli that cause bartonellosis
Bartonella elizabethae Gram-negative bacilli that cause endocarditis
Bartonella henselae Gram-negative bacilli that cause cat-scratch disease
Bartonella quintana Gram-negative bacilli that cause trench fever

Bartonellosis Disease caused by Bartonella bacilliformis, consisting of an
initial acute febrile stage with potentially lethal hemolytic anemia and a later
cutaneous stage

Basophilic stippling Punctuate, bluish erythrocyte inclusions; aggregated
ribosomes

Carri@m’s disease Bartonellosis

Cat-scratch disease Mild, self-limiting swelling of pus-exuding lymph nodes
caused by B. henselae

Hemolytic anemia Low number of erythrocytes in the blood as a result of
their destruction

Howell-Jolly bodies Erythrocyte inclusions; round nuclear remnants

Oroya fever Initial, acute stage of bartonellosis; a severe acute febrile illness
with hemolytic anemia; often fatal

Polychromatic Bluish pink, the color of reticulocytes after Giemsa staining

Quintana fever Trench fever
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Reticulocytes Immature red blood cells

Trench fever Iebrile disease associated with living conditions that favor human
body lice

Verruga peruana Second, cutaneous stage of bartonellosis

Review Questions

1. Which Bartonella species cause disease in humans? With which diseases are
each of these bacterial species associated? Which diseases are most often
found in immunosuppressed persons?

2. What are the vectors and reservoir hosts for the pathogenic Bartonella species
that infect humans? Where are these bacteria concentrated geographically?

3. What are the symptoms of the four diseases caused by B. fenselae?

Why can skin tests and IFA be used in the diagnosis of CSD but not BA or BP?

5. What measures may be employed to decrease the incidence of trench fever

b

during warfare? What measures might decrease the incidence of Oroya fever?

Topics for Further Discussion

1. Impoverished or homeless persons, alcoholics, and HIV-positive persons are at
highest risk for either acquiring infection or suffering severe disease manifesta-
tions due to Bartonella species. Unhygienic living conditions that encourage
louse infestation and reduce immune responsiveness put these individuals at
risk. Discuss means by which disease incidence or severity might be decreased
among these people in a manner that is economically and socially feasible.

2. How might the limited geographical distribution and vector preference of Oroya
fever and verruga peruana be exploited to reduce or eliminate these diseases?

3. How might the association between young cats and CSD and many cases
of BA and BP in immunocompromised persons be exploited to reduce or
eliminate these diseases?

4. Discuss the effects of louseborne illnesses in human history:.
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CHAPTER 6

GROUP A STREPTOCOCCI

LEARNING OBJECTIVES

e Define and compare the variety of diseases caused by group A
streptococci

e Describe the cocci responsible for causing these illnesses

Discuss modes of infection

Discuss the host’s response to infection

Discuss potential methods of treatment

Describe symptomatology and diagnosis
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Major Concepts

Diseases

Infections caused by group A streptococcus (GAS) bacteria are common through-
out the world and result in a wide variety of illnesses, ranging from mild to
debilitating or lethal. The rate of incidence of the more severe, invasive GAS
infections, such as necrotizing fasciitis and streptococcal toxic shock syndrome
(STSS), peaks and ebbs over time and has increased significantly in developed
countries since the 1980s. Other potentially severe manifestations of GAS infec-
tion include erysipelas, scarlet fever, meningitis, rheumatic fever, acute glomeru-

lonephritis, and childbed fever.

Infection

GAS (Streptococcus pyogenes) bacteria are gram-positive cocci that characteristically
lead to B-hemolysis on sheep blood agar. They are common residents of the skin
and throat and may enter the body through skin breaks or respiratory secretions
or via contaminated food or drink. Different strains of these bacteria possess dif-
ferent virulence factors, a number of which are controlled by the mga gene, which
up-regulates their expression. A particularly important virulence factor is the
M protein which is required for adherence to target cells, such as skin keratinocytes,
and resistance to phagocytosis. GAS also encode several exotoxins, which contrib-
ute to the disease process by inducing pathogenic overstimulation of the immune
system or disrupting the extracellular matrix, resulting in damage to soft tissues.

Immune Response

GAS have several means of avoiding destruction by the innate and adaptive arms
of the immune system, including phagocytosis, the complement cascade, and
neutralizing antibodies. They also cause harmful immune responses, such as the
overproduction of inflammatory cytokines during STSS, and autoimmune reac-
tions during rheumatic fever and acute glomerulonephritis. Care must be taken
during vaccine development to avoid the induction of such pathogenic immunity:.

Treatment

Early treatment with antibiotics, particularly penicillin, is often effective in elimi-
nating most strains of GAS and decreasing the risk for serious disease manifesta-
tions. Individuals who are allergic to penicillin may be treated with erythromycin,
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cephalexin or cephradine, or macrolides. Drug resistance, however, is becoming
increasingly common; a sizable number of GAS strains are resistant to tetra-
cycline, and resistance to erythromycin and macrolides is increasing. Newer
drugs, such as telithromycin, are effective against some of these strains. Other
treatment options include administration of massive amounts of intravenous
fluids for individuals with severe hypotension, extensive debridement for those
with necrotizing fasciitis, and absolute bed rest and anti-inflammatory drugs for
those with rheumatic fever.

Prevention

Preventive measures include basic hygienic practices, such as hand-washing
after coughing or sneezing and before eating to prevent infection by respira-
tory secretions or contaminated food. Pasteurization of milk and the exclusion
of persons with skin lesions from food preparation are also effective means of
decreasing GAS infection. Objects used in such medical procedures as liposuc-
tion, hysterectomy, childbirth, and bone pinning need to be disinfected to avoid
noscomial transmission.

Introduction

Some 10,000 to 15,000 cases of invasive group A streptococcus (GAS)
infections occur in the United States each year, resulting in 2,000 deaths. GAS
causes a variety of diseases, ranging in severity from mild to life-threatening.
These conditions include streptococcal septic sore throat (strep throat); pharyn-
gitis; tonsillitis; impetigo; erysipelas; scarlet fever; meningitis; necrotizing fasciitis,
myositis, and myonecrosis; rheumatic fever, myocarditis, and valvulitis; acute
glomerulonephritis; childbed fever; streptococcal toxic shock syndrome (STSS);
otitis media; pneumonia; and septicemia. GAS infections result in 500 to 1,500
cases of necrotizing fasciitis in the United States yearly. Increased morbidity and
mortality in recent decades have resulted in the classification of GAS infections as
reemerging diseases. Annual costs in the United States due to strep throat alone
approach $1 billion. Antibiotics have greatly reduced the incidence of rheumatic
fever, an autoimmune complication of GAS infection, in the developed world,
but it remains a major health factor in underdeveloped nations. Although some
of the illnesses associated with GAS infections are mild, the consequences of
mvasive GAS may be very serious, and the overall mortality rate is 21%, com-
plicated by the development of drug resistance in children and adults. The inci-
dence of invasive GAS among individuals who inject illegal drugs is increasing
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History

Some of the diseases associated with GAS infections have been known since
antiquity and periodically shift their severity. In 1664, Thomas Sydenham
described “febris scarlatina.” A major epidemic of this condition, scarlet fever,
occurred in 1736 in the American colonies, ultimately claiming the lives of 4,000
people. For centuries prior to this time, scarlet fever had existed either endemi-
cally or as relatively mild epidemics separated by long periods of time. Between
the years 1825 and 1885, however, a series of cyclical and frequently highly lethal
epidemics began in various urban centers, including Paris, London, Dublin, and
New York City. The mortality rate in some of these outbreaks approached 30%.
After that, the severity of scarlet fever decreased in developed regions.

The Greek physician Hippocrates recorded a disease that meets the clini-
cal description of necrotizing fasciitis. This condition was first described in the
United States by a Confederate Army surgeon during the American Civil War. It
was determined to be of bacterial origin in 1918 and received its current name
i 1952. During the 1800s and 1900s, necrotizing fasciitis occurred only sporadi-
cally, primarily in military hospitals during conflicts. It increased in virulence in
the United States during the 1980s due to the emergence of toxin-producing
strains, and by 1999, approximately 600 cases of this serious condition had been
reported in the United States.

A decreased incidence of severe invasive GAS infections occurred in the
United States during the 1930s, when mortality rates fell from 72% to between 7%
and 27% even prior to the introduction to antibiotics. This was not accompanied
by a decline in mild disease manifestations or in the prevalence of GAS coloni-
zation and infection. Developing regions of the world continued to suffer from
highly pathogenic infections. The more lethal expressions of GAS inexplicably
rebounded in developed nations throughout the world in the 1980s (with mortality
rates ranging from 35% to 48%) as these bacteria reemerged as modern killers.
Jim Henson, the creator of the Muppets, died of STSS. Other conditions caused
by GAS bacteria have been known for millennia but have reemerged in recent
decades. One such condition is necrotizing fasciitis, an extremely rapid pathogenic
destruction of connective tissue and fat that may be lethal if not treated promptly.
It 1s caused by the so-called flesh-eating bacteria. This condition was described by
Hippocrates in ancient Greece, but the numbers of cases have greatly increased
recently and periodically receive much attention in the popular press.

Major epidemics of rheumatic fever struck the U.S. military during World
War II and the Korean War. Large numbers of cases also occurred in Utah
between 1985 and 1998.
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The Diseases

GAS infection results in a wide variety of conditions, some of which are minor
(sore throat, tonsillitis, and impetigo), while others (rheumatic fever, necrotizing
fasciitis, and streptococcal toxic shock syndrome) may result in long-term dis-
ability or death. People are more likely to develop serious illnesses caused by
mvasive GAS infection if they have skin lesions (including chickenpox or cuts),
cancer, diabetes, or a skin ulcer or if they abuse drugs or are using steroids. The
elderly are also at increased risk. GAS infections occur year round, but incidence
peaks in late winter and early spring.

Entry into the respiratory tract is followed by a 36- to 72-hour latent period.
As the bacteria grow, they induce a sore throat, inflammation of the pharynx

Table 6.1 Diseases associated with GAS infection
Disease Symptoms Persons Affected
Impetigo Reddened skin, fluid-filled blisters Children
Scarlet fever Sore throat, fever, and rash; “scarlet Children
tongue”; nausea and vomiting
Erysipelas Acute cellulitis: fever; chills; Infants and

Necrotizing fasciitis

Rheumatic fever

Acute
glomerulonephritis

Childbed fever

Streptococcal toxic
shock syndrome
(STSS)

leukocytosis; lymphadenopathy;
painful, fiery red skin lesion

Fever, severe pain, swelling, extreme
thirst, diarrhea, nausea, confusion,
dizziness, gangrene with extensive
necrosis of tissues over large areas
of skin, septic shock

Fever, inflammation of joints and
heart valves, myocarditis, erythema
marginatum, Sydenham’s chorea

Inflammation of glomeruli (filtering
tubules of the kidneys)

Fever

Fever, chills, myalgia, dizziness,
confusion, severe abdominal pain,
vomiting, diarrhea, hypotension,
shock, generalized erythematous
macular rash; acute respiratory
distress syndrome, renal failure,
disseminated intravascular
coagulation

persons over the
age of 20 years

Young, healthy
adults

Persons aged 3-15
years

All

Women following
childbirth

All
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and tonsils (pharyngitis and tonsillitis) with or without exudate, fever, and leuko-
cytosis (increased white blood cell count). Severe, uncomplicated streptococcal
pharyngitis typically diminishes after five to seven days. Before the development
of penicillin, the death rate from this disease manifestation was 1% to 3%.

Impetigo

Impetigo is a superficial skin infection occurring primarily in children, usually
in the late summer or fall in hot climates. This condition is characterized by
reddened skin and fluid-filled blisters, mainly on the legs and arms and around
the nose and mouth. These blisters later burst, releasing a thin, yellowish fluid.
Fever is usually absent. Following antibiotic therapy, the prognosis is excellent.
Several million cases occur each year in the United States.

Scarlet Fever

Scarlet fever usually occurs in children and is most commonly found in
temperate zones and slightly less frequently in subtropical regions. It typically
manifests as sore throat, fever, and rash in response to a pyrogenic exotoxin. The
rash begins as a mass of tiny red spots on the neck and upper trunk and then
spreads to other parts of the body, including the inner surfaces of the thighs and

FIGURE 6.1 Skin lesions due to impetigo

Source: CDC.
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FIGURE 6.2 ‘Strawberry tongue”

Source: CDC.

the folds of the axillae (armpits), elbows, and groin. The tongue may be covered
with a white coating containing red spots; the coating later peels away to give
a bright-red appearance (strawberry tongue). A peeling of skin, particularly the
tips of the fingers and toes, may occur during convalescence. Severe infections
may be accompanied by high fever, nausea, and vomiting. Scarlet fever may be
a very severe condition, resulting in large and lethal epidemics. Highly virulent
strains of GAS resulted in mortality rates of 25% to 35% among children during
the 1880s, but current rates are much lower.

Erysipelas

Erysipelas is a recurrent form of acute cellulitis commonly located on the legs
or the face. The symptoms are fever and chills, blisters, leukocytosis (elevated
white blood cell count), lymphadenopathy (swollen lymph nodes), and a pain-
ful, fiery red, spreading skin lesion with a raised border. Bacteremia may be
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FIGURE 6.3 Erysipelas

Source: CDC/Thomas F. Sellers, Emory University.

present. Although the prognosis is generally good following antibiotic therapy,
erysipelas may be severe or fatal in individuals who are debilitated. It develops
most commonly in infants and persons over the age of 20 years.

Necrotizing Fasciitis

Necrotizing fasciitis has also been known as malignant ulcer, putrid ulcer,
gangrenous ulcer, and hospital gangrene. It is the rapid, extremely dangerous
destruction of fascia (connective tissue) and other soft tissue following infection
by “flesh-eating bacteria’”—often GAS but sometimes Clostridium perfringes or
other bacteria. Infection with these bacteria often occurs at the site of an insig-
nificant trauma during common activities, such as a scratch from a rose thorn
during gardening. The destruction of fascia and fat (adipose tissue) begin within
hours of infection by GAS. Early symptoms include fever, severe pain, swelling,
redness at the wound site, extreme thirst, diarrhea, nausea, confusion, and diz-
ziness. Over next two days, the wound becomes a purplish or bluish color with
blisters containing a clear yellow fluid. Two or three days after that, gangrene
develops, with extensive necrosis of the underlying tissues occurring in the next
week over large areas of skin. Potent toxins render the patients unresponsive or
delirious. Afflicted persons may lose consciousness and develop septic shock due
to severe decreases in blood pressure. Some 500 to 1,500 cases of this condition
are reported in the United States each year. Even after extensive debridement
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and irrigation of the wound (removal of dead material and washing), the fatal-
ity rate is 20%.

This disease manifestation most often occurs in young, strong persons follow-
ing minor skin trauma rather than in older people with multiple medical prob-
lems. It is rare in children. The increased incidence of this disease may reflect
the appearance of more virulent GAS strains. The development of necrotizing
fasciitis is associated with immunosuppression in 91% of the cases, especially
among persons with diabetes, alcoholism, end-stage renal disease, cancer, and
malnutrition; persons using immunosuppressants; and women during the peri-
partum period occurring around the time of childbirth.

Current cases of necrotizing fasciitis are more likely to display systemic
manifestations (shock or organ failure) associated with STSS than previously,
even after antibiotic therapy. Another worrisome finding has been the increase
in reports of myositis or myonecrosis in conjunction with GAS infections. These
manifestations, with destructive damage to muscles and tendons, occur either
alone or accompanying necrotizing fasciitis.

Rheumatic Fever

Rheumatic fever usually affects children between the ages of 3 and 15 years;
however, large outbreaks have also occurred among adults, particularly those in
military service. This condition involves fever of 38.3°Ci to 40°C (101°F to 104°F)
and inflammation of tissues throughout body. The joints are usually involved in
this extremely painful reaction, particularly the knees, ankles, elbows, and wrists,
and it tends to migrate between joints. In 40% to 50% of the affected children,
this condition progresses to myocarditis or valvulitis and causes damage to the
heart that may be permanent. The valves undergo thickening and scarring,
which is detectable as a heart murmur due to mitral regurgitation (backflow of
blood through the damaged valve from the left ventricle into the left atrium).
Enlargement of the heart occurs in 50% of patients with rheumatic fever, and
congestive heart failure is seen in 5% to 10%. Rapidly progressive carditis results
in death in less than 1% of the affected persons. Those with severe carditis may
develop subcutaneous nodules over the extensor aspects of their joints. Other
complications of rheumatic fever include erythema marginatum (pinkish-red
macular lesions with a central area of clearing) in 10% to 15% of children and
Sydenham’s chorea (spasmatic muscular movements and incoordination) in 5%
to 15% of patients. Differential diagnosis of rheumatic fever includes condi-
tions such as rheumatoid arthritis, septic arthritis, systemic lupus erythematosus,
serum sickness, sickle cell hemoglobinopathies, infective bacterial endocarditis,
and early-stage leukemia.
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Rheumatic fever develops between several days and five weeks after symp-
tomatic GAS infection and is believed to be an autoimmune response to infection
arising by molecular mimicry. Immunoglobulin (IgG) antibodies formed against
bacterial protein M cross-react with similar antigens that are components of the
heart, resulting in permanent damage to cardiac tissues and mucopolysaccha-
rides of the valves. M protein types 1, 3, and 18 are most likely to induce these
autoreactive antibodies. Persons developing carditis are more prone to having
higher levels of antibodies to group A carbohydrates persisting longer than those
without this manifestation. The risk of developing rheumatic fever 1s 0.5% to
3%. It usually is associated with infection via the respiratory tract.

Streptococcal Acute Glomerulonephritis

This form of glomerulonephritis (inflammation of the glomeruli, the filtering
tubules of the kidneys), known as streptococcal acute glomerulonephritis,
1s believed to arise as an autoimmune complication, appearing one to five weeks
after GAS infection. In this case, antibodies to bacterial antigens form large
immune complexes that deposit in the small glomeruli filtering tubules. Once
lodged there, they activate the complement cascade to produce a pathogenic
inflammatory reaction in the kidneys as a Type III hypersensitivity reaction.
Acute glomerulonephritis may arise following infection via the skin or the respi-
ratory tract and is more common in individuals with a M 12 type of M protein,
although types 1, 3, 4, and 25 are also associated with the development of this
condition.

Childbed Fever (Streptococcal Puerperal Fever)

Childbed fever (also known as streptococcal puerperal fever) was once
one of the major causes of death among women immediately after giving birth.
It has also been known to occur following an induced abortion. The streptococci
enter the woman through the endometrium and infect the genital tract and
occasionally the bloodstream. This acute illness usually induces a fever; mortality
rates are currently low in most developed countries thanks to hygienic practices
and antibiotic treatment.

The cause of this illness was unknown in the past and was attributed to such
conditions as “miasma” or a disturbed state of mind occurring during labor.
British physicians began to suspect that childbed fever resulted from a contagious
infection in the late eighteenth century, but the concept was largely ignored. In
1844, a physician named Ignaz Semmelweis noted that the mortality rate in the
First Obstetric Division of the Vienna Lying-In Hospital, responsible for training
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medical students, was 16% between 1841 and 1843, while it was only 2% in
the Second Division, which used midwives or midwifery students. He learned
that the medical students, but not the midwives, spent mornings doing autopsies
before performing deliveries. Semmelweis later linked the mothers’ deaths with
an infectious agent that occasionally killed attending physicians. In 1847, he initi-
ated a hand-washing routine using chlorinated lime solution for everyone work-
ing in the First Division. The mortality rate subsequently dropped to 3% within
six months. In 1936, prontosil, a sulfonamide, was found to be very effective
in treating childbed fever. This drug was later replaced by penicillin.

Streptococcal Toxic Shock Syndrome (STSS)

Streptococcal toxic shock syndrome (STSS) is an extremely dangerous or
lethal manifestation of GAS infection found primarily in the United States and
Europe. Its early symptoms include fever, chills, myalgia (muscle ache), dizziness,
confusion, severe pain of the abdominal or other area, vomiting and diarrhea,
and thrombocytopenia (low numbers of platelets). This rapid infection may
subsequently lead to hypotension (low blood pressure) and shock as a result of
the release of excessive levels of TNI-a and other inflammatory cytokines by
overstimulated CD4" Th1 helper lymphocytes. This may cause severe damage
to internal organs, including the kidneys, liver, and lungs. The syndrome may
be associated with bacteremia (bacteria growing in the bloodstream) and aggres-
sive soft tissue invasion, leading to necrotizing fasciitis. Other symptoms of STSS
include elevated levels of bilirubin; generalized erythematous macular rash;
acute respiratory distress syndrome, requiring oxygen and mechanical ventila-
tion; renal failure, requiring dialysis; and disseminated intravascular coagulation.
STSS affects people of all age groups. Some 2,000 to 3,000 cases are reported
in the United States each year, with a fatality rate of 30% to 70%.

The Causative Agents

Streptococcus pyogenes 18 a gram-positive streptococcal group A bacterium that
measures 0.5 to 0.75 micrometers in diameter and occurs in pairs or chains. The
bacteria appear as small, unpigmented colonies on sheep blood agar and cause
B-hemolysis (clear ring around bacterial colonies due to lysis of the red blood
cells). They commonly inhabit the skin and throat. Infection of a human host
usually occurs through a skin break or via the respiratory tract but may also result
from contaminated food (milk products) or objects or following medical proce-
dures, especially surgery. Roughly half of persons infected with GAS develop
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FIGURE 6.4 Group A streptococci growing in chains

Source: CDC.

symptomatic infection. The bacteria may persist in the remaining individuals for
prolonged periods of time, particularly if the organisms are present in the throat.
Persons with acute respiratory infections are more contagious than chronic carri-
ers. Infection through a skin break or the endometrium requires smaller inocula
than are necessary for respiratory tract infection. Viable bacteria remain in the
environment for extended periods.

After binding to host cells, the bacteria may remain at the site of colonization
in the throat or on the skin or, less commonly, spread to and destroy other tissues
or become widely disseminated by the blood. Some strains of GAS are more likely
than others to cause severe disease. Tissue destruction by the more aggressive
strains may be rapid and extensive and may result in near total destruction of the
extracellular matrix, as in the case of necrotizing fasciitis. Such destruction may
also occur at remote sites in the absence of any viable bacteria.

GAS bacteria contain a number of virulence factors that aid in their trans-
mission between hosts, multiplication within a host, and infection of host cells or
that protect them from the host’s immune response. Organisms with the greatest
genetic variability have the best chance of evolving novel virulence factors and
thus becoming more pathogenic for their hosts. Genetic variability among GAS
strains arises by both intragenic and intergenic recombination. The emm gene,
in particular, may be transferred between group A and group G streptococci.



GROUP A STREPTOCOCCI m

Table 6.2 Actions of streptococcal virulence factors

Protein Action

M protein Adhesion; | phagocytosis; | activity of complement
system

ScpA  activity of complement system

SIC extracellular protein  activity of complement system

Mga Changes in pH, temperature, partial CO, pressure,
and iron levels

Exotoxin A Fever; superantigen (T production of inflammatory
cytokines)

Exotoxin B Fever; | monocyte movement; superantigen

Streptokinase Activates plasmin, T invasion of tissue

Streptolysin O Lyses blood cells

Hyaluronic acid T survival in upper respiratory tract

Opacity factor Adhesion and infection of respiratory epithelial cells

The mga regulatory gene encodes a molecule that up-regulates the expres-
sion of bacterial virulence factors, including the M protein, which is found on
the bacterial surface and is encoded by the emm gene. The M protein is required
for the bacteria’s adherence to their target cells and resistance to phagocytosis
by cells of the host’s innate immune system, such as neutrophils and macro-
phages. The M protein binds to a membrane cofactor protein on keratinocytes
(cells that produce the tough, protective keratin protein in the skin), allowing
the bacteria to penetrate the epidermis. More than 80 types of the M protein
have been reported. Patients developing invasive diseases are most commonly
infected by bacteria expressing M protein types 1 or 3. The M protein addi-
tionally binds to several proteins, including kininogen, plasmin, and albumin,
a common component of serum. Activation of kininogen by GAS bacteria
1s followed by the release of kinins, such as bradykinin. These are powerful
proinflammatory peptides whose release may result in fever, vasodilation, and
increased vascular permeability. The latter two activities decrease blood pres-
sure and, in excess, may induce shock. The emm gene belongs to a larger family
that includes the enn and mrp genes in the vir chromosomal region. This region
1s flanked by the mga and spe genes. The ScpA protein is discussed later in con-
nection with the immune response. The mga gene is responsive to variations
in pH, temperature, partial CO, pressure, and iron concentration.

Invasive GAS strains also express one or both of the sped and speB (strepto-
coccal pyrogenic exotoxin) genes, which produce the pyrogenic (fever-inducing)
exotoxins A and B. These exotoxins may be transmitted to other bacterial
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strains by bacteriophages (viruses that infect bacteria) or by recombination of
genes between bacteria. SPE A, along with several other GAS proteins, acts as a
superantigen. Superantigens are proteins that cause massive, pathogenic acti-
vation of the immune system. While individual lymphocytes typically respond to
a specific antigen, producing a moderate and limited immune response involving
about one lymphocyte in a million, superantigens are polyclonal activators that
nonspecifically stimulate the activity of large numbers of CD4" T helper cells
(as many as 30% to 40% of the T lymphocytes). This massive induction of T
lymphocyte activation induces overproduction of the inflammatory cytokines,
TNF-a and IL-1, by the host immune system. Both of these cytokines stimulate
the brain to raise body temperature in an attempt to kill the bacteria. When levels
of these cytokines become too high, the result is high fever, shock, and possibly
death. SPE B is the precursor to an extracellular cysteine protease that acts on
the precursor to IL-1 and fibronectin and vitronectin (to be described shortly).
Degradation of the latter two extracellular matrix proteins may contribute to the
soft tissue destruction occurring during necrotizing fasciitis. SPE B also removes
the urokinase plasminogen activator receptor from monocytes. This receptor
allows cellular migration; thus its removal may inhibit the movement of these
phagocytic cells to the infected area.

The increase in GAS virulence observed in European countries was paral-
leled by an increase in the M1/T1 strain, which uses the M1 type of the M
protein virulence factor. M1/T1 strains had a case fatality rate of 33%, while
that of other strains was 15%. In North America, strains with M protein type
1, 3, or 18 were the most virulent. M1 strains comprised 35% of the isolates in
Canada, and M3 strains accounted for another 25%. Between 1992 and 1995,
the proportion of M3 strains almost tripled. Among M1 strains, the Mlinv"
clone was most likely to be highly pathogenic. This clone contains the sped gene
and carries the T'12 bacteriophage.

Streptokinase is an enzymatic protein produced by all GAS bacteria that
converts the host molecule plasminogen into plasmin. The latter is a serine pro-
tease enzyme that degrades extracellular matrix components, such as the fibrin
component of clots that walls in bacteria, controlling their spread out of the
immediate area; it may thus be hijacked by the bacteria to increase GAS tissue
mvasion. Plasmin is usually inactivated by the host protein a,-antiplasmin, but in
the presence of bacteria, fibrinogen bound to the bacterial surface provide bind-
ing sites for a complex of streptokinase and plasminogen that is not inactivated by
o-antiplasmin, thus allowing unrestricted enzymatic tissue degradation. Plasmin
may also bind directly to the M protein to stabilize its fibrin-degrading activity.

Other bacterial virulence factors include the cytolysins (molecules that lyse
cells by damaging their membranes), hyaluronic acid, and serum opacity factor.
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Streptolysin O 1is a cholesterol-binding toxin produced by all GAS bacteria
that kills white blood cells, red blood cells, and myocardial cells of the heart.
Streptolysin S lyses red and white blood cells and platelets and is responsible
for hemolysis seen in blood agar cultures. Because GAS bacteria are unable to
acquire the iron required for growth from transferrin or lactoferrin, the lysis
of red blood cells by streptolysins releases iron-rich proteins, such as heme
and hemoglobin, that may provide them with this vital metal. Expression of
streptolysin S is regulated by the Mga protein. The hyaluronic acid capsule
aids in GAS survival in the upper respiratory tract. Opacity factor, as well as
several other bacterial molecules, acts as an adhesin by binding to fibronectin,
a component of the extracellular matrix that may be associated with cell sur-
faces. Binding to fibronectin allows GAS to adhere to and infect respiratory
epithelial cells. Opacity factor also cleaves serum high-density lipoproteins. It is
not expressed by all GAS strains and strains lacking this protein are more likely
to cause invasive disease. Bacterial lipoteichoic acid may also aid in adherence to
epithelial cells.

The Immune Response

GAS uses several mechanisms to avoid the host immune response. The bacterial
M protein and the hyaluronic acid capsule both have antiphagocytic properties
that decrease bacterial engulfment and destruction by cells of the innate immune
system, such as macrophages and neutrophils. The M protein may act by bind-
ing to host IgG antibody in a manner that does not trigger immunity but rather
prevents this antibody from binding to its receptor on phagocytic cells, aiding in
phagocytic ingestion of the bacteria. This antibody-binding activity is important
in the establishment of invasive skin infections. Neutralizing antibodies against
the M protein, by contrast, block bacterial attachment to the cells of the upper
respiratory tract and are thus protective to the human host.

Another important part of innate immunity is the complement cascade.
This complex system has several functions, including induction of large pores
in microbial membranes, the coating of microbes with protein fragments that
increase their attractiveness to ingestion by phagocytic cells, and the attraction
of additional white blood cells. The bacterial protein ScpA cleaves and inacti-
vates Cba, a complement fragment that is important for microbial phagocytosis
by neutrophils and for attracting more immune cells to the area. The M pro-
tein binds to several complement regulatory factors, such as factor H and the
C4b-binding protein. Factor H acts together with Factor I to degrade C3b, a
critical component of the C3 and C5 convertases, which are necessary for most
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Table 6.3 GAS and the human immune response

Effect on Host Inmune Response Consequence

| phagocytosis by neutrophils and l ingestion and killing of bacteria
macrophages

Degradation of complement ! bacterial phagocytosis and lysis;
components C4b, C3b, C5a ! recruitment of leukocytes

T production of IL-1, TNF-q, IL-6, IFN-y T inflammation

of the functions of complement. The C4b-binding protein also acts with Factor
I to degrade C4b, an early component of the classical pathway of complement
activation. The SIC extracellular protein also inhibits bacterial lysis by the
complement system. The expression of all three of these proteins is regulated
by bacterial Mga.

During GAS infections, overstimulation of the immune system, particularly
the inflammatory cytokines, may be extremely pathogenic or lethal to the host.
One of the key inflammatory cytokines is IL-1, a fever-inducing molecule. SPE B
1s a major secretory molecule of GAS and may compromise 95% of the protein
secreted by some bacterial strains. It is a cysteine protease that cleaves the inac-
tive host IL-1B precursor to produce the active form of IL-18. SPE A, B, C, and
K

B

streptococcal superantigen, and S. pyogenes mitogen all act as superantigens,
inducing the overproduction of the inflammatory IL-1 and TNF-a cytokines as
described earlier, as well as IL.-6 and IFN-vy.

Diagnosis

The “rapid strep test” may be used to quickly detect the presence of GAS in the
throat. This test has high specificity but low sensitivity; hence many infections
may be overlooked. If the rapid strep test is negative, a throat culture may be
performed. GAS infections may also be diagnosed by colony morphology and
the patterns of PB-hemolytic growth on agar containing 5% sheep red blood
cells. Incorporation of neomycin sulfate into the cultures suppresses the growth
of staphylococci and other hemolytic bacteria. GAS growth on blood agar is
inhibited by the presence of the antibiotic bacitracin. The direct fluorescence
antibody test may also be used to identify GAS from throat swabs or spinal
fluid. Past infections may be confirmed by detecting the presence of antibodies
to streptolysin O, hyluronidase, or bacterial DNase-B.
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FIGURE 6.5 Beta-hemolytic growth: ring of clearing around
colonies grown on agar containing sheep red blood cells

alpha beta
hemolysis, _Lhemolysis

Source: CDC/Richard R. Facklam.

Treatment

Early treatment is important to decrease the death rate among individuals with
mvasive GAS infections. Antibiotics, particularly penicillin, are effective against
many, but not all, GAS bacterial strains. Antibiotics used to treat GAS infections
in persons with allergies to penicillin include erythromycin and cephalexin or
cephradine. Drug resistance is becoming problematic: a substantial proportion
of GAS strains are resistant to tetracycline, and erythromycin-resistant clones are
also increasing in number. Clindamycin is not recommended due to the potential
for the development of enterocolitis.

In patients experiencing severe hypotension, massive amounts of intrave-
nous fluids may need to be administered to prevent shock. Extensive debride-
ment is necessary for those with necrotizing fasciitis. In addition to antibiotic
therapy, those with rheumatic fever need to receive anti-inflammatory drugs.
These may include salicylates alone for those without carditis and in combina-
tion with corticosteriods, such as prednisone, for those who develop carditis.
Absolute bed rest is recommended until resolution of clinical symptoms for
those with rheumatic fever, with activity restricted for greater periods of time
for those who experienced enlargement of the heart.
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RECENT DEVELOPMENTS

Drug resistance is becoming increasingly common among GAS isolates found
in Europe and North America. In Canada, rates of erythromycin resistance
rose from 2% to 14% over a four-year period. Cross-resistance to clindamy-
cin is also increasing. Several mechanisms are involved. One of these is drug
efflux, encoded by the mefA gene, which causes a low degree of resistance
to erythromycin but not clindamycin. Another method the bacteria employ is
methylation of the ribosomal binding site of the drug by products of the ermB
and ermTR genes, whose expression may be either constitutive or inducible.
These genes convey resistance to a wider range of therapeutic agents, such
as the macrolides, lincosamides, and streptogramin group B. In a study of
the mechanisms of drug resistance in Ottawa, 8% of the clinical isolates were
resistant to erythromycin and 1% to clindamycin. Resistance to the former was
due to mefA (67% of the isolates) or inducible (18%) or constitutive (10%) erm
expression, primarily ermTR. In a study of clinical isolates from London between
July and October 2003, 7% of the isolates were resistant to erythromycin,
20% were resistant to tetracycline, and a small number were resistant to both
drugs. Increases in the rates of erythromycin resistance may be driven in part
by clinical use of this agent, and there is concern that resistance genes may be
transmitted between GAS strains by bacteriophages, as has been the case for
other virulence factors.

Macrolides, especially azithromycin, are being used increasingly to treat strep
throat, and resistance to these drugs is also being found. A new agent, telithro-
mycin, is highly effective against all macrolide-susceptible strains and about 75%
of macrolide-resistant strains. Telithromycin resistance was found in less than
5% of GAS isolates with the inducible erm genes and almost half of those with
the constitutive genes.

Prevention

GAS organisms are transmitted by contact with nose or throat secretions
or by an airborne route. Exudate material from skin sores is also infectious.
Various medical procedures, such as liposuction, hysterectomy, childbirth,
and bone pinning, have resulted in noscomial transmission. Dishes, toys, and
other inanimate objects usually do not spread these diseases. Milk should be
pasteurized, and individuals with skin lesions should be excluded from food
preparation. Hand-washing is recommended after coughing or sneezing and
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before eating to prevent infection. Spread of GAS from person to person
1s facilitated by close contact between susceptible persons, such as occurs
among elementary school children, military recruits, and indigent popula-
tions. Special attention needs to be given to educating these populations in
good hygienic practices.

No vaccine is currently available for the prevention of GAS infection; how-
ever, research is under way. Care must be taken when selecting the antigenic
component to be used because some of the bacteria’s antigens (such as the
superantigens) induce a pathogenic autoimmune response that may lead to rheu-
matic fever or acute glomerulonephritis. Another obstacle is the large number of
serotypes of M protein; immunity is generally serotype-specific. Work is proceed-
ing with a conserved M protein epitope, J14, which is found in approximately
70% of the isolates. Other vaccine candidates include the ScpA peptidase, the
fibronectin-binding protein I, and toxoids (inactivated toxins) prepared from
the SPE A or SPE C exotoxins.

Persons with rheumatic fever need to receive prophylactic treatment
with penicillin or oral sulfonamides for five years afterward to prevent recur-
rence. Regular administration of these drugs is necessary to maintain their
effectiveness.

Surveillance

The results of studies of the incidence of severe manifestations of GAS infec-
tions in recent years have been alarming. Between 1992 and 1995, the annual
incidence of necrotizing fasciitis rose from 0.85 per million persons to 3.5 per
million. A separate survey of the prevalence of all forms of invasive GAS
occurring in Montreal between 1995 and 2001 revealed a yearly incidence
of 24 infections per million people, with a 14% death rate. Streptococcal
pneumonia increased 8.3-fold during that period. The death rate was 38%
for persons with pneumonia, 35% for those with STSS, and 16% those with
necrotizing fasciitis. Among individuals who had prior infection with varicella
(chickenpox), the risk of soft-tissue infection rose sixfold and the risk of death
fivefold.

In a 2006 survey of the incidence of severe GAS infections in ten U.S.
states involving over 30 million people, 33% of these infections resulted in
primary bacteremia, 32% in cellulitis, 15% in pneumonia, 7% in necrotizing
fasciitis, and 5% in STSS. The age groups most affected were the very young
(9.2% of the infected were aged 1 year or less) and the elderly (10.1% were
65 years or older).
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Summary

Diseases

e Strep throat ¢ impetigo < scarletfever ¢ necrotizing fasciitis
e rheumatic fever < carditis ¢ acute glomerulonephritis
e childbed fever ¢ streptococcal toxic shock syndrome

Causative Agent
e Group A (B-hemolytic) streptococct (Streptococcus pyogenes)

Agent Type

*  Gram-positive streptococcus

Genome

« DNA

Vector

¢ None

Common Reservoir

¢  Humans

Modes of Transmission

¢ (Contact with nose or throat secretions or material from skin sores
» Airborne route, through contaminated food, or contamination during
medical procedures

Geographical Distribution
*  Worldwide

Year of Emergence or Reemergence

*  1980s in developed areas

Key Terms

Childbed fever (streptococcal puerperal fever) Acute febrile condition
arising from group A streptococcal infection of the genital tract following child-
birth or abortion
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Erysipelas Acute cellulitis due to infection with group A streptococci

“Flesh-eating bacteria” Bacteria that induce necrotizing fasciitis, such as
group A streptococci

Group A streptococci [3-hemolytic (Streptococcus pyogenes) streptococci

Impetigo Infection of the skin around the nose and mouth by group A strepto-
coccl, which causes reddening of the area and fluid-filled blisters

Necrotizing fasciitis Rapid, dangerous destruction of fascia and fat caused
by “flesh-eating bacteria” such as group A streptococci or other bacteria

Rheumatic fever Autoimmune disorder that damages heart valves following
infection by group A streptococci

Scarlet fever Infection with group A streptococci that causes sore throat, fever,
and rash beginning with tiny red spots on the neck and upper trunk; the tongue is
covered by a white coating with red spots that later peels away, yielding a bright-
red appearance

Streptococcal acute glomerulonephritis Inflammatory autoimmune con-
sequence of infection by group A streptococci

Streptococcal toxic shock syndrome (STSS) Severe febrile manifestation
of infection by group A streptococci characterized by extremely low blood pres-
sure and shock due to overproduction of TNI-a

Streptokinase Enzyme produced by group A streptococci that converts plas-
minogen into plasmin, permitting bacterial invasion of tissues

Superantigens Proteins that overstimulate the immune system, resulting in
pathological reactions, including shock or death

Review Questions

1. What specific type of bacteria causes scarlet fever and impetigo? Briefly
describe the properties of these bacteria and their location in the human
body.

2. What are the symptoms of streptococcal toxic shock syndrome (STSS) and
necrotizing fasciitis?

3. How do GAS bacteria cause rheumatic fever and acute glomerulonephritis?

4. How do people become infected with GAS? How might infection be
prevented?

5. What means are used to diagnose infection with GAS?
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Topics for Further Discussion

1. Many of the early proponents of an infectious cause of diseases, such as child-
bed fever, who suggested that physicians may be transmitting illness to their
patients were ostracized. Discuss the history of the “germ theory” of disease
and how it resulted in the hygienic practices currently used in developed regions.

2. The incidence of invasive GAS infections decreased in developed nations
in the early twentieth century but remained high in less developed countries.
Discuss the factors that may have accounted for the differences in these areas.

3. Describe some of the possible reasons for the resurgence of invasive GAS
in the developed world during the past three decades. How might modern
medical technology be used to combat the increase in severe disease?

4. Discuss the protective and pathogenic roles of the immune response during
GAS infections and how researchers might manipulate the immune system
to accentuate the former while reducing the latter.
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CHAPTER 7

ESCHERICHIA COLI O157:HT

LEARNING OBJECTIVES

® Define hemolytic colitis, hemorrhagic uremic syndrome, and
thrombotic thrombocytopenic purpura

Describe the cocci responsible for causing these illnesses

Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

Discuss potential methods of treatment

Discuss methods of prevention
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Major Concepts

Disease

Infection with the enterohemorrhagic O157:H7 strain of Escherichia coli may
lead to mild, self-resolving intestinal illness (in the majority of cases) or life-
threatening conditions such as hemorrhagic colitis, hemolytic uremic syndrome
(HUS), and thrombotic thrombocytopenic purpura. HUS is most common in
infants, the elderly, and immunosuppressed persons, and antibiotic use appears
to increase the risk of developing this disease manifestation. The first reported
outbreaks with O157:H7 occurred in 1982 in the American Pacific Northwest
and later in Michigan. Large and small outbreaks have been reported in many
other areas of the world since that time. Disease severity, as assessed by frequency
of hospitalizations and HUS incidence, is increasing as infection with the more
pathogenic clade 8 becomes more prevalent.

Infection

O157:H7 1s a pathogenic strain of E. coli, a species of gram-negative coccl.
The bacteria contain genes for several virulence factors that increase their abil-
ity to survive and disseminate under the diverse conditions to which they are
exposed as they pass through the guts of mammals and into the external envi-
ronment. These virulence factors include the Shiga toxins, proteins encoded
by the LEE genes, enterohemolysin, EspP, catalase peroxidase, and an iron-
transporting protein. These are found on the bacterial chromosome, a plasmid,
and a bacteriophage.

Transmission

The O157:H7 strain is carried in the digestive tract of normal healthy ruminants,
such as cattle and sheep, and is shed into the external environment during def-
ecation. Animals from different feedlot pens may have very different prevalences
of infection, as reflected in the wide-ranging percentages of infectious feces and
contaminated hides found in the different pens. Both materials contribute to
infection of meat during processing. If the external surface of the meat becomes
infected and the meat is subsequently ground, bacteria are spread to the internal
portions. Ground meat therefore needs to be prepared in a manner that thor-
oughly cooks all regions. Refrigeration, freezing, and conditions of low pH will
not kill the majority of these bacteria. In addition to the infected meat itself]
materials and surfaces coming into contact with uncooked meat may spread the
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bacteria onto other food items, some of which are consumed raw. Raw milk, tap
water, vegetables, fruits, and fruit juices may also become infected by contact with
manure used in fertilization or water contaminated with manure. Human-to-
human transmission may occur when fecal material from an 1ll person comes into
contact with food or with objects in day care centers or in health care settings.
Infections may also result from swimming in contaminated, unchlorinated water.

Protection

Treatment for E. coli O157:H7 infections is typically supportive and involves
balancing fluid and electrolyte levels, and for more severe cases, blood trans-
fusions, renal dialysis, or both. Antibiotic use is not recommended, as killing
the bacteria releases toxins and increases the risk of developing HUS. Several
vaccine candidates have been tested in cattle, with poor results.

Introduction

Escherichia coli is a common commensal bacterium found in the guts of
humans and some other mammals, including cattle and sheep. Though nor-
mally beneficial for their human hosts, some strains of L. coli cause serious
disease. Pathogenic groups of E. coli include enterohemorrhagic strains, such as
0157:H7. Presently as many as 30 outbreaks with that strain alone occur in
the United States each year, during which about 20,000 people become ill and
approximately 250 die. Transmission often occurs by eating or drinking food or
liquid tainted with fecal material. The sources of contamination range widely and
include hamburgers, alfalfa sprouts, yogurt, fruit juices, and tap water. Humans
are infected by other materials as well. Day care centers may allow transmission
of E. coli between young children as toys and other objects come into contact with
fecal material and the bacteria are transferred to fingers and then to food items
or directly to the mouth. People have also been infected in public pools from ill
infants placed into the water without proper swimming diapers.

Although the general public is aware of the dangers of eating undercooked
hamburgers and of the importance of properly washing one’s hands after using the
restroom or changing diapers, particularly for those employed in the food industry
or in the care of children or patients, compliance is not complete. Due to greater
public awareness and governmental regulation of restaurants, the overall numbers
of infections with O157:H7 strains have been decreasing; however, several dis-
turbing trends have also been noted. First, bacterial transmission is continuing to
occur through contaminated fruits and unpasteurized fruit juices and vegetables,
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particularly those consumed raw in salads, such as lettuce, spinach, and tomatoes.
Second, the bacterial population appears to be shifting in favor of more patho-
genic strains of O157:H7 clade 8, which have increased expression of toxin genes.
Progress has been made, however, in detecting conditions that may lead to bacte-
rial survival and transmission in cattle and sheep and may decrease the rate of
infection and production of infectious feces by these hosts. Similarly, factors are
being identified that increase bacterial persistence on lettuce and other produce.

History

E. coli was discovered by Theodore von Escherich in 1885. Outbreaks of
enterohemorrhagic E. coli (EHEC), especially the O157:H7 strain, often
occur through contamination of food or water supplies. These outbreaks have
occasionally been quite large and have infected large numbers of people before
the source of infection was discovered. In the first such reported outbreak, trans-
mission was found to have occurred through hamburgers served by the popular
Jack-in-the-Box fast-food restaurant chain in the Pacific Northwest in 1982.
During this outbreak, four children died and 732 people became ill. Another
outbreak occurred that year from tainted hamburgers in Michigan. A high pro-
portion of infected individuals were hospitalized (70%), but none of them devel-
oped one of the most dangerous manifestations of . ¢coli infection, hemolytic
uremic syndrome (HUS). An E. coli outbreak in Alpine, Wyoming, resulted
from the presence of the O157:H7 strain in area tap water. The water did not
taste or smell any differently from uncontaminated water but caused a sometimes
serious infection. A very large outbreak due to contaminated food occurred in
Japan in August 1996. During that outbreak, 6,309 children and 92 staff mem-
bers from 62 municipal schools were infected with O157:H7 obtained from
radish sprouts. Hundreds of persons were hospitalized, and approximately 100
developed HUS. Canada was struck by a large outbreak involving contaminated
municipal water supplies in Walkerton, Ontario, in May 2000. Seven people
died and another 2,500 became ill, making this episode one of Canada’s worst
public health emergencies. In the United States between 1982 and 2002, some
350 outbreaks of O157:H7 infection occurred, resulting in illness in more than
8,500 persons, 17% of whom were hospitalized and 4% of whom developed
HUS. Two U.S. outbreaks in 2006 resulted from consumption of contaminated
spinach or lettuce; 275 persons were infected, 51% to 75% required hospital-
ization, and 11% to 15% developed HUS. A trend toward higher incidence of
HUS appears to be developing. This trend may be due to a shift in bacterial
populations in favor of more virulent subpopulations.
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Infection may also occur between infants, through feces in diapers coming
into contact with objects that other infants place in their mouths and may be
transferred to their fingers and then contaminate food. In one day care center
in Washington, seven children became ill playing with sand, soil, modeling clay,
and toys that were soiled with infected feces. Infection may also occur in public
pools if ill infants are placed into the water without proper swimming diapers.

The Diseases

Hemorrhagic Colitis

Infection with as few as 10 viable organisms of EHEC strains may result in a
variety of symptoms ranging from asymptomatic or mild (primarily diarrhea)
to severe and life-threatening. The incubation period is one to six days. Disease
manifestations include vomiting and nausea, abdominal tenderness and severe
cramps, and diarrhea, which in 35% to 90% of infected individuals becomes
bloody after two to three days (the syndrome is known as hemorrhagic colitis).
Another symptom of hemorrhagic colitis is the marked edema of portions of
the colon in the absence of other stool pathogens. Symptoms do not improve
if one does not eat. If a fever is present, it is low-grade. The lack of significant
fever together with abdominal tenderness may suggest a variety of noninfectious
causes, including inflammatory bowel disease, appendicitis, 1schemic or ulcer-
ative colitis, diverticulitis, and Crohn’s disease. Neurological symptoms, including
seizures and blindness, may also be present. Symptoms may also be confused
with those caused by other infectious microorganisms, such as Campylobacter,
Clostridium dyfficile, Entamoeba histolytica, Salmonella, Shigella, and Yersinia enterocolitica.
Some of the virulence genes from O157:H7 bear a great degree of homology
with those found in several of these other bacteria and may in fact have been
acquired from them via motile genetic elements, such as plasmids and bacterio-
phages. Symptoms usually resolve within a week; however, some individuals
develop more serious or life-threatening infections. The chance for developing
severe disease is greatest in children under the age of 5 years and the elderly.

Hemolytic Uremic Syndrome (HUS)

In addition to hemorrhagic colitis, the young and the elderly also have an increased
susceptibility to HUS. Early symptoms of HUS include irritability, fever, lethargy,
weakness, vomiting and diarrhea, and bloody stools. Later signs may include
bruising; paleness due to extensive lysis of red blood cells (hemolytic anemia);
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petechial rash; decreased platelet numbers (thrombocytopenia); decreased levels
of consciousness, seizures, or other central nervous symptoms; jaundice; and
lowered urine output with or without kidney failure (in 2% to 7% of cases).
Over 85% of the cases of postdiarrheal HUS are believed to be due to infection
with O157:H7, and the majority of the remaining cases are attributed to infec-
tion with other . coli strains that produce Shiga toxins (described later in this
chapter). The overall mortality rate is 1% to 5%, and deaths occur primarily in
children, the elderly, and immunosuppressed individuals. The fatality rate for this
syndrome among children is 3% to 5%. Those who survive have an increased
incidence of high blood pressure or kidney impairment (or both) later in life.

Thrombotic Thrombocytopenic Purpura (TTP)

Another serious result of O157:H7 infection is thrombotic thrombocyto-
penic purpura (TTP). It includes many of the symptoms listed for HUS, but
with less prominent neurological manifestations and diminished renal damage. It
additionally includes bleeding under the skin, resulting in the formation of purple-
colored spots (purpura), fatigue, headache, tachycardia (elevated heart rate),

Table 7.1 Diseases associated with E. coli O157:H7 infection

Groups Mortality

Disease Symptoms Affected Rate
Hemorrhagic colitis Abdominal tenderness with  Children Usually
severe cramps, severe under 5 resolves
bloody diarrhea, marked years old,
edema of the colon, the elderly
seizures, blindness
Hemolytic uremic Irritability, fever, lethargy, Children, 1%-5%
syndrome (HUS) weakness, vomiting, the elderly,
diarrhea with bloody immuno-
stools, bruising; paleness, suppressed
hemolytic anemia, individuals

petechial rash;
thrombocytopenia,
decreased levels of
consciousness, seizures,
jaundice; lowered urine
output, kidney failure

Thrombotic Similar to HUS plus purpura, Adults 1.2%
thrombocytopenic fatigue, headache,
purpura (TTP) tachycardia, shortness of

breath, speech changes
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shortness of breath, and speech changes. TTP is also more often reported
in adults and is usually not preceded by diarrhea. In some of the early out-
breaks in the United States, the hospitalization rate was 23%, HUS or T'TP
developed in 6%, and death occurred in 1.2% of the cases; not all of the fatalities
were related to either HUS or TTP.

The Causative Agents

General Characteristics of E. coli O157:H7

E. coli bacteria are typically harmless commensal gram-negative rods that
reside in two very different types of environments: (1) in the rumen or the
large or small intestine of humans and some other mammals and (2) in
the external environment, with its limited nutrients and variable tempera-
ture and water availability. They are usually beneficial to their mammalian
hosts and help metabolize food in the digestive tract. Several strains of E. coli,
however, cause disease in humans. Some strains of these bacteria, such as
the EHEC group, are pathogenic; one such strain is O157:H7, which may
cause severe or fatal illness. Infection with other EHEC strains, including
0O26:H11, O111:H8, and members of the O103 and O118 serogroups, are

FIGURE 7.1 Scanning electron micrograph of E. coli O157:H7

Source: CDC/National Escherichia, Shigella, Vibrio Reference Unit.
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becoming emerging problems and appear to be more common than O157
strains in some regions. “Montezuma’s revenge,” a bane of travelers, is due
to infection with EHEC strains. Other major groups of pathogenic E. colt
strains are the enteroaggressive strains (which cause persistent diarrhea in
very young children from developing countries), enteropathogenic (EPEC)
strains (infantile diarrhea), enteroinvasive strains (watery diarrhea), entero-
toxogenic strains (traveler’s diarrhea), and diffuse adherent strains (diarrhea
in preschool-aged children).

Phylogenetic analysis of over 500 clinical isolates of the O157:H7 strain
have allowed it to be divided into nine distinct clades. Of these, infection with
clade 8 bacteria is associated with the highest risk of developing HUS. This clade
has become increasingly prevalent since 2003, and a particularly virulent sub-
population of this clade is evolving. Changing O157:H7 population dynamics
may thus be at least partly responsible for the recent increased pathology in
infected humans. O157:H7 strains differ from commensal E. coli strains in their
ability to ferment sorbitol and dulcitol and to oxidize other carbon sources. They
contain over 1,600 genes that are not found in commensal strains; the vast major-
ity of these are not virulence factors but may allow the bacteria to outcompete
other strains for limiting nutrients.

E. coli, like other gram-negative bacteria, contain lipopolysaccharide (LPS)
in their cell walls. Strains of these bacteria are defined by their somatic (O) and
flagellar (H) antigens. Differences in the LPS O-antigen have been found in
different diseases of humans and animals. The O157 antigen may be involved
in virulence (discussed later in this chapter). H7 specifies the type of flagellin
protein and is encoded by the fli( gene. It has been hypothesized that O157:H7
may be derived from the EPEC strain O55:H7, which is able to adhere tightly
to epithelium in the gut. This strain is believed to have acquired the fiC’ gene
for H7 flagellin, followed by the Stx2 toxin and EHEC plasmid (to be discussed
shortly). The gene for the Stx1 toxin was a later addition, and the ability to
ferment sorbitol and B-glucuronidase activity was lost during evolution of the
EHEC O157:H7 strain that is commonly found throughout North America
and Europe. It is closely related to the O157:H- strain, which causes hemolytic
uremic syndrome in Bavaria in Germany. That strain lacks the H7 flagellin and
Stx1 but has B-glucuronidase activity and can ferment sorbitol.

O157:H7 bacteria prefer to grow at human body temperature, 37°C
(98.6°F), but may grow at a wide range of temperatures from 10°C to 50°C,
allowing them to withstand many conditions that they may encounter in the
external environment before infecting a suitable host. The O157:H7 strain is
also better able to survive and reproduce in acidic conditions than nonpathogic
strains of E. coli, including food with a pH as low as 4.4. This acid resistance
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allows the majority of these bacteria to survive passage through the stomach.
Acid tolerance is increased at low temperatures, as in refrigerated salad dress-
ing or apple juice.

Bacterial Reservoirs and Transmission

E. coli normally resides, in addition to humans, in the rumen and terminal
colons of both ill and healthy cattle and sheep, which serve as disease reservoirs.
Examination of healthy cattle in the United Kingdom found that the O157:H7
strain could be isolated in 0.9% to 15.7% of the animals. Calves are more
commonly infected than adult cattle and appear more susceptible to developing
disease. Raw milk from infected dairy cows may transmit disease. Transmission
through the fecal route may be seasonal, as infected sheep from Idaho did not

RECENT DEVELOPMENTS

Bacteria are able to grow on crops such as lettuce and spinach after harvesting or
during processing, particularly if the leaves have been damaged physically or due
to disease. E. coli preferentially attach to areas of lettuce leaf injury or openings,
such as at the cut ends of the stem or in cuts in the cuticle. Once attached, the
bacteria grow at these sites on the harvested leaves for long periods of time at
temperatures between 10°C and 15°C (50°F to 59°F), especially after pretreatment
with chlorinated water. The warm temperatures and high humidity found in the
temporary storage containers where lettuce leaves are placed in the fields imme-
diately after harvest may also provide ideal conditions for bacterial growth. In one
study, as little as four hours after inoculation onto intact harvested romaine lettuce
leaves, the E. coli O157:H7 population doubled. When the leaves were cut into
large pieces, the population increased 4.5-fold, and when the leaves were shred-
ded, the population grew 11-fold. Twenty-two hours after inoculation onto the
ends of stems, the population had risen over 20,000-fold. Infection of leaves with
other bacteria also affected the growth of E. coli: on young leaves (inner leaves)
damaged by soft rot resulting from infection with Erwinia chrysanthemi, the E. coli
population was 27 times greater than on healthy middle-aged leaves (middle of
lettuce head). Soft rot also encourages growth of other human pathogens on
vegetables, including Salmonella and Listeria monocytogenes. Healthy young leaves
are also able to support a 10-fold higher level of bacteria than middle-aged
leaves due to the greater availability of nitrogen in these leaves. Areas of leaf tip
burn lesions also harbored high levels of bacteria.
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shed virus via defecation in November, but many (approximately 30%) did so in
the warmer month of June.

Transmission may occur through a variety of routes. The most common of
these is consumption of undercooked food contaminated from a fecal source.
Ground beef appears to be the most prevalent source of infection. During the
slaughter of cattle and processing of beef, meat may come into contact with
feces or with bacteria found on the animals’ hides. Only the outer portions of
many types of beef (steaks, roasts) are contaminated, and bacteria on the surfaces
of these cuts of meat are killed during cooking. When beef 1s ground , however,
meat from the outer, contaminated regions is mixed throughout the product;
therefore, the entire portion must be cooked thoroughly in order to kill bacteria
at the center of the meat. During food preparation, bacteria from infected meat
may be transferred to other foods that are consumed raw, including salad greens
and other vegetables, by using the same cutting boards and utensils for meat and
then other food without cleansing them between uses. In areas where cattle
manure 1s used as a fertilizer for vegetables and fruit crops or where manure may
enter irrigation water, food may be exposed to the bacteria during growing or
by falling into the manure on the soil surrounding crops. In the case of apples,
fallen fruit may be used to produce contaminated cider if the beverage is not
pasteurized. Unpasteurized milk may also be a vehicle for bacterial transmission.
Food may also be infected if the individuals preparing it do not properly wash
their hands after using the restroom.

Drinking-water sources may also be contaminated by mixing of the water
supply with unsanitary sewer water, from inadequate sewage treatment, or by agri-
cultural run-off into rivers, lakes, or other sources of drinking water. Chlorination
of water reduces the bacterial load, as does boiling, although the latter also
concentrates any toxic chemicals that may also be present, including nitrate,
pesticides, arsenic, and other metals. Infected babies may contaminate swimming
pools if placed into the water without properly fitting swimming diapers. Other
persons using public pools have acquired the infection in this manner.

Table 7.2 Routes of transmission of E. coli O157:H7

Food and drinks Undercooked ground meat
Fecally contaminated fruits and vegetables
Drinking water
Unpasteurized milk or fruit juices

Other routes Fecally contaminated swimming pools
Oral-fecal route in day care centers
Contact with animals in petting zoos
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Although human-to-human transmission is uncommon, young children may
pass bacteria among themselves in day care centers. Children’s hands may come
into contact with fecal matter that is then transferred to other objects such as
toys and from there to hands or food. Very young children may place contami-
nated objects or hands into their mouths. Adults changing babies’ diapers may
not wash or otherwise cleanse their hands before interacting with another child.
Children may also acquire infection from animals in petting zoos.

E. coli O157:H7 Virulence Factors

Pathogenic strains of E. coli have evolved mechanisms that increase bacterial
survival or dissemination via a number of virulence factors that often result in
increased harm to the host. Some of these factors are encoded by the bacte-
rial chromosome, while others have been introduced to the bacteria by bac-
teriophages or plasmids. Bacteriophages are viruses that infect bacteria,
and plasmids are small, circular regions of nonchromosomal DNA. Plasmids
may be either accepted or rejected by bacteria and are under selective pres-
sure to carry genes encoding virulence factors that enhance bacterial survival
under adverse conditions, thus encouraging acceptance by their bacterial hosts.
These mobile genetic elements may be transmitted between individual bacteria
of the same or different species, aiding in the intra- and interbacterial dissemi-
nation of virulence factors. Disease outbreaks have differing clinical features
due to the presence of different bacterial clades with differing kinds of viru-
lence factors. O157:H7 outbreaks have become more pathogenic recently and
able to spread by a greater number of routes due to evolution of the bacterial
populations.

O157:H7 produce Shiga toxins (Stx; formerly known as Vero cytotoxins)
with a great degree of similarity to a cellular toxin produced by the Shigella dys-
enteriae type 1 bacteria. These toxins are encoded by lambdalike bacteriophages
rather than by the bacterial chromosome. Other pathogenic strains of . coli and
other bacterial species have also acquired these bacteriophages. Many of the
genetic variations between different O157:H7 isolates appear to have resulted
from bacteriophages creating insertions, deletions, or duplications of DNA frag-
ments. Shiga toxins destroy blood vessels in the intestines, leading to hemorrhagic
colitis, and also damage other blood vessels throughout the body. This leads to
the production of gummy clots that may clog the kidneys (which function as
filters), resulting in hemolytic uremia syndrome, or harm the heart, lungs, other
organs, and the central nervous system. Stx may also increase bacterial survival
in the ruminant hosts. These grazing mammals contain in their lower colon
several species of protozoa that ingest bacteria. E. col strains that bear Stx are
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better able to survive in food vacuoles of protozoa such as Tetrahymena and may
thus escape predation in the bovine digestive tract.

O157:H7 may produce several distinct types of Shiga toxins (Stx1 in 64.9%
of 1solates, Stx2 in 98.5%, and Stx2c in 28.3%), which may be transmitted
by different bacteriophages and share approximately 60% sequence homology.
These toxins consist of one A and five B subunits that are encoded by two dif-
ferent genes. The B units bind to a cell membrane glycolipid that is present on
both intestinal cells and kidney cells. The toxin is then internalized into cells by
endocytosis. Once taken into the cells, the A subunit cleaves an N-glycoside
bond, removing an adenine from the 28S ribosomal RNA in the 60S ribosomal
subunit. This prevents elongation-factor-1 from binding aminoacyl-tRNAs to the
ribosome during the translation process, thus blocking protein synthesis and lead-
ing to cell death. Infection of kidney cells leads to damage to the blood vessels,
perhaps as a result of production of the proinflammatory cytokine TNF-a by
macrophages. In several instances, bloody diarrhea and renal disease are caused
by E. coli strains other than O157:H7 that also produce Stx; however these strains
have not led to large outbreaks.

Another virulence factor shared with the EPEC strains is the locus of
enterocyte effacement (LEE) genes, which have been inserted into the sele-
nocysteine tRINA gene. The LEE gene ¢aed encodes the intimin protein, which
disrupts the intestinal epithelium by attaching to it and destroying its microvilli by
the formation of attaching and effacing lesions. Microvilli play an essential
role in the human digestive system by increasing the intestinal surface area that
absorbs nutrients from food. Intimin binds to the bacterial protein Tir that is
translocated onto the surface of gut cells by a secretion system that is a part of
the LEE complex. It also binds to host B-integrins. Intimin is homologous to
proteins found in other species of bacteria, including Yersinia pseudotuberculosis and
Yersinia enterocolitica. Another protein encoded by LEE genes is EspB, a secreted
protein that induces signal transduction involving the addition of a phosphate
group to the amino acid tyrosine in host cell proteins. EspB is exported from
cells by the action of proteins encoded by the LEE sepB gene.

E. coli O157:H7 and several other EHEC strains have acquired the
90-kilobase EHEC plasmid, carrying genes for several virulence factors, includ-
ing the enterohemolysin protein, encoded by the RTX gene. Possession
of this gene correlates with the ability to induce hemorrhagic colitis because
enterohemolysin causes the lysis of red blood cells. This plasmid also encodes
espP and catalase peroxidase. EspP is a secreted serine protease that cleaves
pepsin and human coagulation factor V. Elimination of the latter human protein
inhibits blood clotting, enabling mucosal hemorrhaging to occur in the gut and
possibly aiding in microbial dissemination. This enzyme is similar to proteases
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Table 7.3 E. coli O157:H7 virulence genes

Virulence Factor Gene Location Action
Shiga toxin Lambdalike Destroys blood vessels, forms bloody clots
bacteriophage
Intimin protein LEE gene locus  Attaches to and destroys intestinal
epithelium

EspB LEE gene locus T signal transduction

Enterohemolysin  EHEC plasmid Lyses red blood cells

EspP EHEC plasmid Cleaves plasmin and coagulation factor V

Catalase EHEC plasmid Protects bacteria from killing by host innate
peroxidase immune response

LPS O-antigen rfdE gene region T adherence to intestinal epithelium

found in the pathogenic Haemophilus influenzae and Neisseria species. Catalase per-
oxidase 1s used to protect the bacteria against toxic reactive oxygen species pro-
duced by the host immune system, thus aiding in bacterial survival.

The O157:H7 gene chud encodes a gene that transports iron, a limiting
resource for E. coli growth, allowing its utilization from heme, the iron-binding
portion of the human hemoglobin molecule found in erythrocytes. Chud is simi-
lar to the heme utilization locus gene shud of Shigella dysentariae: these genes are
not found in other Shigella species or nonpathogenic FE. coli strains.

The O157 O-antigen of LPS may be involved in virulence by affecting bac-
terial adherence to epithelial cells, such as those that line the human intestines.
This antigen 13 encoded by the 7/DE gene region, which has similarities to the
gene from Vibrio cholerae (the causative agent of cholera). The O55:H7 strain is
very closely related to O157:H7 and is suggested to have evolved from a common
ancestor. This EPEC strain was isolated from a child with infantile diarrhea and
lacks 17fbE, stxI, and stx2 but does contain the eaed and chud genes.

The Immune Response

Because cattle are a major reservoir for £. colt O157:H7 and transmit the bac-
teria to humans via their manure, a vaccine that prevented infection of these
animals should decrease the infection rate in humans. A recent vaccine was
developed that contained two . coli O157:H7 virulence factors encoded by the
LEE genes. This vaccine was administered to cattle by the intramuscular route
and boosted intranasally. It successfully induced production of IgG1 and IgA
antibodies yet did not lower the levels of bacteria excreted in feces or reduce
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bacterial colonization of the cattle’s intestines. Similarly, a vaccine prepara-
tion using formalin-killed EHEC O157:H7 was able to induce a specific IgG1
antibody response but did not prevent infection. Also, prior infection of calves
with pathogenic E. coli strains does not protect against reinfection, and the
immune response against the LEE-encoded proteins is weak or absent in natu-
rally infected animals. Taken together, this information suggests that either the
LEE virulence factors may be an inappropriate choice as vaccine antigens or
perhaps that an IgG1 and IgA antibody immune response alone is not protective
and that other components of the immune system also need to be stimulated.

O157:H7 infection may be immunosuppressive. Exposure of T lymphocytes
from blood or intraepithelial T lymphocytes to purified Stx1 or Stx2 decreased
their ability to divide in response to E. coli antigens. Because T lymphocytes
regulate many of the other components of the immune response, suppression
of T lymphocyte activity may allow the bacteria to successfully evade the host’s
immune response. Interestingly, immunization of calves with O157:H7 lacking
Stx2 generated a T lymphocyte response that also responded to O157:H7 con-
taining Stx2, a finding that may have relevance in vaccine design.

Diagnosis

Diagnosis with E. coli O157:H7 or other pathogenic bacterial strains may involve
1solating the bacteria in a person’s stool if this test is performed within the first
several days of infection. O157:H7 bacteria do not ferment sorbitol, unlike
the vast majority of other E. coli strains. For diagnostic purposes, stool samples
should be inoculated onto sorbitol-MacConkey agar, on which the bacteria
grow as colorless colonies. O157:H7 also do not have B-glucuronidase activity
and test negative in the fluorogenic 4-methylumbelliferyl B-D-glucuonide assay:.
Several immunological test kits are also available that use antibodies to detect
the presence of various strains of E. coli, allowing the determination of the cor-
rect causative agent.

The association of some O157:H7 clades with greater pathology in humans
led to the suggestion that phylogenetic testing to identify single-nucleotide poly-
morphism (SNP) loci may allow determination of the specific clade type that
1s infecting a given individual. These molecular tests are rapid and inexpensive
and may have prognostic value, suggesting which persons are at highest risk for
developing HUS and guiding treatment options. Such testing may also be useful
in predicting the potential severity during outbreaks, particularly those involving
children, as in infections acquired from contaminated water or food in school
systems or in day care centers.



FIGURE 7.2 Inoculation of bacteria from a fecal sample onto
an agar plate for isolation

Source: CDC/Dr. Kokko.

Treatment

Most individuals infected with EHEC: survive if they are able to remain hydrated.
Treatment for those with watery diarrhea includes maintenance of fluid and elec-
trolyte balance. Antibiotics such as TMP-SMX fluoroquinolones are not beneficial
and may be detrimental in that they kill the bacteria, releasing more Shiga toxin and
increasing the risk of serious renal complications. Antidiarrheal drugs should also
be avoided. HUS is treated by blood transfusions and kidney dialysis in an intensive
care unit. In most people, however, illness usually resolves in five to ten days.

Prevention

O157:H7 is very acid-resistant; 95% of the bacteria survive for one hour in syn-
thetic gastric fluid (pH 1.5). The bacteria also survive refrigeration and freezing
of contaminated food and drink but may be killed by proper cooking. Several
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simple means of preventing disease have been suggested. One important method
1s to cook meat properly, especially ground meat such as hamburger, so that the
internal temperature is 68°C (155°F) (the center is no longer pink and the juices
are clear). Care should be taken when purchasing hamburgers from restaurants
to ensure that the meat has been sufficiently cooked. All cutting boards, bowls,
and utensils that have come in contact with raw meat should be cleansed with
detergent. Wooden instruments and cutting boards are hard to disinfect prop-
erly because they may sequester bacteria away from cleaning agents. I'ruits and
vegetables need to be washed with soap. Irradiating food may decrease disease
incidence without compromising taste or nutritional value. To reduce the trans-
mission of fecal material to food, one should always wash one’s hands prior to
meal preparation and after using the restroom. Infected persons should not be
employed to handle food or care for children or patients until at least two nega-
tive fecal samples have been collected.

Unpasteurized milk or fruit juices may transmit pathogenic E. coli strains.
Pasteurization may alter juice taste or affect its vitamin content. Recent work has
attempted to find other ways to decrease bacterial survival in juices that avoid
these undesirable effects. The addition of the natural antimicrobial phenolic
compounds carvacrol and p-cymene, derived from essential oils of oregano and
thyme, decreased survival of O157:H7 in chilled unpasteurized apple juice from
19 days to undetectable levels within one to two days. These and other phenolic
compounds are already in use as flavoring agents in baked goods, beverages,
and chewing gum.

To avoid acquiring pathogenic E. coli from water, one should avoid drink-
ing or swimming in unchlorinated water. Babies should not be allowed to enter
swimming pools unless they are wearing properly fitting swimming diapers.

Another method for preventing human infection with EHEC strains is to
decrease bacterial growth in the cattle or sheep hosts or their fecal matter. Fiber
content of feed may affect the rate of passage and clearance of . coli through
the ruminants’ digestive tract. Growth of E. ¢coli O157:H7 in rumen fluid of
sheep was decreased when the fluid was derived from sheep that were fed a diet
containing some grains (50% wheat and 50% hay) in comparison with rumen
fluid from sheep receiving a diet of 100% hay. In fecal suspensions, bacterial
growth was blocked by the presence of a probiotic strain of Lactobacillus acidophi-
lus. Administration of other probiotic bacteria reduced fecal shedding and con-
tamination of the hides of naturally or experimentally infected cattle and lambs,
both of which may lead to contamination of meat during processing. Treatment
with probiotic bacteria also boosted the average daily weight gain and gain-to-
feed ratio of lambs, indicating that animal health was not adversely affected by
the treatment. Dietary alterations and supplementation with lactic acid bacteria
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PREVENTION OF E. COLI INFECTION

Food Preparation
e Cook meat to an internal temperature of 155°.
e Clean surfaces and utensils in contact with raw meat.
e Clean fruits and vegetables with soap.
¢ Irradiate food.
e Pasteurize milk and juice.

e Add natural phenolic compounds to juices.

Other Means of Decreasing Infection in Humans

e Wash hands prior to food preparation and after using the restroom.

e Don’t drink or swim in unchlorinated water.

Decreasing Infection in Cattle and Sheep

* Increase fiber content in feed.

e Administer probiotics.

may thus reduce the numbers of pathogenic E. coli organisms to which humans
are exposed and improve herd health.

Surveillance

Surveillance efforts have revealed a steady decrease in the number of cases of
human infections with O157:H7 in the United States since 2002. One recent
study found that the frequency of the more highly pathogenic clade 8 strains,
however, greatly increased from 10% in 2002 to 46% in 2006. Continuing sur-
veillance efforts may need not only to determine the . coli strain but also to
identify the clade.

Surveillance studies also track O157:H7 numbers in domestic animals. A
large study of over 27,000 cattle in feedlot pens in Canada between 2003 and
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2004 used sampling devices prepared from manila ropes. These devices revealed
that 48% of the pens were contaminated and that pens varied greatly in the
prevalence of contaminated fecal matter (0% to 80%) and animal hides (0% to
30%). Such information could be useful in reducing contamination of meat dur-
ing processing if animals from pens determined to contain a high prevalence of
infection were to be processed after animals from low-prevalence pens, followed
by thorough cleansing of the equipment. These studies are also being conducted
to determine what pen conditions lead to high prevalence of infection, including
temperature, dry versus muddy floors and bedding, humidity, number of animals
per pen, and water cleanliness.

New methods are needed to detect the presence of pathogenic E. coli in
tap water, river water, and irrigation water in order to more accurately deter-
mine contamination of drinking water and to survey environmental infection.
One problem is the difficulty of assessing numbers of bacteria that are viable
but not able to be cultured (VBNC). In one recently described method, bac-
teria were captured on a membrane, followed by extraction and purification
of RNA and reverse transcription-PCR plus detection of O157:H7 7foE and
JliC genes by electronic microarray. This method was able to detect as few as
three to four colony-forming units (CFU) per liter in tap water, 7 CFU per
liter in river water, and 50 VBNC per liter of river water without detecting
nonviable, nonpathogenic bacteria. This represents the best level of detec-
tion for VBNC bacteria in environmental water and is important because
these organisms can still produce Stx and may be reactivated under certain
circumstances.

Summary

Diseases

e Hemorrhagic colitis  * Hemolytic uremic syndrome
e Thrombotic thrombocytopenic purpura

Causative Agent

* Enterohemorrhagic E. coli O157:H7 strain
Agent Type
* Gram-negative coccoid bacterium

Genome
e (Circular, double-stranded DINA
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Vector

¢ None

Common Reservoirs

* (attle, sheep, humans

Modes of Transmission

e Orally via fecal-contaminated food, drink, objects, or water ingested during
swimming

Geographical Distribution

*  Worldwide

Year of Emergence
« 1982

Key Terms

0157:H7 Enterohemorrhagic strain of £. coli that may cause hemorrhagic colitis
and hemolytic uremic syndrome

Attaching and effacing lesions Digestive tract lesions induced by the . coli
O157:H7 intimin protein, which disrupts intestinal epithelium by attaching to it
and destroying microvilli

Bacteriophages Viruses that infect bacteria
Enterohemolysin E. coli O157:H7 plasmid-encoded protein that lyses eryth-
rocytes, leading to hemorrhagic colitis

Enterohemorrhagic E. coli (EHEC) Pathogenic strains of E. coli that pro-

duce Shiga toxin and carry a plasmid encoding several virulence factors; includes
the O157:H7 strain

Escherichia coli A common commensal bacterium found in the guts of
humans and some other mammals

EspB Secreted E. coli O157:H7 protein that induces transduction in the host cell
via protein tyrosine phosphorylation

EspP Scrine protease that cleaves human coagulation factor V; found in £. coli

O157:H7

Hemolytic uremic syndrome (HUS) Disorder resulting from a digestive sys-
tem infection that produces toxins that destroy red blood cells and damage the kid-
neys; may be caused by enterohemorrhagic E. coli, Shigella, or Salmonella infection
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Hemorrhagic colitis Severe cramping abdominal pain, grossly bloody
diarrhea with little to no fever, and marked edema of portions of the colon

Locus of enterocyte effacement (LEE) genes Group of genes from some
types of pathological E. coli that encode virulence factors associated with estab-
lishing infection in the digestive tract

Plasmid Circular DNA found in some bacteria that are not part of a bacterial
chromosome

Shiga toxins Also known as Vero ¢ptotoxins; toxins in several pathological strains
of E. coli that are homologous to a cellular toxin from . dysenteriae type 1 bacteria

Thrombotic thrombocytopenic purpura (TTP) Blood disorder in which
blood clots form in small blood vessels throughout the body, leading to a reduc-
tion in platelet numbers, bleeding beneath the skin, and purple-colored spots

(purpura)

Review Questions

1. Briefly describe hemorrhagic colitis and hemolytic uremic syndrome.

2. What are the functions of the Shiga toxins and the LEE genes?

3. What are two ways in which the transmission of O157:H7 to humans from
meat may be decreased? What are two ways to decrease transmission to
humans from vegetables or fruit juices?

4. Why are antibiotics not commonly used to treat O157:H7 infection?

5. Other than bacterial chromosomal DNA, what are two other kinds of DNA
that carry virulence factors in E. coli O157:H7?

Topics for Further Discussion

1. Probiotic (“good”) bacteria that inhibit the growth of potentially pathogenic
bacteria and fungi are widely available in drugstores for consumption by the
general public. These probiotics decrease survival of E. coli O157:H7 in calf
and lamb feces. Research the use of probiotic bacteria to prevent human
infection by pathogenic E. coli. What are the potential drawbacks to this
preventive approach?

2. Stx-containing strains of O157:H7 are able to decrease the ability of cattle
T lymphocytes to grow in culture. Vaccination with various £. coli proteins
produces a vigorous IgG1 antibody response but this antibody provides little
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to no protection against infection of cattle or shedding of infectious bacteria
in their feces. What implications might this suggest for the development of
human vaccines against this strain?

3. Outline strategies to decrease human disease associated with O157:H7 that
involve (a) bacterial survival in cattle and sheep, (b) transmission to humans
by contaminated feces or animal hides, (c) transmission to humans through
the use of cattle manure as a fertilizer or its introduction into irrigation
water, and (d) bacterial ability to colonize and survive in the human diges-
tive tract.

4. Vaccines not only kill pathogenic microorganisms but also inactivate their
toxins (as is the case with vaccines that produce antibodies to tetanus toxin
or diphtheria toxin). Discuss how a similar vaccine might be developed to
induce antibodies to Stx or other virulence factors of E. coli O157:H7 and
how such antibodies might also protect against diseases caused by other gut
bacteria that produce similar sorts of toxins.

Resources

Brandl, M. T. “Plant Lesions Promote the Rapid Multiplication of Escherichia coli O157:H7
on Postharvest Lettuce.” Applied and Environmental Microbiology, 2008, 74, 5285-5289.

Brandl, M. T., and Amundson, R. “Leaf Age as a Risk Factor in Contamination of
Lettuce with Escherichia coli O157:H7 and Salmonella enteric.” Applied and Environmental
Macrobiology, 2008, 74, 2298-2306.

Chaucheyras-Durand, E, Madic, J., Doudin, F, and Martin. C. “Biotic and Abiotic
Factors Influencing In Vitro Growth of Escherichia coli O157:H7 in Ruminant Digestive
Contents.” Applied and Environmental Microbiology, 2006, 72, 4136-4142.

Griffin, P. M., and Boyce, T. G. “Escherichia coli O157:H7.” In W. M. Scheld, D. Armstrong,
and J. M. Hughes (eds.), Emerging Infections (Vol. 1). Washington, D.C..: ASM Press, 1998.

Hoffman, M. A., and others. “Bovine Immune Response to Shiga-Toxigenic Escherichia
coli O157:H7.” Chnical and Vaccine Immunology, 2006, 13, 1322-1327.

Kisko, G., and Roller, S. “Carvacrol and p-Cymene Inactivate Escherichia coli O157:H7
in Apple Juice.” BMC Microbiology, 2005, 5, 36—44.

Liu, Y., Gilchrist, A., Zhang, J., and Li, X.-F. “Detection of Viable but Nonculturable
Escherichia coli O157:H7 Bacteria in Drinking Water and River Water.” Applied and
LEnvironmental Microbiology, 2008, 74, 1502-1507.

Manning, S. D., and others. “Variation in Virulence Among Clades of Escherichia coli
O157:H7 Associated with Disease Outbreaks.” Proceedings of the National Academy of
Sciences, 2008, 105, 4868—4873.

Renter, D. G., and others. “Detection and Determinants of Escherichia coli O157:H7 in
Alberta Feedlot Pens Immediately Prior to Slaughter.” Canadian Journal of Veterinary
Research, 2008, 72, 217-227.



m EMERGING INFECTIOUS DISEASES

Steinberg, K. M., and Levin, B. R. “Grazing Protozoa and the Evolution of the Escherichia
colt O157:H7 Shiga Toxin-Encoding Prophage.” Proceedings of the Royal Society, B, 2007,
274, 1921-1929.

van Diemen, P. M., and others. “Subunit Vaccines Based on Intimin and Efa-1
Polypeptides Induce Humoral Immunity in Cattle but Do Not Protect Against
Intestinal Colonisation by Enterohaemorrhagic Escherichia coli O157:H7 or O26:H-.”

Veterinary Immunology and Immunopathology, 2007, 116, 47-38.

Whittam, T. S., McGraw, E. A., and Reid, S. D. “Pathogenic Escherichia coli O157:H7:

A Model for Emerging Infectious Diseases.” In R. M. Krause (ed.), Emerging Infections.

San Diego, Calif.: Academic Press, 1998.



CHAPTER 8

HELICOBACTER PYLORI,
ULCERS, AND CANCER

LEARNING OBJECTIVES

e Define peptic ulcers, chronic gastritis, intestinal metaplasia, and
gastric adenocarcinoma

Describe the bacilli responsible for causing these illnesses

Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

Discuss potential methods of treatment

Discuss methods of prevention
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Major Concepts

Infection

Helicobacter pylor: 1s a spiral-shaped, mobile, gram-negative bacillus with two
to seven flagella. These bacteria inhabit the human gastric mucosa, like the
Campylobacter species they resemble. The bacteria produce a powerful urease
enzyme that increases stomach pH by degrading urea into ammonia and car-
bonic acid, as well as several virulence factors. Other Helicobacter species also
inhabit humans. These include H. cinaedi and H. fennelliae from the intestines or
blood of homosexual men with proctitis, colitis, or HIV infection; infections with
these bacteria result in bacteremia, fever, leukopenia and thrombocytopenia.
H. westmeadu 1s also found in the blood of HIV-positive individuals. H. pullorum,
H. canis, and H. rappin: from chickens, cats, dogs, sheep, and mice cause diarrhea
in humans as well.

Diseases

Infection with H. pylori is associated with several gastrointestinal (GI) tract dis-
eases. Most persons with gastric or duodenal ulcers, chronic gastritis, intestinal
metaplasia, gastric adenocarcinoma of the distal stomach, and gastric MALT
lymphoma are infected with these bacteria. Treatments that eradicate the organ-
1sms decrease gastritis and ulcers and lower the risk of developing gastric malig-
nancies. In contrast, due to H. pplor’s ability to increase gastric pH, infection
appears to lower the chances of developing GERD, Barrett esophagus, and the
highly pathogenic adenocarcinoma of the lower esophagus.

Immune Response

H. pylort infection promotes transit of neutrophils and lymphocytes into the
gastric mucosa, where they produce several immune mediators, including Th1-
related cytokines, chemokines, inflammatory cytokines, and regulatory cyto-
kines. Regulatory cytokines may decrease protective immunity to the extent
that the host is unable to completely eliminate the bacteria, resulting in lifelong
infection. Vaccine attempts have been largely unsuccessful when tested in phase
I clinical trails, but some promising work has been reported in the mouse model
of infection. Protection in these animals is associated with the induction of
Thl immunity.
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Setting

H. pylori is one of the most common bacterial species that infects humans, and
it has done so for over 50,000 years. Developing areas of the world have high
rates of infection, and colonization usually occurs during childhood. Persons
from developed nations have much lower rates of infection that increase with age.
Persons colonized early in life are more likely to develop gastric symptoms, while
those infected later in life are more likely to present with duodenal ulcers instead.
Infection rates and gastric diseases are decreasing in developed areas but not in
developing regions. Socioeconomic factors such as crowding, proper hygiene, and
access to treatment help determine prevalence in a given population. Within a
given geographical area, the incidence of infection may differ greatly; this is true
for the Native Alaskans and Canadian First Nation communities in comparison
with the Caucasian population of the regions.

Protection

Bacteria are usually eradicated by a combination of agents that suppress acidity,
a bismuth compound, and several antibiotics. While highly effective, the cost of
such treatment may be not be affordable by many persons in developing regions.
Research is being conducted to determine the utility of less costly and more
readily available alternatives in the form of neutraceuticals.

Introduction

Helicobacter pylori bacteria have inhabited the stomach mucosa of men,
women, and children throughout the world since before the emergence of the
human species from Africa. They are currently one of the most prevalent micro-
organisms of humans and are responsible for the majority of peptic ulcers and
gastric cancer, yet they were not isolated until 1982 and their role in disease was
not acknowledged until 12 years later after much dissention from the medical and
scientific communities. In developing nations, most people are colonized with
these bacteria before the age of 10 years, and 70% to 90% of the people are
eventually infected. In developed countries, the rate of infection is much lower
(20% to 50%) and increases with age. Colonization of children in developed
countries (currently approximately 10%) is believed to have been more common
several decades ago (40% to 60%) because infection rate has been linked to
socioeconomic conditions—infection is higher among individuals living in larger
families or crowded conditions, those raised in poorer or less hygienic conditions,
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smokers, and those who consume less fruit, and such conditions are less common
in developed areas now than in the past. In developed nations, however, groups
with higher incidence of infection persist, including Native Alaskans in the
United States. Once infected, people usually remain infected throughout their
lives unless treated or unless severe chronic gastritis occurs, killing the bacteria.
H. pylori infection is classified as emerging not because of its actual entry into the
human population but rather due to our relatively recent discovery of the link
between these bacteria and a variety of gastroduodenal diseases.

History

In 1875 and 1889, spiral bacteria were discovered in gastric ulcers and gastric
aspirations and a potential role in causing peptic ulcers was first postulated.
These and other findings of similar bacteria in gastric mucosa of dogs, cats, and
monkeys were largely ignored, however, until 1979 and 1982 when two Australian
researchers began the lengthy process of altering long-held views concerning gas-
tric disease. At that time, infection with the spiralbacteria was suggested to lead
to gastric disorders by Robin Warren, and following up on this hypothesis, the
bacteria were successfully cultured and isolated by Barry Marshall. The bacteria
were initially named Campylobacter pyloridis but were reclassified as Helicobacter
pylori in 1989. Although Marshall and Warren’s work presented strong evidence
that the bacterial infection caused conditions such as chronic gastritis and peptic
ulcers, the scientific community preemptively rejected their findings because
they contradicted conventional knowledge that taught that ulcers were due to
stress and dietary factors and urged bed rest and bland food for ulcer sufferers,
treatment modalities that did nothing to prevent ulcer recurrence. The validity
of their claims was eventually proved by human volunteers ingesting the spiral
bacteria and subsequently contracting peptic ulcers that were later cured by
the eradication of the bacteria. In 1994, Marshall and Warren’s claims were
substantiated by the National Institutes of Health, and persons throughout the
world suffering from peptic ulcers and chronic gastritis were able to be cured by a
relatively quick and simple treatment regimen. The dedication of these scientists
in the face of firm opposition by most physicians and researchers has improved
the quality of many persons’ lives. In recognition of their efforts, Warren and
Marshall received the Nobel Prize in Medicine or Physiology in 2005. Recently,
additional members of the Helicobacter genus have been discovered in domestic
animals. Several of these species also infect humans’ stomach, intestines, gallblad-
der, and blood and are associated with gastrointestinal diseases, leading to the
suggestion that infection of animals may lead to zoonotic transmission to humans.
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H. pylori infection was also found to cause cancers, such as distal gastric
adenocarcinomas and gastric MALT lymphomas. Eradication of H. pylori in
Alzheimer’s disease patients was also found in one study to lead to increased
cognitive and functional status two years later. Infection has been suggested to
play a causal role in a subset of individuals with autoimmune thrombocytopenic
purpura as well because antibodies against the bacteria’s urease B protein are
cross-reactive with a glycoprotein found on human platelets and inhibited the
aggregation of these cells. Interestingly, the bacteria have also been postulated to
play a protective role against the development of gastroesophageal reflux disease,
Barrett esophagus, and adenocarcinoma of the lower esophagus.

The Diseases

Almost all persons infected by H. pylori develop chronic gastric inflammation;
however, many never develop any corresponding symptoms. Other infected
persons do suffer from one or more upper abdominal disorders.

Peptic Ulcer Disease

The origin of peptic ulcer disease has long been a matter of contention.
Certain peptic ulcers are known to be caused by aspirin and other nonsteroidal
anti-inflammatory drugs, excessive alcohol use, or other illnesses such as Crohn’s
disease or Zollinger-Ellison syndrome. But the cause of approximately 80% of
ulcers was unknown until it was discovered that H. pylori bacteria were almost
always present in such ulcers. Eradication of the bacteria dramatically decreased
the rate of ulcer recurrence, which had been greater than 30% in the first year
in patients continuing acid-suppressive therapy without killing the bacteria.
Most people who are infected with H. pylor: (90% of those in developed
regions) do not develop peptic ulcers. Ulcers occur more readily in individuals
infected by cagA™ strains of H. pylori and strains that produce more vacuolating
cytotoxin (described in the discussion of the causative agent). Environmental and
genetic factors also affect the chances that an infected person will develop an
ulcer. These factors include cigarette smoking, having blood type O, and certain
major histocompatibility class II antigens. Ulcer location may be a function of
age of infection, for people living in developing regions where colonization gen-
erally occurs during childhood tend to produce gastric ulcers, whereas people
living in developed regions where colonization occurs later in life have a higher
prevalence of duodenal ulcers. Alterations in gastric acid production may lead to
the production of duodenal gastric metaplasia, in which the duodenal epithelium
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cells assume a more gastriclike morphology, enhancing the ability of H. pylori to
colonize this region. The presence of duodenal gastric metaplasia and infection
with H. pylori 1s associated with increased risk of developing duodenal ulcers.

Gastric Cancer

Chronic inflammatory responses directed against /1. pylor: lead to long-term
destruction of the normal gastric mucosal architecture (chronic gastritis) as
the gastric glands that secrete “gastric juice” are lost and replaced by fibrotic and
intestinal metaplastic cells differing in histological type (intestinal metaplasia).
The gastric glands are responsible for the secretion of the digestive enzyme pep-
sin, hydrochloric acid, intrinsic factor (required for vitamin B;, absorption and
red blood cell production), and the mucus that protects the mucosal cells lining
the stomach from acid-related damage. Chronic gastritis and intestinal metaplasia
increase the risk for gastric cancer by 5- to 90-fold, depending on their sever-
ity and the type of metaplasia. Individuals whose metaplastic cells are similar to
colon epithelium have a higher risk than those whose cells are similar to small
mntestinal epithelium. People infected with H. pylori are most likely to develop
the inflammatory conditions that cause gastric cancer, and infection with these
bacteria is linked to cancer of the distal stomach. Because of the link between
H. pylor: nfection and gastric cancer, the World Health Organization’s International
Agency for Research on Cancer classified these bacteria as a class I carcinogen

FIGURE 8.1 Gastric cancer

Source: CDC/Edwin P. Ewing.
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in 1994. As socioeconomic conditions have improved over the past six decades in
developed countries, the rate of infection with H. pplori and the prevalence of
gastric cancer have decreased from 30 cases per 100,000 persons per year to 5
cases per 100,000. Perhaps the decreasing incidence of H. pylori infection in devel-
oping countries will have a similarly positive effect on gastric cancer occurrence.
As with peptic ulcers, cagd" strains of bacteria cause more severe inflammation
and are associated with a higher risk for developing gastric cancer.

Stomach acidity may play a role in the development of gastric cancer.
H. pylori typically inhabits and causes cancer in the distal portions of the stomach
where the pH is in the range 5-6 because this region of the stomach is away from
the acid-producing parietal cells. If acid production is decreased by either the
use of acid-suppressive medications or destruction of parietal cells by atrophic
gastritis, the higher pH may allow /. pplori to inhabit more proximal portions
of the stomach or penetrate more deeply into gastric pits. Persons with gastric
ulcers have lower levels of acid production than those with duodenal ulcers and
have a fourfold higher risk of developing gastric cancer.

Gastric MALT Lymphoma

Gastric MALT lymphoma is the result of large numbers of lymphocytes
entering into the stomach and forming a solid mass. (MALT refers to mucosal-
associated lymphoid tissue—collections of immune cells in mucous-producing
regions, such as the Peyer’s patches of the intestine.) Lymphocytes are not typi-
cally found in the stomach mucosa in the absence of infection by bacteria such
as H. pylori. When these bacteria do infect the stomach, lymphocytes, usually B
cells, enter the gastric epithelium and form lymphoid follicles. This may form
the basis of the finding that almost all individuals with gastric lymphomas are
also infected by H. pylor: and that a one-week course of bacterial eradication
leads to a 70% rate of complete remission of the lymphoma.

Association with Other Diseases

HypertrophicProtein-Losing Gastritis Hypertrophic protein-losing gastritis
is characterized by chronic gastritis with giant folds in the stomach wall, protein
loss in the stomach, and hypoalbuminemia (low levels of albumin, the most
prevalent blood protein). Although the cause of this condition remains unknown,
treatment that eradicates 1. pylori leads to significant improvement.

Gastroesophageal Reflux Disease (GERD), Barrett Esophagus, and Adenocar-
cinoma of the Lower Esophagus Recent evidence suggests that the incidence of
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gastroesophageal reflux disease (GERD) and its complications of Barrett
esophagus and adenocarcinomas of the lower esophagus may be
decreased by H. pylori infection. During GERD, the acidified food or liquid
contents of the stomach travel backward into the lower esophagus, possibly
leading to irritation. Approximately 40% of the population of the Western world
experiences symptoms of GERD (heartburn, belching, nausea, vomiting, sore
throat, difficulty swallowing) in a given month. Barrett esophagus is a metaplastic
alteration of the esophageal epithelium that occurs in 10% to 20% of individuals
with GERD and is about twice as common in males as in females. Barrett
esophagus results from attempts to repair acid-induced damage to the
lower esophagus in which the normal esophageal lining of stratified squamous
epithelium is replaced by the more acid-resistant columnar epithelium, which
has a greater tendency to undergo malignant transformation. It is a predisposing
factor for adenocarcinoma of the lower esophagus, a particularly pathogenic
malignancy whose incidence is rapidly increasing in the United States. This
cancer has a poor prognosis, with a three-year survival rate of 20%. The recent
decrease in rates of H. pylors infection in developed countries has been paralleled
by an increase in the prevalence of adenocarcinomas of the lower esophagus.
Eradication of these bacteria also increases the incidence of GERD. The ability
of H. pylori to raise stomach pH by decreasing acid production together with the
activity of its urease enzyme (discussed further later in this chapter) may help
protect the host against GERD and its complications. Cagd" strains appear
to be most protective in decreasing incidence of Barrett esophagus and
adenocarcinoma of the esophagus.

The Causative Agent

Helicobacter pylori bacteria are highly mobile spiral or slightly curved gram-negative
rod-shaped bacilli that may round up into a more coccoidal form after prolonged
growth in culture or after antibiotic treatment. The coccoidal form is not able
to be cultured but is believed by some scientists to remain viable. This form has
been detected in water but not in food. H. pylori bear two to seven unipolar fla-
gella to propel them through the thick gastric mucus in which they reside. They
were originally grouped with the Campylobacter genus based on their location in
the gastrointestinal tract and their shape, motility, and ability to grow under
microaerobic conditions. Differences in rRNA sequences led to the creation of
the genus Helicobacter, which now contains at least 20 species derived from the GI
tract or the liver of humans, other mammals, or birds. /. cinaedi and H. fennelliae
(originally also designated as Campylobacter species) have been isolated from the
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intestines of homosexual men with proctitis, colitis, or HIV infection. Both of
these bacteria may also be present in blood, and /. cinaedi may inhabit joints
and soft tissues. /1. cinaed also infects chronic alcoholics and immunocompetent
men, women, and children and may lead to bacteremia, fever, leukopenia, and
thrombocytopenia. A new species, f. westmeadit, was cultured from the blood of
two HIV-positive individuals. Other Helicobacter species found in chickens, cats,
dogs, sheep, and mice—H. pullorum, H. canis, and H. rappini (Felxispira rappint)—
cause diarrhea in humans as well. H. rappini was isolated from several persons
with cellulitis, one of whom had developed this condition following a cat scratch.
H. bilis, from the intestines of rodents, cats, and dogs, as well as H. pullorum and
H. rappini, may reside in the human gallbladder. In contrast, /. pylori usually
infects only primates, although infection is seen in domestic cats on occasion.
H. hepaticus infection in mice is associated with hepatic adenomas and hepatic
adenocarcinoma.

H. pylori 1s rarely detected outside of the stomach mucosal layer except
in metaplastic gastric lesions in the esophagus, duodenum, jejunum, or much
farther down the GI tract in the rectum. These bacteria are able to survive in
the harsh, highly acidic pH of the stomach interior thanks to the production
of a very potent urease enzyme. Urease breaks down the waste product urea
into ammonia and carbonic acid. Ammonia, which is itself a very weak acid,
nevertheless is much more basic than the gastric environment and thus increases
the pH while serving as a nitrogen source for bacterial growth. Other Helicobacter
species infecting the intestines of humans may lack this enzyme. Two other spe-
cies, H. felis and H. hetlmannui (Gastrospirillum homanis), have been detected in human
gastric tissues. These organisms also have urease activity. Infection with the lat-
ter bacterium is associated with gastritis, gastric ulcers, and gastric lymphoma.

Table 8.1 Helicobacter species associated with human disease

Bacterial Species Location Disease or Symptoms

H. pylori Stomach Peptic ulcers, gastric cancer,
gastric MALT lymphoma

H. cinaedi Blood, joints, soft tissues Proctitis, colitis

H. fennelliae Blood Proctitis, colitis

H. pullorum Gallbladder Diarrhea

H. canis Unknown Diarrhea

H. rappini Gallbladder Diarrhea, cellulitis

H. heilmannii Stomach Gastritis, gastric ulcers,

gastric lymphoma




170

EMERGING INFECTIOUS DISEASES

Different strains of H. pylori show a large range of genetic diversity because
some of the conserved genes (genes found in most species) have a high rate of
point mutations, while other genes appear to be mosaics produced by the com-
bination of genes from several bacterial strains. Other factors that contribute
to genetic diversity include chromosomal rearrangements and insertions and
plasmids (extrachromosomal DNA). . pylori bacteria are competent; that is, they
are able to take up DNA from other bacteria from their external environment.
Some bacterial strains also contain nonconserved DNA fragments, such as the cag
pathogenicity island, a 35-kilobase segment with around 20 genes, including the
cagA and picB genes. PicB encodes a type I secretion protein that induces gastric
cells to secrete the chemokine interleukin-8. The cagd gene is the cytotoxin-
associated gene, a potent virulence factor. Infection with cagA” strains increases
the risk for developing severe chronic gastritis, gastric cancer, and peptic ulcers.
These strains compose 40% to 60% of the U.S. and European isolates but may
account for greater than 80% of the strains in developing nations. VacA is also
found in only some H. pylori strains and contains both conserved and diverse
regions, leading to mosaic structures that differ greatly in the levels of production
of the vacA vacuolating cytotoxin. VacA induces vacuolization of the hosts’ cells,
and the amount of toxin corresponds to the severity of gastritis or risk of peptic
ulcer disease. Another gene that has variant forms is the ice4 gene, and infection
with an wed/ strain is associated with a greater risk for developing a duodenal
ulcer. Lipopolysaccharides of the bacterial outer membrane contain Lewis anti-
gens, which are identical to those found on human red blood cells and epithelial
cells. CagA™ strains generally express higher levels of Lewis antigens than cagA
strains. Studies that correlate genetic variation occurring among bacterial strains
with strain distribution suggest that humans were infected with H. pylori prior to
their emergence from East Africa between 50,000 and 70,000 years ago.

The exact modes of bacterial transmission are unclear because colonization
1s usually not detected during the acute stage but rather later in the course of
infection. Transmission has been reported by contact with vomit during mouth-
to-mouth resuscitation and ingestion in a laboratory setting. Infection rates are
higher among gastroenterologists and nursing personnel and patients in institu-
tions that care for the mentally disabled. One potential route of transmission is
oral to oral, as may occur when mothers chew food for their infants. Although
the bacteria may occasionally be found in saliva and dental plaque, dentists are
not at high risk of infection. Because H. pylori have been found in contaminated
water and in the feces of children with diarrhea, a second potential route is
oral-fecal transmission via water or vegetables treated with infected “night soil.”
Transmission has also been shown to occur iatrogenically, through the use of
contaminated endoscopes or pH electrodes.
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The Immune Response

In response to the presence of bacterial antigens in the distal regions of the stom-
ach, phagocytic cells—mneutrophils and monocytes—accumulate in the gastric
mucosa during the acute phase of infection. This enhances epithelial perme-
ability, leading to acute damage to this layer. Blood monocytes are better able
to kill A. pylori than the tissue macrophages are. The inflammatory reaction
continues later during the course of infection as lymphocytes enter the area. Thl
responses predominate, with increasing production of interferon-y and IL-12
but no change occurs in the levels of the Th2 cytokines IL-4 and IL-5. IFN-y
serves as a growth factor for gastric epithelial cells, which express a receptor for
this cytokine. IL-12 serves to drive Thl types of immune responses. Bacterial
neutrophil-activating protein appears to be responsible for driving Th1-mediated
inflammation and inhibiting Th2 responses both in vitro and in vivo. Levels of
IL-8, a chemokine that serves to attract neutrophils, is also elevated in the gastric
mucosa, as are the inflammatory cytokines IL-1f, IL-6, and TNF-o, and the
protective regulatory cytokine TGIF-y. Inflammation due to cytokines and infil-
tration of neutrophils and Thl helper lymphocytes appears to play a major
causal role in the subsequent gastric pathology. The bacteria additionally trigger
a vigorous antibody response.

The immune response triggered by the bacteria in the gastric mucosa does
not appear to confer long-term protection against natural infection, as the risk
of colonization is similar among persons who were never infected and those who
were cured of a previous infection. CD4" T helper cells are an important com-
ponent of protective host immunity. Gastric epithelial cells constitutively produce
the chemokines IP-10, Mig and I-TAC, which attract CD4" Thl cells into the
infected area. IFN-y together with TNF-a induce secretion of these chemokines.
Fragments of H. pylori are able to significantly reduce the production of IP-10
and Mig in response to IFN-y and TNF-a. Decreased trafficking of Thl cells to
the gastric mucosa may partially explain the lack of elimination of these bacteria
by the host immune response but may also serve in a beneficial capacity to limit
the severity of the gastritis, in that activated Thl lymphocytes acting together
with neutrophils are postulated to play a key role in triggering this condition.

The situation in the duodenal epithelium may differ from that occurring in
the stomach. Cytokine analysis reveals that persons developing duodenal ulcers
have lower levels of IFN-vy, TGF-3, and IL-8 in their normal duodenal epithelial
cells than asymptomatic persons infected by F. pylor.. Furthermore, those with
ulcers have a higher bacterial load. In the duodenal lamina propria, however,
H. pylori-infected persons have increased numbers of immune cells producing
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Table 8.2 H. pylori-induced changes in production
of cytokines and chemokines

Type of Inmune Molecule Cytokine or Chemokine Change in Production
Th1-like cytokine IFN-y, IL-12 T
Inflammatory cytokine IL-1B, IL-6, TNF-a T
Regulatory cytokine TGF-8 T
Chemokine IL-8 T

IP-10, Mig l

these cytokines and IL-6 in comparison with uninfected control persons. Those
with duodenal ulcers appear to have higher levels of TGF-B production than
the asymptomatic infected persons. The regulatory action of TGF-f often leads
to decreased production of other cytokines. This suggests that in individuals
who develop duodenal ulcers, cytokine down-regulation in the gut epithelium
occurred, permitting increased numbers of bacteria to survive and cause pathol-
ogy. Persons developing duodenal ulcers are reported to have higher levels of
Treg cells, which may lead to the decreased cytokine responses to H. pylori via
increased their secretion of TGF-B. Further evidence for the importance of this
regulatory cytokine in gastric disease 1s provided by findings that specific genetic
variants of the TGF-B gene are associated with precancerous gastric lesions
induced by H. pylor.

Diagnosis

Screening for infection with H. pylor: may be accomplished by invasive procedures
such as endoscopy or noninvasive methods. During the invasive procedures, a
sample of the gastric lining is obtained for morphological examination, detec-
tion of urease activity using commercially available kits, or for in vitro culture
of the bacteria. H. pylors may be cultured in either specific solid or liquid media,
such as brain-heart infusion agar plus horse blood, and may also require micro-
aerobic conditions with approximately 5% O,. These bacteria obtain maximal
growth at human body temperature (37°C, 98.6°F) and neutral pH unless urea
1s provided. They show strong urease, catalase, and oxidase activities, which
aid in their identification. The sugars glucose, pyruvate, succinate, and citrate
are not required for H. pylori growth, but certain amino acids (arginine, histi-
dine, isoleucine, leucine, methionine, phenylalanine, and valine) are necessary.
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The bacteria are typically resistant to the antibiotic agents trimethoprim, nali-
dixic acid, sulfonamides, and vancomycin, and sensitivity tests performed during
culture may establish whether a given isolate has developed any resistance to
additional antibiotics.

Noninvasive tests include assays for the presence of antibacterial antibod-
ies by ELISA, by urease breath testing, or by the stool antigen test. [gG ELISA
results range in sensitivity and specificity from 80% to 95%. In urease breath
testing, ’C- or "*C-labeled urea is ingested and the person’s breath is then tested
for the presence of radioactive CO, produced by the action of bacterial urease.
Sensitivity and specificity for the urease breath test are 94% to 98%. The breath
test 13, however, costly and may yield false-negative results if the individual is
using a proton pump inhibitor. The stool antigen test is a useful alternative, and
its results show a 94.7% concordance with those of the urease breath test. This
test is less expensive, is simpler to perform, and does not require overnight fasting.

In culture samples, Helicobacter may be mistaken for Campylobacter species.
These bacterial genera also share some immunological features, and antibodies
spectfic for H. pylort may cross-react with Campylobacter jejun:.

Treatment

Single-drug therapy is not useful in vivo, despite its efficacy in vitro. Treatment
regimens typically involve a combination of several drugs, including a means of
suppressing acidic conditions such as a proton pump inhibitor (omeprazole or
Prilosec) or a histamine H2 receptor blocker; a bismuth subsalicylate compound,
such as Pepto-Bismol; and one or more antibiotics, such as metronidazole,
amoxicillin, or tetracycline. The related species of Helicobacter that infect humans,
H. cinaedi and H. fennelliae, are susceptible to tetracycline, for the former, and
ciprofloxacin, doxycycline, gentamycin, rifampin, and sulfamethoxazole, for the
latter. The combination treatment is administered for two to four weeks and has
a 90% success rate in the eradication of H. pylori. Socioeconomic conditions and
presence of resistance to some antibiotics may affect the ability of a given popu-
lation to use some otherwise beneficial regimens. In Brazil, triple therapy using a
proton pump inhibitor together with the antibiotics amoxicillin and clarithromy-
cin for seven days has proved to be very efficacious in eradicating bacteria, has
high compliance rates, and has few problems with bacterial resistance. Its cost
(approximately $75), however, may restrict its usefulness in that nation because
it 1s not affordable by the majority of individuals or the public health system.
Given the difficulty of paying for effective antibiotic therapy regimens in parts
of the developing world, a great degree of attention has focused in recent years
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Table 8.3 Agents used in combination for the treatment
of H. pylori infection

Type of Agent Agents
Agents that | stomach acidity Proton pump inhibitor
Histamine H2 receptor blocker
Antibiotics Metronidazole
Amoxicillin

Clarithromycin

Tetracycline
Plant-derived antioxidants Tea polyphenols

Apple peel polyphenols

on potential beneficial roles of neutraceuticals derived from inexpensive, readily
available foods and beverages. A 2009 study found that high levels of extracts of
the tea plant, Camellia sinensis, which contains many biologically active antioxidative
polyphenols, are able to kill H. pylori in vitro and that lower amounts prevent pro-
duction of the urease enzyme necessary for bacterial survival in the harsh gastric
environment. Green tea extracts were more active than those of black tea. Another
2009 study reported that high-molecular-weight polyphenols from Granny Smith
apple peels also inhibit 1. pylori urease activity. Many other fruits and plant extracts
contain high levels of these potent traditional medicine compounds.

Prevention

Because the exact route of bacterial transmission is uncertain, precise preven-
tive measures are difficult to implement; however, some practices appear to have
reduced the infection rate among children in some areas of the world. Given
the link between low socioeconomic status and infection at an early age, efforts
should be made to increase sanitary conditions and reduce crowding. In the latter
part of the twentieth century, such improvements in general hygiene occurred
in developed nations, which also reported a corresponding decrease in H. pylort
mnfection during childhood and subsequent development of H. pylori—related
disorders, such as gastric cancer. To prevent iatrogenic transmission, all endo-
scopes, pH electrodes, and other medical devices entering the stomach need to
be thoroughly decontaminated.

Several attempts to produce useful vaccines have been disappointing in
phase I clinical trials, partially due to the need to establish strong mucosal
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protection, which often requires vaccine administration via a mucosal route. The
use of a recombinant urease vaccine incorporated into an attenuated Salmonella
vector did not provide strong immune reactivity when given by the oral route.
Several other potential vaccines, such as an oral whole-cell vaccine, were not
further pursued due to excessive side effects. A recombinant vaccine contain-
ing the bacterial proteins VacA, CagA and NAP in alum is more promising,
however, and has proved safe and strongly immunogenic. Protective immunity
appears to be produced by vaccine protocols that induce Thl rather than Th2
responses. Accordingly, protective vaccines in the mouse model appear to func-
tion via increased production of the cytokine IL.-17 or IL-12 or the presence of
antibacterial IgG1 or IgG2a antibodies in the blood. Mice that were not pro-
tected, however, had greater amounts of IgA in the blood and in Peyer’s patches
of the intestine. IL-12 and IgG antibodies are associated with a Thl immune
response, while IgA is associated with Th2 responses. Interestingly, protection in
these systems was obtained by vaccination via either the oral and intramuscular
routes or via the intramuscular route alone.

Whereas on the one hand, prevention of bacterial colonization or eradica-
tion of the bacteria from an infected person may reduce the risk of developing
peptic ulcer disease, gastric cancer, and gastric lymphoma, infection with H. pylor:
with its ability to raise gastric pH appears, on the other hand, to play a protec-
tive role against the likelihood of developing GERD or its serious complications,
such as Barrett esophagus and cancer of the lower esophagus. The potential
consequences of routine eradication of H. pylori should therefore be carefully
weighed before action is undertaken.

Surveillance

Incidence of H. pylori infection and gastric cancer is higher in developing areas
of the world. In Georgia, a developing nation with a postcommunist economy
in transition, more than 70% of the adults are infected and the rate of gastric
cancer 18 18 cases per 100,000 population, six to nine times higher than the
rate in the United States. In a study of persons undergoing upper endoscopy in
Georgia in 2003 to 2005, H. pylori was found in 78% of those with gastritis, 58%
of those with peptic ulcer, and 58% of those with dysplasia or gastric cancer.
Previous infection with H. pylori may have been even higher because the bacte-
rium requires gastric mucus to grow, and mucus produced by metaplastic and
neoplastic cells has been suggested to lack the ability to sustain bacterial growth.

In Canada, the overall rate of H. pylori infection in asymptomatic persons is
similar to that of other comparable developed nations. In a 2000 study conducted
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i Nova Scotia, seroprevalance for . pylori (percentage of the population with
antibacterial antibodies) was 21% for persons in their thirties and 50% for those in
their eighties. In a 2007 study, women under the age of 60 years are significantly
less likely to be infected than men (17.3% versus 29.4%, respectively), while among
persons over the age of 70 years, the infection rate is very similar (36.0% versus
38.7%). Certain population groups in Canada, however, have much higher infec-
tion rates. For example, 95% of a Manitoba First Nations community was infected,
including 67% of the children who were under the age of 2 years. Infection rates
were also higher among individuals with lower levels of education and income.
Interestingly, infection rate dropped as moderate levels of alcohol consumption
mncreased and rose as antacid consumption increased. This may be due to the
antibacterial effects of moderate levels of alcohol and to increased stomach pH
providing more favorable growth conditions for the bacteria, respectively.

RECENT DEVELOPMENTS

High rates of iron deficiency anemia were found to occur among Native Alaskans
in the 1950s, despite the availability of adequate iron in the diet. This anemia
was later determined to result from the presence of blood in the stool. This blood
loss was linked in 1997 to chronic gastritis resulting from infection by H. pylori
(99% of this population with iron deficiency anemia had gastritis due to bacterial
infection). Rates of infection among Native Alaskans range from 32% in children
under the age of 4 years to 86% among adults over the age of 20. Rates were
higher among rural inhabitants than among people residing in urban areas and in
those with young children in the household. The infection rate among nonnative
Alaskans, by contrast, was 23%, similar to that found in other areas of North
America. Many of the bacterial isolates taken from Native Alaskans were found
to have antibiotic resistance—33% were resistant to clarithromycin and 48% to
metronidazole. This correlated with high rates of disease recurrence among Native
Alaskans following standard regimens for the elimination of H. pylori. Studies of
the prevalence of ulcers and gastric cancer among Native and nonnative Alaskans
are being planned.

HIV-positive persons in China have a rate of H. pylori infection far lower than
that of the general population (16.5% versus 47.1%). Different rates of infection
were also found during different stages of HIV disease progression, with higher
rates occurring in asymptomatic persons than in symptomatic persons and those
with AIDS. The presence of severe immunosuppression in the gastric mucosa
during advanced stages of HIV infection was postulated to be responsible for
decreased bacterial infection.




HELICOBACTER PYLORI, ULCERS, AND CANCER @k

Summary

Diseases

e Chronic gastritis * Peptic ulcers ¢ Distal gastric adenocarcinomas
e Gastric MALT lymphomas

Causative Agent

e Helicobacter pylont

Agent Type

e Spiral, gram-negative bacillus

Genome

« DNA

Vector

¢ None

Common Reservoir

¢  Human stomach

Mode of Transmission

* Unclear; may occur during mouth-to-mouth resuscitation and via
contaminated endoscopes or pH electrodes

Geographical Distribution

*  Worldwide

Year of Emergence

* Bacteria discovered in 1982 and postulated to play a causal role in peptic
ulcer formation; causal role accepted in 1994

Key Terms

Adenocarcinoma of the lower esophagus Cancer of the esophagus with
poor prognosis; often associated with prior GERD and Barrett esophagus

Barrett esophagus Metaplastic alteration of the esophageal epithelium,
which is a predisposing factor for adenocarcinomas of the esophagus

Chronic gastritis Prolonged inflammation of the mucosal lining of the stom-
ach; often due to infection with H. pylorn:
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Gastric cancer Malignancy of the stomach lining; most frequently, adeno-
carcinoma; incidence is linked to infection with F. pylor:

Gastric MALT lymphoma Cancerous growth of lymphoid cells in the
stomach; may be due to infection with H. pylor:

Gastroesophageal reflux disease (GERD) Condition in which acidified
stomach contents travel backward into the lower esophagus

Helicobacter pylori Gram-negative, spiral, rod-shaped bacterium that
colonizes the gastric mucosal layer and 1s responsible for chronic active gastritis,
peptic ulcers, distal gastric adenocarcinomas, and gastric lymphomas

Hypertrophic protein-losing gastritis Disorder characterized by
chronic gastritis with giant folds in the stomach wall, gastric protein loss, and
hypoalbuminemia

Intestinal metaplasia Replacement of cells of the stomach or esophagus
(stratified squamous epithelium) with cells resembling histological types usually
found in the intestine (simple columnar epithelium)

Peptic ulcer disease Erosion of the lining of the stomach or the duodenum,
usually attributable to infection with H. pylor

Review Questions

1. Other than H. pylor, what species of Helicobacter infect humans, what part of
the human body do they inhabit, and with which diseases are they associated?

2. How does H. pylori infection differ between developing and developed regions
of the world? Why does this occur, and what effect does this have on disease?

3. What type of bacterium is H. pylors?

How are H. pylori bacteria transmitted?

b

5. How is H. pylor: infection treated?

Topics for Further Discussion

1. Thl but not Th2 immune responses are induced by infection with H. pylori
and appear to be needed for protection after successful vaccination of mice.
Discuss why the immune response in most persons appears to be largely inef-
fective, leading to lifelong infection of the host. Play particular attention to
the role of Treg cells and TGF-(.

2. Infection with H. pylori is often pathogenic but has been associated with posi-
tive effects on human health as well, such as decreasing the risk of developing
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GERD, Barrett esophagus, and adenocarcinoma of the lower esophagus.
Other, more contested findings suggest that /. pylori may decrease asthma.
Discuss ways in which live or dead bacteria or isolated bacterial compo-
nents might be used to aid human health without the risk of pathogenic
side effects.

3. Combination therapy that uses several antibiotics is efficacious in eliminating
H. pylori from human gastric mucosa but is often too costly to be beneficial
to the individuals in developing regions among whom the infection rate is
highest. Tea extracts, which contain many potent bioactive polyphenols such
as epigallocatechin gallate (EGCG), and apple peel polyphenols were shown
to have antibacterial activity against H. pylor: as well as other bacteria and
some viruses, including HIV-1. Search for other polyphenolic compounds
from foods or beverages that kill microbes. Explore the mechanisms by which
they kill the bacteria or viruses.

4. In the United States and Canada, Native Alaskans and First Nations com-
munities have a higher rate of infection with H. pylori than surrounding
population groups. What might explain this discrepancy? Suggest other eth-
nic or geographical populations in North America that may also have higher
incidence of infection. Search the scientific literature to determine whether
studies have been conducted on these groups and the findings of such studies.
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CHAPTER 9

LEGIONNAIRES" DISEASE
AND PONTIAC FEVER

LEARNING OBJECTIVES

Define Legionnaire’s disease and compare and contrast it with
other severe respiratory illnesses

Describe the bacteria responsible for causing the illness
Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

Discuss potential methods of treatment

Discuss methods of prevention
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Major Concepts

Symptoms

In 1976, a frightening new severe respiratory illness emerged during a meeting
of the American Legion in Philadelphia, Pennsylvania, that was later named
Legionnaires’ disease and was found to result from a bacterial infection. In its
early stages, Legionnaires’ disease is characterized by low-grade fever, head-
ache, decreased energy, myalgia, and loss of appetite. Later symptoms include
high fever, chills, cough, difficulty breathing, chest pain, vomiting and diarrhea,
abdominal pain, rigor, and delirium. Infection often leads to a form of pneumo-
nia that may be responsible for 15% to 30% of the cases of pneumonia treated
in intensive care units. The causative bacteria may cause wound infections,
pericarditis, endocarditis, and kidney impairment. A much milder, self-limiting
form of infection is Pontiac disease, a flulike disease with fever, chills, headache,
fatigue, myalgia, nausea, and a dry cough. This disorder is believed to be the
consequence of an allergic response to dead bacteria.

Infection

Legionnaires’ disease is caused by infection with bacteria of the genus Legionella of
the y-2 subdivision of the family Proteobacteria, most commonly L. pneumophila and
less often L. longbeachae. The bacteria are non-spore-forming, gram-negative rods
with flagella. Forty-eight species of Legionella are known, and at least 20 of these are
human pathogens. The bacteria have a complex life cycle that involves infection
of freshwater protozoa and human monocytes and macrophages. They may also
exist in biofilms. L. pneumophila inhabit natural and artificial water sources, includ-
ing lakes, rivers, air-conditioning cooling towers, water-heating units, showerheads,
grocery store misting machines, humidifiers, hot tubs, whirlpools, ventilators, and
nebulizers. Infection results from inhalation of aerosols and sprays generated by
these sources. Smokers and persons with respiratory illness are at higher risk for
developing disease because they are less able to prevent aspiration of infectious
droplets. Infants using respiratory equipment are also vulnerable. L. longbeachae
may be acquired via cutaneous exposure to contaminated potting soil.

Immune Response

The innate and adaptive immune responses act in a cooperative manner to defend
against infection with Legionella. The bacteria infect predominantly macrophages,
triggering the toll-like receptors, which in turn stimulate the cells to produce the
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cytokine IL-12. IL-12 induces production of IFN-y by Thl helper cells. IFN-y
activates macrophages to generate reactive oxygen species that kill intracellular bac-
teria. The bacteria attempt to evade death by decreasing host production of IFN-y.

Protection

Legionnaires’ disease is typically treated by either erythromycin or an azithro-
mycin type of drug. Tigecycline is also protective in animal models. Treatment
1s usually effective if begun promptly. Preventive measures include stopping the
smoking of cigarettes, wearing a HEPA-filtered mask when cleaning or collecting
water samples from cooling towers, rinsing respiratory equipment with sterile
rather than distilled water, and raising water temperature at the fixtures. Water
sources containing the bacteria are often difficult to decontaminate but may
be subjected to heat-and-flush treatment; chlorine, monochloramine, or ozone
treatment; UV radiation, or copper-silver electrode ionization.

Introduction

In 1976, a mysterious and sometimes lethal respiratory disease struck the city
of Philadelphia, generating fears of widespread infection of unknown cause.
That same year saw the reappearance of a strain of HINI influenza virus,
antigenically similar to the virus responsible for the Spanish influenza epidemic
of 1918, which left tens of millions of people dead throughout the world. The
year also witnessed the appearance of another frightening and often fatal viral
disease, Ebola hemorrhagic fever, in two unrelated outbreaks in Zaire (today’s
Democratic Republic of Congo) and Sudan. The Philadelphia respiratory out-
break was later named Legionnaires’ disease and was found to result from
exposure to Legionella species bacteria. These bacteria are also responsible for the
mild, self-limiting Pontiac fever. Approximately 90% of Legionella exposures in
the United States appear to involve Legionella pneumophila; this may be an
overestimation because most diagnostic tests are specific to that particular spe-
cies. In some outbreaks, a portion of infected individuals develop Legionnaires’
disease and the remainder experience Pontiac fever. In the United States alone,
more than 25,000 cases of Legionnaires’ disease occur annually, resulting in
8,000 to 18,000 hospitalizations and more than 4,000 deaths. Although large
outbreaks do occur (approximately 11% of cases), most incidences of this disease
involve only a person or two. A preponderance of cases of the disease (90% to
98%), however, are believed to remain undetected. Since 1980, an annual aver-
age of around 350 cases have been reported to the CDC.
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History

The first reported occurrence of Legionnaires’ disease was July 21-24, 1976, in
the Bellevue Stratford Hotel in Philadelphia. At that time, the hotel was hosting
a meeting of the Pennsylvania branch of the American Legion. A total of 221
people became ill with bacterial pneumonia, two-thirds were hospitalized, and
34 (15%) died. The incidence of disease correlated with the amount of time
spent in the hotel lobby.

Serological data available from a 1966 outbreak of acute pneumonia in a
psychiatric hospital in Washington, D.C., were later found to record antibodies
to the bacteria linked to Legionnaires’ disease. That outbreak involved 94 cases
with 16 deaths, for a fatality rate of 17%. Even earlier, a “rickettsia-like agent,”
solated in 1947, was later shown to be the Legionnaires’ disease bacterium.

More recently, a series of outbreaks occurred between July and October 1993
in Massachusetts (11 persons, 3 deaths), a state prison in Michigan (17 persons,
1 death), and Rhode Island (17 persons, 2 deaths), all of which were associated
with cooling towers from which L. pneumophila serogroup 1 was cultured. This
serogroup 1s the one most commonly recovered from the environment. Overall,
Legionella bacteria may be cultured in up to 40% of cooling towers. In July and
August 1994, the New Jersey State Department of Health informed the CDC
of 14 cases of Legionnaires’ disease (and another possible 28 cases) in persons
who had recently sailed to Bermuda on the cruise ship Horizon. This was the
first report of Legionnaires’ disease from a cruise ship docking in a U.S. port.
Whirlpool usage correlated with the development of illness, and Legionella was
cultured from a sand filter used for recirculation of whirlpool water.

Many cases of Legionnaires’ disease are acquired by nosocomial transmis-
sion. Two hospitals (in Arizona and Ohio) were found in 1996 to have sustained
transmission of this pneumonia for an extended period of time. In the Arizona
hospital, 16 definite cases of Legionnaires’ disease (resulting after ten days of
continuous hospitalization for a nonpneumonia illness) and 9 possible cases
occurred between 1987 and 1996. Most of the patients had received either a
heart-lung or bone marrow transplant (76%), and the others were either
immunocompromised or had a chronic illness; 48% died during their hospi-
talization. L. pneumophila serogroup 6 was cultured from taps and showers in
the patients’ rooms, from droplets small enough to be inhaled from air samples
of the showers, from a carpet-cleaning unit from the transplant unit, and from
the hospital’s hot-water distribution system and water softeners. In the Ohio
hospital, 9 definite cases and 29 possible cases of Legionnaires’ disease were
identified between 1989 and 1996. Of these, 39% had a chronic medical condi-
tion and another 34% were immunocompromised; 16% were inpatients on the
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psychiatric ward, and 29% died during their hospital stay. Nonpsychiatric
cases were more likely to have received medication by nebulizer; however, only
40% were medicated by this route. This equipment was at times rinsed with
tap water between doses. L. pneumophila serogroup 1 was cultured from both the
psychiatric and nonpsychiatric buildings’ hot-water distribution systems, includ-
ing potable water samples. Several rounds of decontamination were required to
stop the nosocomial transmission at both hospitals.

The Diseases

Legionnaires’ Disease (Legionellosis)

Many persons with confirmed exposure to Legionella species seroconvert but
nevertheless remain asymptomatic. Other persons develop Legionnaires’
disease, a severe multisystem disorder, an important feature of which is
pneumonia. Approximately 2% to 5% of people exposed to the responsible
Legionella species subsequently develop this disease manifestation. It is not
uncommon, however, being found in 15% to 30% of pneumonia cases in
intensive care units. After infection, an incubation period of two to ten
days ensues. Early symptoms include low-grade fever, headache, decreased
energy, myalgia, and loss of appetite. Subsequently, a high fever of 38.9°C to
40°C (102°F to 104°F), chills, productive or nonproductive cough, difficulty
in breathing, chest pain, vomiting and diarrhea, abdominal pain, and rigor
occur. Other manifestations include confusion, delirium, and dyspenia. In
many cases, pneumonia results. Legionella-induced pneumonia is clinically
indistinguishable from forms of pneumonia arising from other sources. Chest
X-rays are inconclusive as well; however, alveolar infiltrates occur at higher
frequencies in individuals with Legionnaires’ disease. L. prneumophila has also
been associated with wound infections, pericarditis, endocarditis, and kidney
impairment.

Fatality rates typically range from 5% to 30% in this form of Legionella
infection. While even healthy people may present with this disease manifesta-
tion, the populations at greatest risk are smokers, heavy drinkers, the elderly
and the immunosuppressed (including transplant recipients and individuals with
cancer, diabetes, and kidney disease), and patients with chronic obstructive pul-
monary diseases. In nosocomial infections (about 23% of the total number of
cases), fatality rates approach 40%. Procedures associated with Legionella infection
include heart-lung or bone marrow transplants and rinsing respiratory equip-
ment, such as nebulizers, with tap water.
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FIGURE 9.1 Bilateral pulmonary infiltrates during
Legionnaires’ disease

CASE 64
8/3/76

Source: CDC.

Pontiac Fever

Most people (90% to 95%) exposed to L. pneumophila develop Pontiac fever
rather than Legionnaires’ disease. Pontiac fever is a mild, self-limiting illness
without symptoms of pneumonia. The incubation period ranges from hours to
three days. Spontaneous recovery occurs after two to five days. No deaths have
been reported from this form of the disease.

Pontiac fever manifests as a flulike illness in normally healthy people. Its
symptoms include fever, chills, headache, fatigue, myalgia, nausea, and a dry
cough. Pontiac fever is associated with exposure to dead Legionella bacteria and
may result from allergic responses to them.

The Causative Agent

The Bacteria

Legionnaires” disease is caused by live bacteria of the genus Legionella of the
v-2 subdivision of the family Proteobacteria. 'The bacteria are non-spore-form-
ing, gram-negative motile rods with lateral or polar flagella. Some 48 species
encompassing 70 serogroups of Legionella are currently recognized; 20 species
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FIGURE 9.2 Legionella pneumophila bacilli

Source: CDC/Margaret Williams, Claressa Lucas, and Tatiana Travis.

(39 serogroups) are known human pathogens. Most cases of Legionnaires’ disease,
however, result from infection with L. pneumophila serotype 1, isolated in 1977.
As early as 1943, Hugh Tatlock isolated strains of Legionella, using procedures
designed for Ruckettsia. In 1954, Wincenty Drozanski isolated a Legionella species
from free-living soil bacteria. The organism most closely related to Legionella
is Coxzella burnettii, another bacterial pathogen that causes Q fever.

Legionella bacteria are intracellular parasites of freshwater protozoa (14
amoeba species, 2 species of ciliated protozoa, 1 species of slime mold) that
live in artificial or natural warm-water systems with temperatures of 25°C to
42.2°C (77°F to 108°F). They grow best at 35°C to 45°C (95°F to 113°F). The
bacteria were detected by polymerase chain reaction (PCR) in 80% or more of
the tested freshwater sites. In aquatic systems where the water temperature is
artificially elevated, the balance between protozoa and bacteria is altered, with
ensuing rapid bacterial growth. Increasing numbers of such systems over the
past half century have made Legionella-induced illness, once extremely rare, much
more common. Construction projects have also been sites of disease outbreaks
as changes in water pressure led to descalement of plumbing systems. The bac-
teria similarly multiply within mammalian phagocytic cells, although such hosts
are opportunistic. Most Legionella species survive within biofilms. One such
biofilm contains Pseudomonas aeruginosa, Rlebsiella pnuemoniae, Flavobacterium, and
the amoeba Hartmannella vermiformis. The presence of the amoeba appears to be
required for Legionella growth in this system.
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FIGURE 9.3 Scanning electron micrograph demonstrating the

association of Hartmannella vermiformis amoebas with Legionella

pneumophila on a potable water biofilm containing Pseudomonas
aeruginosa, Klebsiella pneumoniae, and Flavobacterium

Source: CDC/Janice Carr.

Several genes of Legionella encode virulence factors involved in host cell infec-
tion. One such gene is mip, which codes for a 24 kilodalton homologue of FK506-
binding proteins. M is required for infection of both amoebas and human
phagocytic cells. Other such genes belong to the type IV secretion system of
the Dot/Icm loci. Their products help in the transfer of plasmid DNA between
bacteria by conjugation. Other genes are involved in bacterial survival and growth,
such as plE | pilD, mak, mil, and pmi that produce proteins found in bacterial flagella,
kill macrophages, and allow infection of human and protozoan host cells.

Water systems producing aerosols, sprays, or mists are of health concern
because human infection occurs by inhaling the aerosols or aspirating con-
taminated water, as during choking. Droplets smaller than 5 micrometers are of
greatest concern, as they can reach the depths of the lungs. The bacteria are
then phagocytized by alveolar macrophages, where they multiply and lyse the
host cells. Smokers and individuals with respiratory illness may be defective in
mechanisms to prevent aspiration. Nosocomial disease occurs in children and
newborns following surgical procedures or using contaminated ventilators. In
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RECENT DEVELOPMENTS

Legionella bacteria grow either as intracellular parasites of amoebas or phago-
cytic cells of humans or as members of mixed-species colonies in biofilms.
Biofilms are assemblages of bacteria encased within extracellular polymeric
matrices adhered to surfaces or phase boundaries. Residing in such an adherent,
hydrated, structured community confers survival advantages, including anchor-
age in favorable locations, protection from biocides and detergents, and avoid-
ance of desiccation. One species of Legionella was found growing under such
extreme conditions as a pH 2.7 geothermal stream in Yellowstone National Park.

A recent study examined how growth conditions affected the composition
and growth properties of Legionella in biofilms attached to several types of sur-
faces. Out of 38 tested species of Legionella (including both L. pneumophila and
L. longbeachae), L. pneumophila was by far the best able to form biofilms on
surfaces such as glass, polystyrene, and polypropylene. This may at least partly
explain why this species is the most common cause of human infection. At 37°C
or 42°C (human body temperature or higher, which may be encountered in
environments such as hot-spring spas or cooling towers during the summer),
the bacteria took a form similar to mycelial mats and were composed of mul-
tinucleated filamentous cells, whereas at 25°C, the bacteria were rod-shaped.
The filamentous forms most likely result from nuclear replication without cell
division. Upon being placed in media, these forms rapidly give rise to many
rod-shaped bacteria. Legionella bacteria also produce filamentous forms in
situations of physiological stress, such as exposure to antibiotics or nutrient
limitation, where cell division is disrupted. At 37°C or 42°C, bacteria grew best
on glass or polystyrene surfaces; growth was best on polypropylene surfaces at
25°C (near room temperature). Mats formed at higher temperatures are also
thicker, spread wider, and grow more rapidly.

a 1998 report of 264 hospitals surveyed in the United Kingdom, the United
States, and Canada, 12% to 70% contained L. pneumophila in their water systems.
Person-to-person transmission, however, has yet to be reported.

A greater health hazard is posed by warm-water systems containing areas
of water that is stagnant, such as side-arm and dead-leg piping, that resists
hyperchlorination, thermal disinfection, or ionization; that has a pH of 5.0 to
8.5; or that contains amoebas, biofilms, scaling, or sediment. Hot-water tanks
(particularly those set at lowered temperatures), whirlpools, hot tubs, shower
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heads, humidifiers, tap water faucets, air-conditioning system cooling towers, ice
machines, and grocery store misting machines may all host the bacteria, provid-
ing conditions necessary for human infection. The fact that Legionella bacteria
are associated with building air-conditioners means that disease outbreaks occur
most often in the summer and early fall. Of note, these bacteria do not inhabit
window or auto air-conditioning systems. Nosocomial transmission shows no
seasonal pattern.

In Australia, Japan, and parts of the northwestern coast of the United States,
infections have been acquired from open areas of skin coming into contact with
contaminated potting soil. In most of those cases, the responsible agent was not
L. pneumophila but rather L. longbeachae, although one case of disease was
caused by L. pneumophila acquired from nursery soil. Between 1990 and 1999,
some 37 incidences of L. longbeachae infection in the United States were reported
to the GDC. The first such cases arising from potting soil occurred in Oregon,
California, and Washington in May and June 2000. In Australia, 73% of tested
potting soils contained this species; in Japan in 1998, this figure was 47%. All
soils thus far from Europe and the United Kingdom have tested negative for the
presence of L. longbeachae.

Legionella Life Cycle

Infection of freshwater protozoa (described here for the amoeba Hartmannella
vermufornus) 1s initiated by bacterial attachment to filopodia (hairlike projections)
on extended amoebic trophozoites. This process involves, in part, tyrosine dephos-
phorylation of a 170-kilodalton homologue of an Escherichia coli lectin that may
function as the Legionella receptor. Several bacteria enter a single amoebic vesicle
via receptor-mediated endocytosis. They subsequently begin to multiply. The
infective forms of the bacteria are small, are motile due to the presence of flagella,
and have smooth walls and many inclusions of B-hydroxybutyrate; by contrast,
multiplicative forms are larger and nonmotile due to the loss of their flagella and
have rumpled walls and little B-hydroxybutyrate, if any. After multiplication, bac-
teria either lyse the host cell, leading to their release, or remain within the now
encysted amoeba. It has been proposed that depletion of the host cell’s amino
acids then occurs, resulting in greater amounts of 3',5'-bispyrophosphate. Levels
of the stationary-phase factor o RpoS increase, initiating expression of stationary-
phase genes. The resultant proteins in turn aid in the infection of additional host
cells. Flagellin expression appears to be necessary for this process as well.
Human phagocytic white blood cells, monocytes, macrophages, and neu-
trophils also host Legionella species. Entry of the bacterium into host cells occurs



LEGIONNAIRES’ DISEASE AND PONTIAC FEVER _

via phagocytosis involving a three-component system, including the complement
receptors CR1 and CR3. Actin polymerization is required for this process. The
bacterium then resides within a unique type of phagosome that does not acidify
as normally occurs, protecting the bacterium from death from low pH. A devel-
opmentally regulated component of the bacterial membrane temporarily inhibits
fusion of the host cell’s lysosome with this phagosome. Since lysosomes contain
strong digestive enzymes that normally degrade microbes trapped in phagosomes,
the internalized bacteria are now able to safely multiply. These early phago-
somes do not express alkaline phosphatase, major histocompatibility antigens I
or II, the transferrin receptor, Rab 7, LAMP-1, or cathepsin D. After four to six
hours, the phagosome associates with the host’s rough endoplasmic reticulum.

Host cell death and bacterial release follow. For the amoebic host cell,
death occurs by necrosis and involves pore formation. Infected phagocytic cells
undergo apoptosis, a form of programmed cell death, before necrosis. In either
case, newly produced infective forms of the bacteria are then released to seek
out new host cells to continue the cycle.

The Immune Response

The immune response plays an active role in Legionella infection. High levels of
inflammatory cytokines are produced after infection with virulent but not aviru-
lent bacteria. Other immune cell products, by contrast, are protective. IgG2a
antibodies from B lymphocytes protect mice from secondary infection following
challenge. The cytokine IFN-y, derived from the Thl subset of CD4" T helper
cells and natural killer cells, is also involved in disease resolution by stimulat-
ing macrophages to inhibit L. pneumophila replication and to kill the bacteria
residing within them. The inflammatory cytokine TNF-a acts in concert with
IFN-y. The macrophage-derived cytokine IL.-12 is important in this process in
that it helps stimulate the production of IFN-y by Thl cells. Given the role of
IL-12 in IFN-y production, this cytokine is important for disease resolution.
Interestingly, leukocytes from patients with Legionnaires’ disease were less able to
produce IFN-y upon stimulation with IL-12 and lipopolysaccharide. The latter
1s a component of the cell walls of gram-negative bacteria that stimulates the
immune response. White blood cells from these persons were able to respond
normally to exogenous (added) IFN-y, however. This suggests that persons with
active disease have a reduced ability to produce the protective Thl cell cytokine
IFN-vy but would be able to respond to this cytokine if it were present.
Alveolar macrophages (specialized macrophages that dwell in the air sacs of
the lungs) undergo a respiratory burst following phagocytosis of Legionella bacteria,
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inducing the production of toxic reactive oxygen species. Several of these oxi-
dative compounds work together to kill the bacteria; the compounds include
superoxide and hydrogen peroxide, as well as the powerful hydroxyl radical gener-
ated by the metal-catalyzed interaction of these molecules. IFN-y stimulates the
respiratory burst in macrophages, promoting bacterial killing. Decreased levels of
this cytokine may thus allow the bacteria to survive and replicate in these cells.

Several toll-like receptors (TLR) or associated molecules on cells of the
innate immune system help to recognize Legionella bacteria and to stimulate a
protective host response. TLR2 on macrophages and dendbritic cells is involved in
recognition of L. pneumophila and activating the innate immune cells. This recep-
tor recognizes bacterial peptidoglycans, lipoproteins, and lipopeptides. The TLR
adapter protein MyD88 works together with TLR9 to stimulate both innate and
adaptive immune responses to the bacteria by triggering cells to produce IL-12.
TLRY recognizes bacterial DNA and blocking its activity using chloroquine
inhibits production of IL.-12 by macrophages and dendritic cells.

Diagnosis

As noted earlier, pneumonia associated with Legionnaires’ disease may be detected
by chest X-ray, however this technique does not reveal which bacterial species is
responsible. Several other techniques may more precisely determine the involve-
ment of Legionella. The first of these involves bacterial isolation in culture from
respiratory secretions (sputum, bronochial alveolar lavage), serum, and lung biopsy
and stool samples. The correct nutrients must be present for growth to occur.
Legionella bacteria form white colonies on buffered charcoal-yeast extract agar.
They use amino acids as a carbon source and require supplemental L-cysteine.
Most test positive for catalase and B-lactamase and liquefy gelatin. They do not
reduce nitrate and test negative for urease and carbohydrate utilization.

Other diagnostic tests employ detection by antigen-antibody reactions.
Some of these tests search for the presence of antibodies in serum. One such
commonly used technique is indirect fluorescent-antibody assay (IFA). The U.S.
version uses antigens prepared from L. pneumophila serogroup 1, Philadelphia 1,
while the European version uses L. prneumophila serogroup 1, Pontiac 1 instead.
A rapid microagglutination test is also used to a great extent in Europe. ELISAs
additionally detect the presence of IgG, IgM, and IgA antibodies against
Legionella. These assays require the testing of paired serum samples collected
three to six weeks apart. The urine antigen tests detect bacterial antigen in
urine samples and are more commonly used currently. Radioimmunoassay (RIA)
was used initially to test urine samples, but this was later replaced by ELISAs.
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FIGURE 9.5 Colony isolation on buffered charcoal-yeast
extract (BCYE) agar

Note: The dish in photo 1 lacks antimicrobial agents—only a few Legionella bacteria
are present along with many other bacterial colonies. The dish in photo 2 contains
the antibiotics polymixin B, anisomycin, and vancomycin—many Legionella colonies
are present as well as those of several other bacterial species. The dish in photo 3
also contains glycine—the colonies are almost exclusively Legionella.

Source: CDC.

The immunochromatographic membrane assay was developed more recently
and 1s similar to home pregnancy tests. Most of these serum and urine tests are
both rapid and accurate for L. preumophila serotype group 1 but not sensitive
for other Legionella species or serotypes, potentially failing to detect as much as
40% of the cases of Legionnaires’ disease. The CDC in Atlanta has, however,
developed a series of antisera that recognize all known Legionella species and
subtypes for use in a slide agglutination assay. A broad-spectrum ELISA has also
been developed to recognize a larger number of Legionella species.

PCR analysis has the potential to spot all infections caused by Legionella
species. Several of these tests have been developed and recognize random DINA
sequences, or the 5S rRNA, 16S rRNA, or the mip genes. Samples that have been
successfully analyzed by PCR include respiratory secretions, nasopharyngeal
swabs, white blood cells, urine, and serum.
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FIGURE 9.6 Fluorescent antibody staining to detect
the presence of L. pneumophila

Source: CDC/William Cherry.

Table 9.1 Diagnostic techniques for Legionnaires’ disease

Type Diagnostic Method Sensitivity® (%) Specificity® (%)
Culture Culture 60 ~100
Serology Slide Agglutination Test N.D. N.D.
Direct Fluorescent Antibody 25-75 >95
Rapid Microagglutination Test 80 97-99
IFA—U.S. 78-91 99
IFA—European 80 N.D.
ELISA N.D. N.D.
Urine Antigen  ELISA 100 100
Testing
Radioimmunoassay 93 100
Enzyme Immunoassay 90 100
Immunochromatographic 80 97
Membrane Test
Nucleic Acid Polymerase 31-67 99
Testing Chain Reaction—rRNA

Note: N.D. = not determined.
*Proportion of positives that are accurately identified (i.e., false negatives avoided).
PProportion of negatives that are accurately identified (i.e., false positives avoided).
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Treatment

Due to the generalized antibiotic susceptibility of Legionella species , the mortal-
ity rate for Legionnaires’ disease declined during the 1990s. Drugs commonly
used belong to the macrolides or quinolones groups. Of these, erythromycin
was the drug of choice. Recently, however, azithromycin drugs have been found
to be more active in vitro and have fewer side effects. Azithromycin and fluoro-
quinolone and levofloxacin are FDA-licensed for use in Legionnaires’ disease.
Tigecycline is a novel glycyleycline antibiotic that is well tolerated in humans. It
1s nearly as effective as erythromycin and slightly less effective than azithromycin
against intracellular L. pneumophila in vitro. Interestingly, unlike erythromycin and
azithromycin, this drug is more active against other species of Legwnella than it
1s against L. pneumophila, suggesting that it may be particularly useful in treating
disease caused by infection with these less commonly encountered species. In the
guinea pig model of Legionnaires’ disease, tigecycline was able to prevent death
from pneumonia but was not able to clear the bacteria from the animal’s lungs.
In vitro data do not support the use of rifampin, doxycycline, or tetracycline, and
they are not recommended for the treatment of Legionnaires’ disease.

If treatment 13 begun promptly, the outcome is usually favorable, especially
in the absence of underlying illnesses. In individuals with compromised immune
responses, delayed treatment may result in prolonged illness or death. Even after
discharge from the hospital, many patients continue to experience fatigue and
difficulty in concentrating for months, but recovery is usually complete within
a year.

Prevention

Legionellosis 1s often a preventable disease. Three requirements are necessary
for human infection to occur: the presence of Legiwnella bacteria in an aque-
ous environment, bacterial numbers reaching a critical infectious number, and
transmission to a susceptible human via aerosol. First, one of the most effective
means of preventing the serious consequences of Legionella infection is to stop
smoking cigarettes. (Pipe and cigar smoking, with their lower levels of inhalation,
do not appear to be risk factors.) Cigarette smoking is the primary risk factor
in healthy people, increasing their risk of disease to 3.4 times that of nonsmok-
ers. Second, in order to reduce the chance of acquiring infection with Legionella
bacteria from cooling towers, it is prudent to wear a HEPA-filtered mask when
cleaning or collecting water samples from these structures. Third, several means
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exist for reducing infection by nosocomial routes. For persons using respiratory
equipment, rinses should be performed with sterile, not distilled, water. Hospitals
may need to raise water temperatures at the fixtures to 48.9°C (120°F) in spite
of the increased risk of scalding;

Several methods of water treatment are available that may temporar-
ily eliminate free-living bacteria. Heat-and-flush disinfection involves raising
water temperatures in hot water tanks beyond 60°C (140°), followed by flushing
through all outlets for up to 30 minutes. This may prove effective for weeks to
months. In one medical center in Taiwan, however, 66% of the intensive care
units were contaminated ten days after two rounds of heat-and-flush treat-
ment. High levels of chlorine (20-50 mg/L) may be added and flushed through
water systems for temporary disinfection; however, this is corrosive to copper
and steel pipes. Lower levels (1-2 mg/L) may be used continuously in drinking
water, but Legionella bacteria are known to survive 10 minutes in the presence
of 2.5 milligrams per liter of free chlorine. These lower levels are also of lim-
ited effectiveness against bacteria in biofilms. In a recent study of 96 buildings
in Florida, chlorine treatment was not as effective as monochloramine (20%
of sites colonized with Legionella versus 6%). Highly reactive chlorine dioxide
gas may also be dissolved in water and is active over a wide pH range. It func-
tions as an oxidizer but is not as harmful to piping as chlorine. It is active on
biofilms at concentrations as low as 0.2 milligrams per liter. The major obstacles
to its use are cost and the requirement for on-site generation.

Ultraviolet (UV) irradiation (250-280 nm) is used to damage bacterial DNA.
UV lamps act as point sources to rapidly kill bacteria in water flowing through
the unit. Suspended solids, biofilms, and scaling of the UV lens reduce the
effectiveness of this method. Ozone (1-2 ppm) is a strong oxidizer and may be
dissolved in water by a generator. It has a very short half-life, however, and may
damage piping. Ozone does not work well against bacteria in biofilms or living in
protozoa. Another option is to install copper-silver electrode ionization chambers
on hot-water lines. When current is applied, these positively charged ions are
released to bind to and disrupt negative sites on the bacterial membrane. Scaling
and pH levels greater than 8 reduce effectiveness of these chambers. They also
cannot be used on cold-water lines.

The following routine practices help decrease contamination of plumbing
systems with Legionella. Reduce or eliminate dead legs (dead-end pipes not eas-
ily flushed with water). Clean hot-water tanks at least once a year. Store hot
water at above 60°C (140°F), and set tap water temperature to 50°C (122°F) or
higher. Store and deliver cold water at less than 20°C (68°F). Flush the entire
water system regularly. Routine treatment of drinking water with biocides may
also be useful.
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Water treatment options to decrease
Legionella contamination

Method

Treatment

Drawbacks

Heat-and-flush
decontamination

High levels of chloride
Low levels of chloride
Monochloramine gas

Ultraviolet irradiation

Ozone

Copper-silver electrode

T water temperature in
hot-water tanks beyond
140°F; flush
30 minutes

Flush pipes with
20-50 mg/L

Add 1-2 mg/L to drinking
water

Dissolve in water

Pass water through units
with UV lamps

Use generator to dissolve
gas in water

Apply current to hot-water

Not always effective

Corrosive to copper and
steel pipes

Bacteria may survive in
biofilms

Cost-prohibitive; must be
generated on-site

Suspended solids, biofilms,
and scaling reduce
effectiveness

Short half-life, damaging to
pipes, limited activity in
biofilms

Scaling and high pH reduce

ionization chamber effectiveness; not useful

on cold-water pipes

pipes

Surveillance

The United Kingdom began its national surveillance program for Legionnaires’
disease in 1977, after the production of serological tests for the bacteria. By
1985, more than 1,200 cases were reported during investigations of outbreaks
in England and Wales. Between 1979 and 1985, some 129 to 209 cases were
reported per year, resulting in 11 to 37 deaths with an overall case fatality ratio
of 6% to 12%. Men were affected more than twice as often as women. Over
40% of the cases of disease occurred in persons over the age of 60 years, an
additional 27% occurred in those between the ages of 50 and 59, and few
infections occurred in those under the age of 20. Laboratory reports of infec-
tion peaked in September, particularly in the 37% of persons infected outside
of the United Kingdom. Many of the outbreaks were associated with hotels
or hospitals.

Recent surveillance efforts for Legionnaires’ disease have focused on rap-
idly identifying travel-associated cases using an extensive European surveillance
network. This has successfully linked cases to specific high-risk premises, such
as hotels. This network quickly communicates intelligence concerning suspected
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clusters and permits timely alerting of the travel industry and national control
and enforcement agencies in order to take prompt remedial actions. In 2005,
the U.S. Council of State and Territorial Epidemiologists produced a position
statement that recommended enhanced surveillance measures for Legionnaires’
disease, emphasizing diagnosis and reporting of confirmed travel-associated
cases within a seven-day time frame. They found that 23% to 35% of the cases
of Legionnaire’s disease in the United States during 2005 and 2006 were related
to travel. The CDC is notified of all cases of legionellosis through the National
Notifiable Diseases Surveillance System, which collects demographic informa-
tion such as the patients’ age and state of residence but not their travel history.
After 1980, states had the option of using a supplementary reporting system,
which collects information related to diagnostic testing, location of disease acqui-
sition (such as community or hospital), and travel.

Critical reviews of surveillance data indicate the wet cooling towers used
by industries as important sources of community-acquired legionellosis. Placing
data acquired from individual organizations in a large multiagency intelligence
pool may improve the development of strategic policies for long-term prevention
efforts. Such data may include the location, type, and state of maintenance of
cooling towers in addition to the occurrence of community-acquired cases
of Legionnaires’ disease. This information may be combined with molecular
bacterial-typing methods in order to pinpoint the source of outbreaks or spo-
radic cases. This may involve proactively asking local health authorities in areas
where wet cooling towers are in use to monitor the date of the last satisfactory
maintenance inspection.

Summary

Diseases

e Legionnaires’ disease ¢ Pontiac fever

Causative Agents

o Legionella pneumophila L. longbeachae

Agent Type

* Gram-negative motile rod form of the y-2 subdivision of the family
Proteobacteria

Genome

« DNA
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Vector

¢ None

Common Reservoir

¢ Amoebas

Modes of Transmission

* Inhaling aerosols or aspirating contaminated water from systems
producing aerosols, sprays, or mists, including hot-water tanks set at too
low temperature, whirlpools, hot tubs, showerheads, humidifiers, tap-water
faucets, air-conditioning system cooling towers, ice machines, grocery
store misting machines, ventilators, and nebulizers ¢ Contact with
contaminated potting soil

Geographical Distribution

* Temperate areas, including North America, Europe, Japan,
and Australia

Year of Emergence
* 1976

Key Terms

Biofilms Assemblages of bacteria encased in extracellular polymeric matrices
adhered to surfaces or phase boundaries

Legionella longbeachae Bacterium in potting soil that may cause
Legionnaires’ disease

Legionella pneumophila Most common causative agent of Legionnaires’
disease and Pontiac fever

Legionnaires’ disease Severe multisystem disorder resulting from infection
by Legionella species, often characterized by pneumonia

Pontiac fever Mild, self-limiting illness resulting from infection by Legionella species

Review Questions

1. What are the symptoms of Legionnaires’ disease?
2. What type of microbial agent causes Legionnaires’ disease? Briefly describe it.
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3. How might nosocomial or waterborne transmission of Legionnaires’ disease
be prevented?

4. What are the roles of IL-12 and IFN-y in immunity to Legionella pneumophila?

5. What types of cells or organisms are involved in the life cycle of Legionella?

Topics for Further Discussion

1. IFN-vy is a key to resolving infections with Legionella pneumophila. White blood
cells taken from infected persons produce lower levels of this cytokine than
cells from normal people upon stimulation with the macrophage cytokine
IL-12, however, but respond normally to added IFN-y. Discuss the potential
benefits of administering IFN-y directly to persons with Legionnaires’ dis-
ease. Research any known adverse effects of such IFN-y therapy, and include
this information in your discussion.

2. Infection with Legionella longbeachae may be acquired by exposure to potting
soil. Research the ingredients of potting soil, and discuss which of these may
harbor the bacteria. Because the route of transmission of this bacterial spe-
cies differs greatly from that of Legionella pneumophila, different areas of the
human body may host these bacteria. Research the location of L. longbeachae
in the body and any diseases with which it is associated.

3. To save money and fossil fuel resources as well as to prevent scalding,
homeowners are sometimes urged to lower the temperature of their water
heaters. Discuss the potential consequences of this action on human health,
particularly for households containing elderly persons, infants, or per-
sons with respiratory disorders, including asthma, chronic bronchitis, and
emphysema.

4. The year 1976 was an exceptional one for the emergence of infectious
diseases. In addition, many people died that year in massive flooding in
China. Discuss potential underlying climatic or geological causes for the
large number of human deaths in that year. Were these conditions linked
with the emergence or reemergence of other diseases in other years? Explore
whether any of these conditions were present during flu pandemic or plague
years.
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CHAPTER 10

PULMONARY TUBERCULOSIS
AND MULTIDRUG
RESISTANCE

LEARNING OBJECTIVES

e Define tuberculosis and describe the emergence of drug-resistant
forms of the disease

e Describe the mycobacterium responsible for causing this illness
® Discuss modes of infection

® Discuss the host’s response to infection

® Describe symptomatology and diagnosis

® Discuss potential methods of treatment

® Discuss methods of prevention
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Major Concepts

Incidence

Tuberculosis (TB) is an ancient enemy, plaguing humans for over 7,000 years and
affecting every region of the world. Some populations are afflicted more than
others, with socioeconomic factors playing a large role in disease prevalence in
that crowded living conditions and poor sanitation contribute to transmission
of the causative bacterium. Latin America, Africa, and Asia have high inci-
dence of infection. In the United States, residents of homeless shelters, migrant
farmworker camps, prisons, some nursing homes, mental health facilities, and
large urban centers have higher risk of infection. Infection is also more com-
mon among Hispanics and persons of African descent than among Caucasians.
Disease incidence dramatically decreased in the 1940s due to increased sanita-
tion, improved general health, higher socioeconomic status, and the discovery
of effective chemotherapeutic drugs. The victory was temporary, however, and
infection numbers rose again in the mid-1980s. Weakened immune status due
to the AIDS pandemic, combined with inadequate health care in many regions
of the world and the spread of drug-resistant strains of bacteria, contributed
to TB’s reemergence. Currently, 2 to 3 million deaths occur each year, making
TB the single leading infectious cause of death in persons older than 5 years.
One-third of humanity is latently infected with the TB bacilli—a huge reservoir
of potential bacterial transmission.

Symptoms

TB is typically acquired by inhaling bacilli found in small acrosolized respiratory
droplets produced when persons with active disease cough, sneeze, talk, laugh,
or sing. Oral transmission previously played a large role in the spread of disease,
but has greatly decreased due to declining numbers of infected cattle and routine
pasteurization of milk. Following airborne infection, bacteria enter the lungs,
are ingested by alveolar macrophages, escape destruction in the phagolysosome,
and multiply in the cell’s cytoplasm or extracellularly. The ensuing inflammatory
reaction causes immune cells to wall off the area, forming tubercles. Cells and
bacilli then disintegrate, forming a homogeneous, coagulated mass that may per-
sist for prolonged periods of time. The area is often encapsulated by collagenous
material, slowing bacterial growth and containing the infection, which then
passes into a latent form. In 5% to 15% of infected individuals, active disease
develops at some later time due to reactivation of formerly dormant tubercles.
The lesion’s center liquefies and oxygen-rich air may flow into the cavity, rapidly
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accelerating bacterial growth. Bacilli disseminate throughout the lungs and may
spread to other organs, including the lymph nodes, bones and joints, kidneys, or
brain. Symptoms of active TB are chronic cough, dull and aching chest pain,
coughing up of blood or sputum, shortness of breath, malaise, weakness and
fatigue, weight loss, loss of appetite, chills, fever, and severe night sweats. The
mortality rate of untreated active disease is 50%.

Infection

TB 1is caused by several species of mycobacteria, usually Mycobacterium tuber-
culosts, but M. bouvis, the M. avium complex (MAC), M. africanum, or M. microti
may also cause the disease. All these bacteria are nonmotile, noncapsulated,
non-spore-forming, acid-fast bacilli that prefer environments similar to alveolar
air. Mycobacteria are slow-growing organisms with a unique colony appearance
and unusual growth requirements in vitro.

Treatment and Resistance

Treatment of TB involves long-term administration of combination therapy
with drugs such as streptomycin, isoniazid, rifampin, pyrazinamide, para-
aminosalicylic acid, ethambutol, viomycin, kanamucin, or capreomucin. Drug
resistance rapidly arose, first to streptomycin and then to isoniazid and rifampin.
Mycobacterial strains resistant to both rifampin and isoniazid and sometimes
other drugs are designated as multidrug-resistant TB (MDR-TB). Rates of
MDR-TB increased sharply in the early 1990s due to the dismantling of public
health infrastructure, increased numbers of persons in homeless shelters or pris-
ons, the AIDS epidemic, inadequate infection control procedures in hospitals,
and poor practices in prescribing and compliance with anti-TB medications.
MDR-TB is now a global concern. Extensively drug-resistant TB (XDR-TB) 1s
also increasing in prevalence and is resistant to at least rifampin, isoniazid, one
of the second-line injectable drugs, and a fluoroquinolone. XDR-TB has a much
higher mortality rate than TB or MDR-TB.

Introduction

Tuberculosis (TB; also formerly known as consumption) has plagued human-
kind since antiquity. Once the leading cause of death in the United States, this
dreaded disease was dramatically curbed by the discovery of several new drugs
in the 1940s. The respite was short-lived, however, and in 1984, TB incidence
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began to increase again; greater than 25,000 cases were reported in the United
States in 1993. The AIDS pandemic and the consequent weakening of large
number of persons’ immunity have fueled this reemergence, and many TB cases
(57%) are found in California, Florida, Illinois, New York, and Texas, where HIV
infection rates are high. Throughout the world, 2 to 3 million TB-related deaths
occur annually and 8 to 12 million new cases are identified each year. It is cur-
rently the single leading cause of death due to infectious disease in individuals
over the age of 5 years. Approximately one-third of the world’s population is
thought to harbor latent TB infection.

TB strikes certain populations more commonly than others. The infection
rate in men is twice that in women. Crowded living conditions and poor sanita-
tion contribute to increased incidence of this disease. It is especially common
among persons living in homeless shelters, migrant farmworker camps, pris-
ons, and some nursing homes and mental health facilities. TB is particularly
problematic throughout Latin America, Africa, and Asia. In the United States,
residents of large urban centers are at high risk. In these areas, the infection
rate among Caucasians is lower than that among persons of Hispanic or African
descent. Socioeconomic factors play an important role, with the least affluent
members of society being the most vulnerable.

History

Throughout recorded history, tuberculosis has left its deadly mark. Human bones
dating to 5000 B.C. have shown infection. Egyptian mummies also show disease
manifestations. Hippocrates described a disease called phthisis (“wasting away”),
characterized by lung nodules that resembled the tubercles of TB, in 1000 B.C.
The major causative bacterium in humans, Mycobacterium tuberculosis,
was discovered by Robert Koch in 1882, and two additional species, M. bovis and
M. avium, were recognized by 1900. These also cause disease in cattle and birds.
Several other related atypical types of mycobacteria also causing lung disease
were discovered by the 1950s.

TB has left a trail throughout the history of the Western world; it was a com-
mon cause of death from the Middle Ages until the early 1800s. During the sev-
enteenth and eighteenth centuries, it is believed to have caused 20% to 30% of
the deaths in London. Brought to the Americas by European colonists, TB soon
wreaked havoc in the New World. In several large U.S. metropolitan areas, TB
infection was responsible for 300 to 400 deaths per 100,000 population between
1812 and 1880; the toll decreased to 245 per 100,000 in 1900, 119 in 1920,
69 in 1932, and just 5 in 1970. Much of the decrease in numbers of infected
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individuals and deaths, especially in developed areas, resulted from increased
sanitation, general health, and socioeconomic status followed by the discovery
of effective chemotherapeutic drugs. Incidence increased again in the 1990s due
in part to the AIDS pandemic, lack of adequate health care in portions of the
world, and increased prevalence of drug-resistant strains.

At various times in the nineteenth and twentieth centuries, sanatoriums
became popular among people who were able to afford them. Patients in these
mnstitutions lived for extended periods of time in isolation, receiving bed rest,
sunshine, and nutritious foods. Exposure to fresh, often cool, air was stressed,
and sanatoriums were therefore often located in alpine settings, where patients
sat outside covered with blankets. Mammoth Cave, with its chill environment,
once housed a sanatorium. In 1892, Hermann Briggs, the New York City health
commissioner, implemented a program to decrease TB in that city by reporting
cases, stressing proper disposable of lung discharges, and education.

TB influenced and affected many aspects of human history. In the arts, the
heroines of La Bohéme and Moulin Rouge suffered from this disease. Dostoevski’s
Crime and Punishment and Upton Sinclair’s Jungle both featured TB. A number
of prominent people succumbed to this infection, including Frédéric Chopin,
Henry Thoreau, John Keats, Emily Bronté, Elizabeth Barrett Browning, Robert
Burns, Alexander Pope, Cardinal Richelieu, John Calvin, Andrew Jackson,
Eleanor Roosevelt, Alexander Graham Bell, and Louis Braille.

The Disease

Although TB is usually associated with infection of the lungs, it may attack any
part of the body. Because this disease generally relies on airborne transmission,
bacteria settle initially in the lungs and may later spread via the circulatory sys-
tem to other organs, such as the kidneys, lymph nodes, joints, spine, or brain.
Transmission usually occurs by inhalation of aerosolized droplets containing the
causative species of mycobacteria. Such droplets are produced by individuals with
active lesions when they cough, sneeze, talk, laugh, or sing. Those droplets con-
taining viable bacilli, which are only a few micrometers in diameter, may remain
suspended in the air for up to 30 minutes. Only a few bacteria are needed to initiate
mnfection via this route. Larger particles tend to deposit in the upper respiratory
tract and are often expelled. Other means of transmission are currently much less
common, and the bacteria are readily killed by drying or exposure to sunlight.
These characteristics inhibit the usefulness of mycobacteria as bioterrorist agents.
Crowded living conditions and poor hygienic practices, including failure to cover
one’s mouth when coughing or sneezing, facilitate transmission. Transmission via
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the oral route through the ingestion of cow’s milk was far more common in the past
until tuberculosis in cattle was brought under control and milk was routinely pas-
teurized. Infection via this route requires ingestion of a large number of bacteria.

Once in the body, bacilli travel to the alveoli of the lungs, where some are
phagocytized by alveolar macrophages and multiply in their cytoplasm. Other
bacteria multiply outside the cells. Infection induces an inflammatory reaction,
and the alveoli fill up with fibrin, additional macrophages, and neutrophils (other
phagocytic immune system cells). Bacteria may escape from the local focus and
travel via the pulmonary lymph nodes to other areas of the lungs. The neutro-
phils are later replaced by more macrophages, and lymphocytes are recruited
mnto the area. Small inflammatory lesions then evolve into productive walled-off
areas named tubercles with a peripheral region of lymphocytes and a central
area of Langerhans cells, epithelioid cells, and multinucleated giant cells. The
latter two cell types are derived from activated macrophages that have altered
their shape to become epithelioid cells, some of which then fuse to form giant
cells. The few bacilli present dwell in the epithelioid cells. Formation of multi-
nucleated giant cells also occurs during HIV infection. Later, as a delayed-type
hypersensitivity reaction develops, caseation may occur, characterized by the
disintegration of cells and bacilli and the formation of a homogeneous, coagu-
lated mass with a cheeselike appearance that may persist for years. Often the area
undergoes inspissation, becoming encapsulated by collagenous material, and
bacterial growth rate slows as the infection is contained by the host’s immune
response. During subsequent years, calcium salts may deposit in these lesions,
forming Ghon complexes that may be detected by chest X-rays.

In some individuals, infection may later reactivate in formerly dormant case-
ous lesions and progress to the liquefaction stage of chronic cavitary pulmonary
TB, in which the centers of the tubercles becomes liquid, providing a rich growth
medium for the bacteria and accelerating their growth. Often the bronchus erodes
as the surrounding lung tissue becomes involved. The liquid contents of the
tubercle then drain out of the lesions, and the tubercle may subsequently undergo
cavitation, in which the center is transformed into an air-filled abscess, the
tuberculous cavity, and exposure to oxygen-rich air leads to rapid bacterial growth.

Under normal conditions, primary lesions and noncaseous tubercles heal
spontaneously. After caseation, however, lesions seldom resorb. If the primary
lesions are not localized, the disease may disseminate, spreading through the
lungs. A heavy load of bacilli in the lungs may enter the lymphatic and circula-
tory systems, spreading throughout the body and leading to the development of
miliary TB lesions in other organs, including lymph nodes, bones and joints,
and the kidneys. When such lesions occur in the brain or meninges, the extremely
serious tubercular meningitis may develop.
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Most infections with TB assume a latent form, and only 5% to 15% progress
to active infection. In its latent form, TB causes no symptoms and the individual
does not feel ill. Although these latently infected people do react positively for TB
by the commonly used skin test, they are not able to spread the infection. Such
individuals may later develop active TB without proper treatment and serve as
potential disease reservoirs.

Some individuals rapidly develop an active form of the disease after their
initial infection. Such progressive primary tuberculosis occurs most
commonly in children under the age of 5 years and in persons with weakened
resistance to mycobacterial infection. Other individuals progress to an active
form of the disease when their immune response is unable to control the bac-
terial infection adequately. Those at high risk include people who are infected
with HIV or have received immunosuppressive therapy and those with diabetes,
cancer of the head and neck, leukemia, kidney disease, or low body weight.
Active disease has a 50% mortality rate when untreated.

Active TB often causes a number of respiratory symptoms, including a
chronic cough (usually productive) lasting more than two weeks, dull and aching
chest pain, coughing up of blood or sputum, and shortness of breath. Other
symptoms include malaise, weakness and fatigue, weight loss, loss of appetite,
chills, fever, and severe night sweats.

FIGURE 10.1 Advanced bilateral tuberculosis

Source: CDC.
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The Causative Agents

TB results from mycobacterial infection, most commonly Mycobacterium tuber-
culosis; however, other bacilli, such as M. bows, the M. avium complex (MACQ),
M. africanum, and M. microti, may also cause this disease. MAC is particularly
problematic in HIV-positive individuals. Mycobacteria have several unusual
properties. M. tuberculosis bacteria are nonmotile, noncapsulated, non-spore-
forming bacilli, 1 to 4 micrometers long by 0.3 to 0.5 micrometer in diameter.
They are acid-fast bacteria, requiring the application of heat or surface-
acting agents to absorb the dye fuchsin and resisting decoloration by alcohol
solutions of mineral acids. Other mycobacteria also cause disease in humans,
including leprosy and Buruli ulcer, both of which may disfigure infected persons
and, in the case of leprosy, lead to their physical and social isolation and death.

These bacteria are obligate aerobes (requiring oxygen for growth) and
grow best in environments similar to alveolar air. For growth in the labora-
tory, the addition of 5% to 10% CO, to the air is preferred. M. tuberculosis grows
very slowly, requiring 18 to 24 hours to divide. (By comparison, F. coli divide
every 30 minutes.) Rather than becoming grossly visible after one to two days, as
is the case for many bacteria, M. tuberculosis colonies require three to four weeks.
The colonies are cream-colored, dry, and wrinkled. They also undergo cord for-
mation as growth occurs in a serpentine manner and is indicative of virulence.

FIGURE 10.2 Mycobacterium tuberculosis

Source: CDC/Ray Butler.
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FIGURE 10.3 M. tuberculosis with acid-fast stain

Source: CDC.

Culturing M. tuberculosis in the laboratory requires special care. Colonies are

cultured in either complex medium containing eggs and potato extract or in
Middlebrook 7H-11 agar with oleic acid and albumin.

The Immune Response

During the course of infection, B lymphocytes produce TB-specific antibodies.
These appear to have little to no protective activity, arguing for a minimal role of
humoral immunity in host defense. Several days after inoculation of an infected
individual with extracts of the TB bacteria, however, a vigorous delayed-type
(Type IV)hypersensitivity reaction develops, which is the basis of the Mantoux
test (described later in this chapter). This response is a double-edged sword, being
responsible for both protective immunity and for most of the pathogenic tissue
damage. Two cell types that are keys to this reaction are Th1 CD4" T lympho-
cytes and macrophages. The Thl cells encounter TB antigens, proliferate, and
produce chemokines and other cytokines, including migration inhibitory factor,
which allows macrophages to accumulate in large numbers at the infection site.

Macrophages typically ingest bacteria into phagocytic vacuoles that fuse with
acidic lysosomes. The resultant phagolysosomes contain hydrolytic enzymes and
reactive oxygen and nitrogen species that normally kill the bacteria within them. In
the case of TB, however, macrophages successfully ingest the bacilli but are usually
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unable to kill them due to their ability to escape destruction in the phagolysosome.
Rather than eliminating the mycobacteria, macrophages instead serve as hosts for
subsequent intracellular bacterial growth and, upon their lysis, release large num-
bers of bacteria. Another cytokine produced by T lymphocytes is IFN-vy, which
mncreases phagocytosis and production of hydrolytic enzymes by macrophages,
thus aiding in bacterial killing, I1.-12 is also present in high levels in the lungs of
TB patients and is important in the activation of the Thl T lymphocytes.

In addition to their role in phagocytosis, macrophages are key players
in tubercle formation, which serves to contain the bacteria and prevent their
spread to other areas of the lungs. Within these tubercles, macrophages release
concentrated amounts of lytic enzymes outside of the cells in order to kill
extracellular bacteria. During this process, the surrounding healthy tissue within
the tubercle is damaged, resulting in caseation. In individuals with continued,
chronic bacterial growth, Th1 cell and macrophage activation persists long-term,
and the caseous lesions liquefy, amplifying bacterial growth and spread. One of
the major causes for the necrotic inflammatory reaction is the cytokine TNF-a.

Detection and Diagnosis

Because TB is such a prevalent infection throughout the world, rapid, simple
means of detection are required to screen large numbers of people in order
to clear infection while in the latent form before progression occurs to active
disease, which is both pathogenic and contagious. Rapid detection of drug-
resistant strains is also important in order to devise correct drug regimens that
will inhibit the emergence of MDR-TB and XDR-TB strains. Two large-scale
screening procedures are commonly used. The first of these uses chest X-rays to
detect lung lesions, which in adults are typically located in the apical or posterior
portions of the upper lobes.

The second screening method is the Mantoux tuberculin skin test.
This immunological reaction uses purified protein derivative (PPD) of bacterial
origin. PPD is injected beneath the skin of the lower arm. Individuals exposed
to M. tuberculosis develop a Type IV hypersensitivity reaction to the bacterial
protein which is measured two to three days later. A positive test consists of an
area of raised, reddened skin more than 10 millimeters from the injection site.
Individuals must have been infected for several weeks to give a positive reaction
using this test. Health care workers, especially those in contact with individuals
with compromised immune systems, are screened prior to beginning a job and
at intervals thereafter. This protects patients from infection and allows detection
of infections that the workers may have acquired on the job.
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FIGURE 10.4 Mobile tuberculosis testing clinic, 1963
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Source: CDC.

FIGURE 10.5 Measuring the extent of the hypersensitivity
reaction during a Mantoux tuberculin skin test

Source: CDC/Gabrielle Benenson.
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Bacterial 1solation and identification from sputum, body fluids, or tissue are
important diagnostic tools based on the culture of correct species of acid-fast
bacilli. Infection with M. tuberculosis may be differentiated from that of other
Mpycobacterium species based on several criteria. M. tuberculosis colonies are rough,
grow slowly, and are unable to produce yellow or orange pigment in the dark
or after light exposure. M. tuberculosis additionally produces niacin and reduces
nitrate. They are highly pathogenic for guinea pigs but not rabbits. In strains
that are highly resistant to isoniazid, catalase activity and virulence to guinea
pigs 1s reduced or absent, and they exhibit poor cord formation. Mycobacterial
species also differ in tests measuring catalase activity and hydrolysis of Tween
80. Serological tests and typing with bacteriophage may also be used in order
to differentiate Mycobacterium species.

Inexpensive tests are needed to determine drug resistance of a given patient’s
1isolate. One such newly described test is the malachite green microtubule assay
(MGMT). This test is based on a change in color as a result of bacterial metabo-
lism. While retaining the sensitivity of other assays, the MGMT assay requires
15 days to complete, compared to 70 days for the standard culture assays, and
1s less expensive.

Treatment and Drug Resistance

Several drugs have been successfully used to treat TB infection or disease.
Treatment regimens are lengthy because the bacilli’s intracellular location
decreases access to the drugs. Some anti-TB compounds are administered orally
and others are given intramuscularly; a number commonly cause nervous system
or renal complications. Streptomycin, which inhibits bacterial protein synthesis
in the ribosome, was the first practical antibiotic active against M. tuberculosis
infection. Isoniazid or rifampin is used to prevent latent infections from evolv-
ing into active disease. Rifampin blocks bacterial RNA synthesis by inhibiting
RNA polymerase. Drug resistance occurs readily as a result of mutations in this
enzyme that prevent drug binding. The introduction of this drug allowed treat-
ment regimens to be shortened to nine and then six months, especially for chil-
dren or adults coinfected with HIV. Consuming alcohol during treatment with
1soniazid 13 dangerous and may be problematic because TB is more prevalent
among alcoholics than the general population.

Some other drugs that have been developed to treat TB include pyrazinamide,
para-aminosalicylic acid, ethambutol, viomycin, kanamucin, and capreomucin.
Isoniazid, ethambutol, and pyrazinamide block production of components of
mycobacterial cell walls such as mycolic acid (a lipid) and lipoarabunomannon
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(a lipopolysaccharide). Mycolic acid is restricted to M. tuberculosis and is respon-
sible for much of the disease pathology due to its role in tubercle formation.
Isoniazid must be activated by bacteria, and this process involves catalase, which
is not present in most other mycobacterial species. Drug-resistant strains have
arisen with inactive catalase or with alterations in enzymes involved in mycolic
acid synthesis. Pyrazinamide requires bacterial activation by the enzyme PZase.
In resistant bacteria, this enzyme has lowered activity levels. In susceptible
bacteria, pyrazinamide’s activity is increased by the acidic environment of the
phagolysosome.

Usually, several drugs must be taken concurrently in order to eliminate
all of the bacteria and to decrease the emergence of drug-resistant strains.
Acquired drug resistance arises from the enhanced drug-induced selection of
resistant bacteria already present at low levels in mycobacterial populations as
a result of random mutations. Approximately 1 in 100 million bacilli is naturally
resistant to rifampin and 1 in 1 million organisms for isoniazid. Improper drug
use or single-agent therapy allows resistant bacteria to proliferate after the more
prevalent susceptible organisms have been eliminated, thus allowing the resistant
organisms to predominate.

Originally used as a single agent, streptomycin gave rise to resistant strains
soon after it became available in 1944. Streptomycin was then paired with iso-
niazid, whereupon strains resistant to the latter also rapidly appeared in the early
1950s. In the 1970s, rifampin was introduced in the United States, and by the
mid-1980s, resistance to that drug was reported in several locations around
the world. Strains resistant to both rifampin and isoniazid and sometimes other
drugs are designated multidrug-resistant tuberculosis (MDR-TB). A sharp rise in
the incidence of MDR-TB and nonresistant TB occurred in the early 1990s in
New York City and Florida as the public health infrastructure was dismantled,
the numbers of persons occupying homeless shelters and in prison rose, and
AIDS became more widespread. Other factors influencing the increased preva-
lence of MDR-TB include inadequate infection control procedures in hospitals
and the faulty prescribing of anti-TB medications.

MDR-TB has become a global concern. A study of the prevalence of this
form of the disease in 35 countries conducted by the World Health Organization
(WHO) in 1994 found that 7% to 22% of TB cases were MDR-TB. Parts of
eastern Furope, China, southern Africa, and the former Soviet Union have a
high proportion of such cases. MDR-TB generally has a worse outcome and is
more difficult to manage than the ordinary disease. Owing to the fact that the
infection rate with TB is quite high in some regions (450 per 100,000 in Delhi,
India), the absolute numbers of MDR-TB cases 1s also high. Prisons in portions
of the Soviet Union in 1994 had infection rates of 4,000 per 100,000, and
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20% of those were MDR-TB. The frequency of MDR-TB rose in the follow-
ing decade and continues to rise in many parts of the world. In a 2006 report
from South Africa, 41% of the TB cases were classified as MDR-TB and 24%
as extensively drug resistant (XDR-TB). The latter form is resistant to at least
rifampin, 1soniazid, one of the second-line injectable drugs, and a fluoroquino-
lone. Among individuals in South Africa infected with XDR-TB, 98% rapidly
progressed to death. Between 2000 and 2004, the WHO and the CDC found that
2% of the MDR-TB isolates tested throughout the world were XDR-TB, most
frequently in eastern Europe, western Asia, and South Korea but also through-
out the Americas, including the United States. XDR-TB is not a single strain
but multiple strains which have arisen in multiple locations at multiple times.

Contributing to the health risks associated with TB is the fact that no new
classes of anti-TB drugs have been introduced since the rifamycins in the 1970s,
and little new developmental work is being undertaken. Because the majority of
TB cases occur in economically underdeveloped areas of the world, pharmaceu-
tical companies have little incentive to invest the vast sums of money required to
develop and test new types of drugs. Vaccines protect persons in affluent areas
as well as developing regions, and their development is proceeding.

To decrease the chance of MDR-TB and XDR-TB strains becoming
increasingly predominant, it is vital for patients to strictly follow their drug regi-
men over its entire course. Patients do not always comply due to the length of
treatment, complications such as nausea, and the improvement in their general
sense of well-being within several weeks of drug initiation. Drug resistance due
to noncompliance has become common in Southeast Asia, Latin America, Haiti,
and the Philippines and is more likely to occur in HIV-positive persons, who
require a much longer treatment regimen, and alcoholics, as isoniazid should not
be taken with alcohol. In an effort to prevent noncompliance, directly observed
therapy, short-course (DOTS), in which health care providers supervised indi-
viduals while taking their medications, was implemented. This led to a cure rate
of up to 85% in some settings. MDR-TB strains, however, have reduced respon-
siveness to standard short-course chemotherapy, resulting in increased periods
of transmission as well as increased mortality rates. The WHO has therefore
adopted the DOTS-Plus strategy to study feasibility and cost-effectiveness of
regimens containing second-line drugs for the treatment of MDR-TB. Factors
other than noncompliance that have led to the emergence of MDR-TB and
XDR-TB strains include poor prescribing practices and low drug quality or
irregular availability. Furthermore, some second-line anti-TB drugs are widely
used to treat other infections. Since many individuals have latent infection with
M. tuberculosis, this practice selects for TB bacteria that are resistant to those drugs
and may have serious consequences if the infection subsequently progresses to
active disease.
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Prevention

Most susceptible to infection are people who live in close quarters with poor
sanitary practices, such as those in large, poverty-stricken urban centers; home-
less shelters; prisons; nursing homes; mental health care facilities; and refugee
camps. Measures that decrease overcrowding, improve housing, and increase
general hygiene and health status have been shown to reduce TB transmission.

No truly effective vaccine is currently available to prevent infection with
M. tuberculosis. One vaccine widely used since 1921 in many areas of the
world with high rates of infection is BCG (bacillus Calmette-Guérin), an attenu-
ated strain of M. bowis. This vaccine 1s fairly protective against the development
of extrapulmonary TB, but it varies widely in its usefulness in preventing the
pulmonary form of the disease, with reported rates of 15% to 80% efficacy. It
1s not safe for immunosuppressed people, limiting its utility in areas of the world
with high numbers of HIV-positive individuals, such as Africa and Southeast
Asia. Also, after vaccination with BCG, individuals temporarily score as infected
using the Mantoux skin test. This vaccine effectively removes one of the most
important means of detecting TB infection from the public health arsenal. For
these reasons, BCG is not commonly used in the United States.

RECENT DEVELOPMENTS

A regulatory subset of lymphocytes, Treg, negatively regulates the immune
response to various infectious diseases while decreasing inflammation through
the production of IL-10 and TGF-B. A recent report found that removal of these
cells from M. tuberculosis-infected BALB/c mice raised IFN-y levels. BCG immuniza-
tion efficacy was increased in mice lacking Tregs. Removal or inactivation of these
cells or their cytokines may also increase the usefulness of this vaccine for humans.

Several new vaccines are currently under development. One of these, a genet-
ically altered live BCG vaccine, rBCG30, that overexpresses an immunodominant
antigen, is in phase | clinical trials. This is more protective than the parental BCG.
Another new vaccine, BCG::RD1, is based on the premise that BCG is “too attenu-
ated.” BCG::RD1 has the RD1 region-of-difference gene reinserted. This vaccine
induces a stronger immune response but is also more virulent than BCG, which
is especially problematic for HIV-positive persons. A third vaccine being tested is
rBCG::_ureC-llo_ vaccine, a urease-deficient BCG that is unable to suppress phago-
some maturation and is hoped to be less virulent and perhaps safer for use in
immunosuppressed individuals. Booster vaccines and postexposure vaccines for
those harboring latent infection are also under consideration.
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Surveillance

In 1994, the Global Project on Anti-Tuberculosis Drug Resistance Surveillance
was established by the World Health Organization and the International Union
Against Tuberculosis and Lung Disease. Its mission was to monitor the extent
of drug resistance and to chart its trends over time in 58 different geopolitical
settings representing 33% of the world’s population. Resistance was differen-
tiated as occurring in new cases or previously treated individuals. Work was
performed using the Global Network of Supranational Reference Laboratories
as well as some national reference laboratories. Estonia had the highest pro-
portion (37%) of MDR-TB among new cases, and Iran had the highest (48%)
among previously treated individuals. Drug resistance in a given area was
associated with HIV-positive status and inversely correlated with gross domes-
tic product per capita and the proportion of TB cases under DOTS che-
motherapy. Several countries, including Iran and the United States, showed
significantly higher proportions of MDR-TB in immigrant populations than
among indigenous residents.

In a 2007 study, rates of M. tuberculosis and HIV infection were determined
among residents living in shacks in an overpopulated area of sub-Saharan Africa
with an unemployment rate in excess of 50%. Individuals with TB were diag-
nosed by microscopy of sputum samples and by culture for M. tuberculosis. This
study identified a number of undiagnosed individuals with TB, the majority of
whom were also HIV-positive. Screening for TB based on symptoms was found
to be inadequate.

Other epidemiological studies have included examination of TB inci-
dence in immigrant populations, diabetics, residents of former Communist
countries, smokers, and heath care workers. These studies used clinical data-
bases, laboratory or molecular diagnosis, questionnaires, and global informa-
tional surveys.

Summary

Diseases

e Pulmonary tuberculosis ¢ Multidrug-resistant
tuberculosis * Extensively drug-resistant tuberculosis
Causative Agents

*  Mycobacterium tuberculosis (most common cause) * M. bovis
e Members of the M. avium complex M. africanum = M. microts
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Agent Type

* Nonmotile, noncapsulated, non-spore-forming acid-fast bacillus

Genome

« DNA

Vector

¢ None

Common Reservoir

¢  Humans

Modes of Transmission

e Inhalation of aerosolized particles ¢ Orally via ingestion of contaminated
milk (rare)

Geographical Distribution

e Worldwide

Year of Emergence
* Ancient ¢ Mid-1980s < Circa 2000

Key Terms

Acid-fast bacteria Bacteria that require the application of heat or surface-
acting agents in order to absorb fuchsin and resisting decoloration by alcohol
solutions of mineral acids

Caseation Formation of a homogeneous, coagulated mass with a cheeselike
appearance during TB

Cavitation Transformation of a TB tubercle into an air-filled abscess in which
exposure to oxygen-rich air leads to rapid bacterial growth

Inspissation Encapsulation of a TB tubercle by collagenous material, slow-
ing the bacterial growth rate as the infection is contained by the host’s immune
response

Mantoux tuberculin skin test Immunologic assay to detect infection with
M. tuberculosis

Miliary TB lesions Lesions occurring in organs outside the respiratory tract,
including lymph nodes, bones and joints, kidneys, and the brain and meninges

Mycobacteria Nonmotile, noncapsulated, non-spore-forming acid-fast bacilli
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Mycobacterium tuberculosis Most common causative agent of human
tuberculosis

Obligate aerobes Organisms that require oxygen for growth

Progressive primary tuberculosis Active form of disease developing rap-
idly after the initial infection; occurs most often in children under the age of 5
years and in individuals with weakened resistance to mycobacterial infection

Tubercle Walled-off region of the lungs produced by the immune system to
contain growth of M. tuberculosis

Tuberculosis Severe, chronic disease that typically affects the respiratory sys-
tem; characterized by the formation of tubercles containing inactive or active
bacilli of MycobacteriumtTuberculosis or other similar pathogenic mycobacteria

Review Questions

1. Which populations have the highest incidence of TB infection? What risk
factors are involved in these groups?

2. What is the course of progressive tubercular disease?

3. In what ways may the immune response to TB be both protective and
pathogenic?

4. What drugs and combinations of drugs are currently used in the treatment
of TB?

5. What are MDR-TB and XDR-TB?

Topics for Further Discussion

1. Considering that a very large percentage of the world’s population is infected
by Mycobacterium tuberculosts, what measures might the world health community
and national and local health care agencies take to decrease the number of
infected individuals and prevent the progression of disease to an active form
in individuals already infected?

2. Given the harmful interactions between HIV and M. tuberculosis in disease
progression and transmission, discuss means of increasing life span and quality
of life for persons who are coinfected, especially in regions of the world where
infection with both organisms is at epidemic levels, such as sub-Saharan Africa.

3. Numbers of MDR-TB and XDR-TB cases are increasing worldwide. What
steps might be taken to halt this ominous development?
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4. Mycobacterium species have been responsible for much human suffering and
many deaths throughout history by causing TB, AIDS-related pathology,
and leprosy. These bacteria have several unusual characteristics. How might
these be used to develop drugs that specifically target organisms such as
M. tuberculosis, the M. avium intracellular complex, and M. leprae?

Resources

Doherty, T. M., and Andersen, P. “Vaccines for Tuberculosis: Novel Concepts and Recent
Progress.” Clinical Microbiology Reviews, 2005, 18, 687-702.

Farnia, P, and others. “Colorimetric Detection of Multidrug-Resistant or Extensively
Drug-Resistant Tuberculosis by Use of Malachite Green Indicator Dye.” Journal of
Clinical Macrobiology, 2008, 46, 796-799.

Harris, H. W., and McClement, J. H. “Pulmonary Tuberculosis.” In P. D. Hoeprich (ed.),
Infectious Diseases: A Modern Treatise of Infectious Processes (2nd ed.). New York: Harper
& Row, 1977.

Jaron, B., Maranghi, E., Leclerc, C., and Majlessi, L. “Effect of Attenuation of Treg
During BCG Immunization on Anti-Mycobacterial Th1l Responses and Protection
Against Mycobacterium tuberculosis.” PLoS ONE, 2008, 3, ¢2833.

Kindt, T. J., Goldsby, R. A., and Osbourne, B. A. Ruby Immunology (6th ed.). New York:
Freeman, 2007.

Lawn, S. D., and Wilkinson, R. “Extensively Drug Resistant Tuberculosis.” British Medical
Journal, 2006, 333, 559-560.

Salyers, A. A., and Whitt, D. D. Revenge of the Microbes. How Bacterial Resistance Is Undermining
the Antibiotic Miracle. Washington, D.C.: ASM Press, 2005.

Wood, R., and others. “Undiagnosed Tuberculosis in a Community with High HIV
Prevalence: Implications for Tuberculosis Control.” American Journal of Respiratory
Critical Care Medicine, 2007, 75, 87-93.

World Health Organization. Anti-Tuberculosis Drug Resistance in the World, Report No.2:
Prevalence and Trends. Geneva, Switzerland: World Health Organization, 2002.

Zager, E. M., and McNerney, R. “Multidrug-Resistant Tuberculosis.” BMC' Infectious
Dirseases, 2008, 8, 10.






CHAPTER 11

EMERGING BACTERIAL
DRUG RESISTANCE

LEARNING OBJECTIVES

e Define several prominent drug-resistant bacteria and the
diseases associated with them

® Describe the processes responsible for drug resistance
e Discuss modes of action of various classes of antibiotics

e Discuss potential methods of treating infection with drug-
resistant bacteria

e Discuss methods of preventing the emergence of drug resistance
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Major Concepts

Drug Resistance

Modes

Drug resistance is becoming a major problem in the treatment of infectious
diseases. Several of the important types of resistant bacteria are discussed in
this chapter. The first of these are drug-resistant strains of Staphylococcus aureus.
Some of these bacteria (MRSA) have become resistant to penicillin, methicil-
lin, and cephalosporins, and perhaps to aminoglycosides and fluoroquinones as
well. These bacteria may be either hospital-associated or community-associated.
The former often affect individuals in a weakened state or the immunosup-
pressed (persons who are hospitalized; persons undergoing long-term health
care, dialysis, or surgery; cancer patients; and the elderly). The latter affect chil-
dren in day care facilities; athletes, especially those participating in high-contact
sports; prisoners; members of the military; and men who have sex with men.
Vancomycin-resistant enterococcl, especially Enterococcus faecium, are responsible
for nosocomial infections. Drug resistance 1s due to factors found on a plasmid.
This plasmid has been also acquired by some strains of S. aureus. Escherichia
coli have developed resistance to a number of drugs, including aminopenicil-
lins, narrow-spectrum cepalosporins, and third-generation cephalosporins and
monobactams due to their acquisition of B-lactamase and extended-spectrum
B-lactamase enzymes. Increasing numbers of Pseudomonas aeruginosa isolates are
resistant to extended-spectrum cephalosporins, carbapenems, aminoglycosides,
and fluoroquinolones. Penicillin resistance is also becoming more common
among Streptococcus pneumoniae strains.

of Antibiotic Action

Antibiotics use several mechanisms of action to kill bacteria or inhibit their
growth. Some of these drugs interfere with synthesis of bacterial cell walls,
such as the B-lactams and the glycopeptide agents. Other drugs, such as the
macrolides, chloramphenicol, clindamycin, quinupristin-dalfopristin, linezolid,
tetracyclines, and aminoglycosides, inhibit protein synthesis by binding to
bacterial 30S or 50S ribosomal subunits. Some antibiotics block DNA or
RNA synthesis. Such drugs include fluoroquinolones, sulfamethoxalone, the
folic acid analogue trimethoprim, and rifampin. Another category of drugs,
including polymyxins and daptomycin, acts by disrupting the bacterial plasma
membrane.
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Processes Leading to Drug Resistance

Drug resistance may arise by several mechanisms. These include the production
of enzymes that degrade the drugs, efflux pumps that extrude drugs from the
bacteria, changes in the drug’s target site, alterations in metabolic pathways, or
down-regulation of the expression of the porin gene. Some of the more common
resistance elements include (-lactamases, which cleave B-lactam antibiotics; the
mecA gene, which induces resistance to -lactam drugs by not binding to them;
the VanX, VanH, and VanA or VanB, which alter the bacterial cell wall so that it no
longer binds vancomycin; P aeruginosa multidrug efflux pumps; and erythromycin
ribosomal methylase, which inactivates erythromycin.

Prevention

Overuse or incorrect use of antibiotics is partly responsible for the rapid rise of
antibiotic resistance. To avoid giving a survival advantage to resistant bacterial
strains, programs need to stress compliance with prescribed drug dosage, fre-
quency, and duration. Decreasing prophylactic use in agriculture and in personal
care products may decrease the ability of resistant clones to dominate the bacte-
rial population. The proper use of gloves and gowns, particularly by individuals
n acute care settings or in contact with draining wounds, blocks transmission of
hospital-associated MRSA. Hand-washing should be stressed following visits to
hospitals or long-term care facilities. Covering wounds with dry bandages pre-
vents transmission of community-associated MRSA. Personal care items should
not be shared. Athletic equipment shared by multiple individuals should be
cleaned with antiseptics before use. New drugs are continuing to be tested for
activity against drug-resistant bacteria.

Introduction

The introduction of antibiotics and other antimicrobial compounds revolution-
1zed medical treatment of infectious diseases, leading some observers to declare
victory in the lengthy war against these illnesses. The proclamation proved to
be premature, for microbes demonstrated impressive abilities to escape killing or
mnactivation by these drugs. In populations of bacteria and other microbes, vari-
ous clones exist that are resistant to the actions of different drugs. After exposure
or improper exposure to these drugs, the more susceptible organisms are killed
and the more resistant organisms tend to survive and may come to dominate
the population under certain circumstances due to their increased fitness (greater
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ability to survive and reproduce). Many bacterial resistance elements are con-
tained either singly or in groups within mobile genetic elements (discussed later
in this chapter) that may enable rapid transmission of multiple drug resistance
genes. As microbial populations develop resistance to existing drugs, humans
have responded by producing new drugs. The microbes subsequently find means
of evading these drugs, forcing humans to search for more novel agents in the
continuing evolutionary waltz of life.

Increased incidence of drug resistance is currently a rapidly growing phe-
nomenon in many types of organisms, including viruses, bacteria, protozoa,
and insects. Separate chapters deal with this phenomenon in several organisms,
including HIV, tuberculosis, and malaria. In bacteria, genes encoding products
that allow bacteria to escape drug actions (resistance genes) often exist on
plasmids, circular pieces of extrachromosomal DNA. These genes may also be
found in transposons and integrons. These three genetic elements are readily
passed between bacteria of the same as well as different species, allowing intra-
and interspecies spread of resistance elements.

Bacteria may pass resistance genes to other organisms during the processes
of conjugation, transformation, or transduction. During conjugation in gram-
positive bacteria, DNA is exchanged between a mating pair of microbes. In
gram-negative bacteria, plasmids are transferred to nearby bacteria in an act that
often involves elongated pili that join the microbes together. Transformation
involves the acquisition of DNA from other bacteria that have previously lysed
and released their DNA into the external environment. During transduction,
bacteriophages (viruses that infect bacteria) transfer genetic material between
bacteria. These mechanisms may lead to multidrug resistance, the acqui-
sition of resistance to three or more drugs, an increasing cause for concern,
especially in health care settings.

Human actions may aid in the development of drug resistance. Such actions
include noncompliance with instructions regarding the completion of a course
of medication and the overuse of antimicrobial drugs in both humans and
agriculture.

History

Antibiotics revolutionized the treatment of infectious diseases of bacterial ori-
gin. Older antimicrobial compounds included toxic compounds, such as mer-
cury and arsenic derivatives; gramicidin, discovered by the work of René Dubos
and Rollin Hotchkiss; and sulfanilamide. The first antibiotic was penicillin,
produced by the fungus Penicillium notatum and discovered almost accidentally
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by Sir Alexander Fleming in 1928. Two Australian scientists, Howard Florey
and Ernst Chain, found means of producing penicillin in the large quantities
necessary for general use. Widespread use of penicillin began in the 1940s,
whereupon morbidity and mortality rates from bacterial diseases fell drasti-
cally. Military forces during World War II benefited greatly as the number of
deaths due to wounds infected with organisms such as Staphylococcus aureus and
Streptococcus pyogenes diminished. Penicillin is itself attacked (hydrolyzed) by the
enzyme f3-lactamase. This enzyme is carried on a plasmid that resided within
most strains of S. aureus by the end of that war. Currently, 95% of the clinical
isolates of these bacteria are penicillin-resistant.

Bacteria soon began to develop resistance to other antibiotics—in 1961,
methicillin-resistant strains of S. aureus were reported; during the mid-1970s,
strains of P aeruginosa developed resistance to extended-spectrum cephalosporins,
carbapenems, aminoglycosides, and fluoroquinolones; in 1983, strains of L. coli
became resistant to penicillin; and the 1990s saw the advent of vancomycin-
resistant enterococcl. Resistance genes are often contained within mobile genetic
elements, allowing rapid transmission between bacteria of the same or different
species. Some of these genetic elements have accumulated resistance genes to
several drugs, resulting in multidrug resistance. The increased use of antibiotics
in human health and in agriculture combined with noncompliance in comple-
tion of the course of medication has fueled and accelerated this natural trend
in bacterial evolution.

The Diseases, Causative Agents, and Treatment Options

Methicillin- and Vancomycin-Resistant Staphylococcus aureus

Staphylococcus species are common bacteria occurring naturally in the environ-
ment and in hospital settings. These gram-positive spherical bacteria reside on
the skin or in the nasal or pharyngeal passages of 25% to 40% of the general
population. They may enter the body’s interior through cuts, sores, catheters, and
breathing tubes. S. aureus 1s pathogenic, resulting in a wide spectrum of diseases
ranging from minor infections of skin or soft tissues to severe sepsis with a high
rate of mortality.

Penicillin was the first antibiotic to be highly effective against S. aureus infec-
tion. As noted earlier, however, penicillin resistance emerged soon after it became
widely used. Other antibiotics effective against the B-lactamase-containing bac-
teria were introduced in the early 1960s and included methicillin and oxacillin.
Within a year of their introduction, however, resistant strains of bacteria were
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reported in the United Kingdom and later in Europe and Australia, occurring
in hospitals throughout the world by the 1980s. These strains came to be known
as methicillin-resistant Staphylococcus aureus (MRSA) and were soon
found to be resistant not just to methicillin but to all B-lactams, including many
penicillins and cephalosporins. Many strains are also resistant to aminoglycosides
and fluoroquinones.

MRSA was first reported in the United Kingdom in 1961. Between the
1970s and late 1990s, MRSA slowly began to spread and cause infections,
mostly in medical centers or in patients using these facilities. By 2004, some 69%
of the staphylococcal isolates in U.S. intensive care units were of the resistant
phenotype. Five MRSA clones are responsible for approximately 70% of the
current infections.

Infection with MRSA is especially problematic for individuals in a weak-
ened state or immunosuppressed, such as those who are hospitalized; patients
undergoing long-term health care, dialysis, or surgery; cancer patients; and the
elderly. This type of MRSA is referred to as hospital-associated (HA-MRSA).
Risk factors for developing HA-MRSA include exposure to a hospital or long-
term health care facility, use of antibiotics within the past year, chronic disease,
IV drug use, or close contact with a person having one of these risk fac-
tors. HA-MRSA infections usually involve ventilator-associated pneumonia or

FIGURE 11.1 MRSA
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bacterial invasion of indwelling venous devices or wounds. Such infections are
related to increased length of hospital stay and cost and higher mortality.

Recently, a growing number of MRSA infections have been found in normal,
healthy people and are designated community-associated MRSA (CA-MRSA).
They are particularly prevalent in Denmark and Switzerland. In one Chicago
hospital, the incidence of CA-MRSA rose from 10 cases per 100,000 admissions
(1988-1990) to 259 cases per 100,000 (1993-1995). CA-MRSA may be acquired
by children in day care facilities and by athletes sharing equipment, including
towels and razors. Athletes in high-contact sports, such as wrestling and football,
are at particularly great risk. Prisoners, members of the military, and men who
have sex with men are also affected. Prison outbreaks may be due to decreased
hygiene, limited access to health care, infrequent clothes laundering, and limited
access to soap. GA-MRSA predominantly causes infections of pulmonary tis-
sue, bone, and skin and soft tissues and is associated with Panton-Valentine
leukocidin, encoded by the pv/ genes and transmitted by bacteriophages. This
toxin destroys host neutrophils and causes tissue necrosis. Asymptomatic isolates
have a far lower chance of carrying pol.

HA-MRSA and CA-MRSA strains appear to differ. The two have different
types of the mobile genetic island, staphylococcal cassette chromosome SCCinec,
which contains the mecd gene conferring methicillin resistance. Due to the fre-
quency of multidrug resistance, HA-MRSA is often treated with vancomycin as
a drug of “last resort” despite potential adverse effects, such as nephrotoxicity
and “red-man syndrome,” a histamine-like reaction. CA-MRSA isolates are
often susceptible to non-B-lactam drugs, such as clindamycin, doxycycline, and
trimethoprim-sulfamethoxazole. Pathology associated with CA-MRSA infections
appears to be somewhat similar to those of community-associated methicillin-
susceptible S. aureus (CA-MSSA). The pol gene is found in almost all CA-MRSA
isolates and 93% of CA-MSSA strains from patients with boils and in 85% of
CA-MSSA strains from S. aureus pneumonia. These facts have led to the sug-
gestion that CA-MRSA and CA-MSSA share a genetic background, as further
evidenced by molecular typing studies.

The range of symptoms of S. aureus infection vary widely and include
normal infections of the skin, such as red, swollen, or painful areas; abscesses;
pus formation; boils; furuncles; and warmth in the affected area. Symptoms of
more serious infections include rash, shortness of breath, fever, chills, chest pain,
fatigue, myalgia, malaise, and headache. Invasive MRSA infections may result
in bacteremia, necrotizing pneumonia, necrotizing fasciitis, cellulitis, endocar-
ditis, septic shock syndrome (hypotension, respiratory distress syndrome or
failure, and abnormal functioning of the central nervous system, liver, kidneys,
or muscles), osteomyelitis, septic thrombophlebitis with pulmonary embolisms,
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FIGURE 11.2 Cutaneous lesion due to MRSA infection

Source: CDC.

septic arthritis, and death. Both HA-MRSA and CA-MRSA infections may be
invasive, although the rate is higher with HA-MRSA. Very serious infections may
result in MRSA pneumonia or blood poisoning, with high death rates. Influenza
virus infection may predispose to lung colonization by CA-MRSA.

MRSA skin infection may be diagnosed by biopsy or by culture of fluid
draining from the affected area or the blood. For individuals with pneumonia,
cultures of the sputum or urine may be performed. If MRSA is determined
to be the cause of a localized skin infection, treatment may involve drainage
of the abscess. More serious infections may require intravenous administration of
medication, ventilation, or dialysis. Only a few antibiotics effectively treat MRSA
infection. Prognosis is dependent on disease severity and the condition of the
person’s general health. MRSA pneumonia and blood poisoning lead to the
highest mortality rates. A number of newer drugs are effective against MRSA
infections. These include linezolid, quinupristin-dalfopristin, tigecycline, dap-
tomycin, and cefrobiprole. Dalbavancin and telavancin are two promising new
lipogycopeptides.

A troublesome problem has been the development of S. aureus strains with
an intermediate resistance to vancomycin (VISA). Such isolates contain a thick-
ened cell wall that traps the vancomycin and prevents the drug from reaching
its target in the outer plasma membrane. More recently, strains with high-level
vancomycin resistance, known as vancomycin-resistant Staphylococcus
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aureus (VRSA), are being reported. Five isolates have been found in the U.S.
since 2002. VRSA arises from a determinant carried by a plasmid originating
from Enterococcus faectum. Several newer drugs that are active against MRSA
remain effective against VRSA.

Vancomycin-Resistant Enterococcus

A large increase in the occurrence of infections with vancomycin-resistant
enterococcus (VRE) species occurred in intensive care units in the United
States during the 1990s, and VRE species now account for 30% to 70% of
enterococcal infections. The bacterial species most often involved i3 E. faecium.
VRE species have been fairly uncommon in Europe until recently; however,
the incidence of infection with these bacteria is increasing, as evidenced by an
outbreak of VanA-type” E. faecium in a Paris hospital in 2003. These isolates
result from nosocomial infection and are not expected to become community-
acquired in the future.

As noted earlier, vancomycin resistance is transmitted on a plasmid by genes
such as the vand gene and is transferable to other bacterial species, including
MRSA strains of S. aureus. VanA allows alterations to occur in the vancomycin-
binding site of the cell wall. Such plasmids have been found in other bacterial
species with resistance to many types of antibiotics, leading to multidrug resis-
tance. Usage of extended-spectrum cephalosporins and glycosporins in hospitals
may help spread these isolates. VRE infections have a 30% mortality rate.

Several drugs used to treat MRSA retain some usefulness against infec-
tion with VRE species. These drugs include linezolid, quinipristin-dalfopristin,
tigecycline, and daptomycin, which still have some activity against VRE strains.
Lower urinary tract infections are responsive to fosfomycin and nitrofuantoin
but are already encountering resistance. Platensimycin, derived from Streptomyces
plantensis, is active against VRE and MRSA.

Extended-Spectrum B-Lactamase-Producing Escherichia coli

E. coli 1s an intestinal bacterium that is commonly involved in urinary tract
infections and bacteremia. Members of this species are frequently resistant
to aminopenicillins, such as amoxicillin and ampicillin, and narrow-spectrum
cepalosporins as a result of B-lactamases, such as TEM-1, TEM-2, and SHV-1,
carried on plasmids. An even more serious development is the bacterial
acquisition of extended-spectum [-lactamase (ESBL), an enzyme that
allows resistance to third-generation cephalosporins and monobactams. The
extended-spectrum f-lactamase-producing Escherichia coli may thus
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survive treatment with a wide range of antibiotics, increasing the difficulty of
eliminating some serious urinary tract infections. Resistance to monobactams
may have resulted from mutations of a previously acquired -lactamase; a single
amino acid change from aspartate to asparagine in the B-lactamase SHV-1 may
have triggered the change in the drug resistance pattern.

Multidrug-Resistant Pseudomonas aeruginosa

P aeruginosa 1s a gram-negative bacterium of soil and water. These bacteria infect
animals and plants and are a major cause of opportunistic infections in immu-
nosuppressed individuals. P aeruginosa infections are normally treated by pseu-
domonad B-lactams, aminoglycosides, and fluoroquinolones. Recently, however,
multidrug-resistant Pseudomonas aeruginosa (MDR P aeruginosa) have
emerged and are becoming increasingly common worldwide. MDR strains are
often resistant to expanded-spectrum cephalosporins, carbapenems, aminogly-
cosides, and fluoroquinolones. These strains are particularly prevalent in Asia,
South America, southern Europe, and parts of the Mediterranean. In the United
States, 9.9% of P aeruginosa isolates were multidrug-resistant in 2003, compared
to 7.1% just two years earlier.

Resistance 1s partly due to the spread of several types of ESBL from other
bacteria, including PER-1 in Turkey, Korea, and China; VEB in South Asia

FIGURE 11.3 Electron micrograph of Pseudomonas aeruginosa

Source: CDC.
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and Kuwait; GES in France, Greece, South Africa, and Brazil; and BEL-1
in Belgium. Some of these ESBL are associated with new gene plasticity
elements (Re). New strains in South America have the very broad-spectrum
carbapenemase enzyme, KPC, from Enterobacteriaceae. Another category
of carbapenemases that is increasing in frequency consists of members of the
metallo-B-lactamase group, present in all inhabited continents. Many of the lat-
ter carbapenemases are carried on transmissible elements, such as transposons,
integrons, or plasmids. Some isolates have been found to contain both ESBL
and metallo-B-lactamase. The B-lactam elements are also found in association
with most aminoglycosides. The ARN methylase enzymes are new aminogly-
coside resistance genes found in Japan.

Several drugs or drug combinations are being examined for use against
MDR P aeruginosa. Colistin is one such drug being tested for use in combination
with rifampin. Some derivatives of existing drugs have been considered but have
only slightly increased activity against 2 aeruginosa. These include doripenem and
sitafloxacin. Drugs that inhibit efflux pumps are being tested but may prove to
be toxic to eukaryotes.

Drug-Resistant Streptococcus pneumoniae

S. pneumoniae 1s a diplococcus that commonly colonizes the pharynx but may
mvade the lungs, leading to earache in children, infant meningitis, and bacte-
rial pneumonia, the most common cause of death from infectious disease in the
United States. Penicillin has been successfully used to treat these diseases, but in
1977 drug-resistant Streptococcus pneumoniae began to appear that did
not respond well to penicillin and other drugs. Drug resistance is increasing, partly
in response to their use to treat upper respiratory tract infections. Among adults in
the United States, 40% bear penicillin-resistant pneumonococci. Other drugs to
which S. preumoniae is developing resistance include erythromycin, trimethoprim-
sulfamethoxazole, vancomycin, tetracycline, chloramphenicol, and ofloxacin.

Mechanisms of Resistance

Modes of Drug Action

The mechanisms of action of antibacterial agents fall into five major categories.
The first category contains drugs that interfere with synthesis of the bacterial
cell walls, such as the B-lactams and the glycopeptide agents. The (-lactams
include the penicillins, cephalosporins, carbapenems, and the monobactams.
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These drugs interfere with enzymatic activity that synthesizes the bacterial wall’s
peptidoglycan layer. Glycopeptides include vancomycin and teicoplanin; these
inhibit cell wall synthesis by binding to D-alanine-D-alanine residues on the
ends of the young peptidoglycan chain, preventing it from cross-linking to form
a stable wall structure. The vand resistance determinant changes this terminal
structure to D-alanine-D-lactate, lowering vancomycin affinity 1,000-fold.

The second category of drugs function by inhibiting protein synthesis on
the basis of differences in structure between bacterial and eukaryotic ribosomes.
Eukaryotic ribosomes contain 40S and 60S ribosomal subunits, while bacte-
rial ribosomes bear 30S and 50S subunits. Some drugs, such as the macrolides
(erythromycin and azithromycin), chloramphenicol, clindamycin, quinupristin-
dalfopristin, and linezolid, bind to the 508 ribosomal subunit, while others, like
the tetracyclines and aminoglycosides (streptomycin, amikacin, and neomycin),
bind to the 30S ribosomal subunit. Another drug, mupirocin, binds instead to
the bacterial isoleucyl-tRNA synthestase.

The third and fourth drug categories interfere either directly or indirectly
with nucleic acid synthesis. The fluoroquinolones act by binding to bacterial
DNA gyrase, an enzyme that supercoils DNA during its replication. They also
target bacterial topisomerase I'V. Sulfamethoxalone and the folic acid analogue
trimethoprim inhibit the metabolic pathway for tetrahydrofolic acid synthesis,

Table 11.1 Mechanisms of antibiotic drug action

Major Mechanism

of Action Specific Action Example of Drug
Interferes with cell wall Interferes with cell wall B-lactams
synthesis peptidoglycan synthesis
Prevents cross-linking of Glycopeptides
peptidoglycans
Binds to or interferes with  Binds to 30S subunit Tetracyclines
30S or 50S ribosomal Binds to 50S subunit Macrolides
subunits
Blocks nucleic acid Inhibits DNA gyrase and Fluoroquinolones
synthesis topisomerase
Inhibits tetrahydrofolic acid Sulfamethoxalone
synthesis
Inhibits RNA synthesis Rifampin
Disrupts bacterial Increases membrane Polymyxins
membrane permeability

Depolarizes membrane Daptomycin
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required for DNA production; these two drugs are often used together. Rifampin,
by contrast, inhibits synthesis of RNA and may be used in conjunction with
trimethoprim and sulfamethoxalone.

Finally, some drugs act by disrupting the bacterial membrane. Polymyxins
are believed to increase permeability of the bacterial membrane, causing it
to leak the bacteria’s contents. Daptomycin is a cyclic lipopeptide that appears to
function by causing the membrane to depolarize by inserting its lipid tail into
the cell membrane.

Bacterial Resistance Genes

Resistance genes protect bacteria by interfering with drugs’ abilities to function.
Some encode enzymes that degrade the drugs; others encode efflux pumps that
extrude drugs before reaching their targets; still others change the drug’s target
site or alter a metabolic pathway, enabling the construction of cell walls that
lack the drug’s binding site. Some mutations also down-regulate the porin gene
expression and thus decrease drug access to the intracellular targets.

Several genes and gene products are linked to resistant phenotypes. The
B-lactamases cleave and inactivate 3-lactam antibiotics, such as penicillin. After
developing newer B-lactam drugs with reduced ability to bind B-lactamases,
B-lactamases mutated in such a manner as to gain the capacity to degrade the
newer drugs. These modified bacterial enzymes are the aforementioned ESBLs.
The B-lactamases are inhibited by clavulanic acid. Augmentin is a combination
of the B-lactam amoxicillin and clavonic acid.

MRSA strains contain the mecd gene on the SCCmec genetic island,
encoding a modified penicillin-binding protein, PBP2a, allowing resistance
to B-lactam drugs by not binding to them. MecA is regulated by the MecR1
and Mecl proteins. The former binds to the B-lactam antibiotics followed by
the proteolytic cleavage of the latter, resulting in derepression and transcrip-
tion of the mecA gene. SCCmec type II in HA-MRSA strains contains genes
inducing resistance to non-@-lactam antibiotics, such as the ermd gene, confer-
ring resistance to erythromycin and either inducible or constitutive resistance
to clindamycin. CA-MRSA strains often bear SCCmec type IV that contains
mecA, but not other resistance genes. They may also produce ESBLs and
metallo-carbapenemases.

Vancomycin resistance involves the action of three enzymes. VanX removes
one D-alanine from the D-alanine-D-alanine that binds vancomycin. VanH
converts pyruvate to lactate. VanA or VanB forms D-alanine-D-lactate, which is
not bound by vancomycin.
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P aeruginosa bacteria often contain multidrug efflux pumps that work
in concert with the limited permeability of this species’s outer membrane.
The P aeruginosa membrane contains both an outer membrane and a cyto-
plasmic membrane. Its efflux pump contains three proteins, a pump in the
cytoplasmic membrane (such as MexB), a porin in the outer membrane (such
as OprM) and a joining protein (such as MexA). Four major efflux systems
are found in P aeruginosa: MexAB-OprM, MexXY-OprM, MexCD-Oprz], and
MexEF-OprN. The first two of these are associated with intrinsic multidrug
resistance, whereas overexpression of MexXY-OprM or MexCD-Opz] is
involved in acquired resistance.

Other bacteria have evolved other means of resistance. One example is
the erythromycin ribosomal methylase of Staphylococcus species, an enzyme that
nactivates erythromycin. Another means of drug resistance is the loss of OmpF
by E. coli, which removes the outer membrane protein porin channel that allows
entry of cephalomycins into the microbe.

RECENT DEVELOPMENTS

Under development are new analogues of existing drugs that have lower poten-
tial for bacterial resistance. One of these is telavancin, derived from vancomycin.
This drug is active against MRSA strains, and its efficacy in the treatment of skin
infections is equal or superior to standard drugs.

Another newer drug is daptomycin, derived from fermentation of
Streptomyces roseosporus. This compound is active against most gram-positive
bacteria, including Listeria, resistant bacteria like MRSA and VRE, and rarer
gram-positive organisms, such as corynebacterium and some bacillus species.
It acts in a novel manner by destroying bacterial membrane potential without
lysing the cell wall. In the proposed mechanism, calcium binds to daptomycin in
the cytoplasmic membrane, leading to conformational changes with insertion
into the plasma membrane and oligomerization. This builds channels, inducing
membrane leakage and loss of intracellular potassium. Daptomycin appears to
be less susceptible to the development of resistance; however, some resistant
strains have been seen in vitro by over 20 passages in the presence of the drug.
Clinical resistant isolates have been reported with mutations in the mprf or the
yycF genes. Some strains of Staphylococcus aureus are also cross-resistant to
vancomycin and daptomycin, even though they have not been exposed to the
latter drug. Daptomycin has been FDA-approved for infections of skin and soft
tissues, bacteremia, and right-side endocarditis and is clinically effective in the
treatment of MRSA, VRE, and drug-resistant pneumonococci.
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Diagnosis

Antibiotic resistance may be determined by assessing susceptibility of bacteria
to a panel of antimicrobial agents. One assay is the disk-diffusion test, in which
bacterial growth is recorded on agar plates in the vicinity of disks impregnated
with different dosages and types of antibiotics. The D-zone form of this test uses
erythromycin and clindamycin disks to detect the presence of an inducible erm
gene by the appearance of a D-shaped bacterial clearance zone around the latter
disk. In the microbroth dilution minimal inhibitory concentration test, a constant
number of bacteria are inoculated into wells of a plate containing different dilu-
tions of the antibiotic. Killing is indicated by a decrease in turbidity in the wells.
This allows the determination of bacterial susceptibility in a quantitative manner.

Molecular typing techniques are also useful. Pulsed-field gel electrophoresis
patterns allow grouping of organisms into types, assessments of relatedness of
strains during outbreaks, and examination of rapidly occurring evolutionary
events in S. aureus. Slower evolution may be assessed by multilocus sequence
typing. Polymerase chain reaction may be used to determine the presence of
toxicity genes, such as staphylococcal enterotoxins, toxic shock syndrome toxin 1,
and Panton-Valentine leukocidin, and resistance genes, such as mec.

FIGURE 11.4 Measuring antibiotic resistance: A clearance
zone appears around bacteria susceptible to
antibiotics on the disks

Source: CDC/). |. Farmer.
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Prevention

Prevention of MRSA requires good personal hygiene practices, as close contact
with an infected person is a risk factor for infection with microbes such as MRSA.
Gloves and gowns should be used by health care workers, especially in acute
care setting or when draining wounds. Hands should be washed frequently fol-
lowing visits to hospitals or long-term care facilities. Wounds should be covered
with dry bandages, for the presence of skin abscesses or spider bite sites are risk
factors for MRSA. Personal care items should not be shared. Athletic equip-
ment shared by multiple individuals should be cleaned with antiseptics before
use. In several countries, including France and Belgium, HA-MRSA rates have
either stabilized or decreased as a result of implementation of these practices
combined with patient isolation and careful decontamination procedures. Use
of intranasal mupirocin ointment decreases S. aureus colonization of the nose;
however, recolonization is fairly rapid, and widespread prophylactic use may
induce the development of resistance.

A recent history of antibiotic use is a risk factor for MRSA. Compliance
with prescribed drug dosage, frequency, and duration decreases the development
of drug resistance. Recent trends of indiscriminate antibiotic use, including
prophylactic applications in agriculture and in personal care products such as
soaps, may contribute to the selection and outgrowth of resistant bacterial clones.

Surveillance

Surveillance is needed to determine the magnitude of infections with resistant
organisms to establish priorities for prevention and control strategies. Such
studies of resistance patterns have been conducted by the EMERGEncy ID
NET Study Group, among others. In that report, the prevalence of different
strains of CA-MRSA were determined in over 400 patients with purulent soft
tissue or skin infections from 11 university-affiliated emergency departments in
cities from diverse areas in the United States (Oregon, California, New Mexico,
Missouri, Pennsylvania, and New York). The majority of the S. aureus isolates
(78%) were MRSA, and of those, 99% were the CA form. Despite the wide
geographical area, 97% of the isolates were represented by one specific type of
CA-MRSA, USA300.

The Active Bacterial Core surveillance (ABCs) and Emerging Infections
Program Network of the CDC conducted a population-based active-case-finding
mvestigation of the incidence of mvasive MRSA in nine sites in California,
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Tennessee, Georgia, Maryland, New York, and Connecticut over an 18-month
period in 2004 and 2005. Incidence was determined from computerized micro-
biology databanks and regular telephone calls to microbiology laboratory con-
tacts, census data, and demographic and outcome data. MRSA was considered
to be invasive if isolated from a normally sterile body site (blood; cerebrospinal
fluid; pleural, pericardial, peritoneal, or synovial fluid; bone; or internal body
sites). The CDC identified and stored isolates. From a population of 16.5 mil-
lion, almost 9,000 cases of invasive MRSA were detected, the majority (85%)
of them HA-MRSA and the remainder CA-MRSA. The overall incidence rate
was 32 per 100,000. Rates were highest among individuals over the age of 65
years (128 per 100,000) and those of African origin (67 per 100,000). Persons
aged 5 to 17 years had the lowest rates of infection (1.4 per 100,000). Another
study reported a high risk for children under the age of 2 years, as well as Pacific
Islanders and Native Americans. The overall standardized mortality rate was 6
per 100,000, and the populations with the highest incidence rates had the high-
est mortality rates. Low socioeconomic status and urban residence are associ-
ated with higher infection rates. Molecular tests revealed the presence of strains
previously associated with CA-MRSA in HA-MRSA cultures in all nine surveil-
lance areas. HA-MRSA strains were most commonly USA100 and USA200,
while the CA-MRSA strains were predominantly USA300. Interestingly, 23%
of CGA-MRSA isolates were USA100 and 16% to 22% of HA-MRSA isolates
were USA300.

Summary

Diseases and Causative Agents

*  Methicillin- and vancomycin-resistant Staphylococcus aureus * Vancomycin-
resistant enterococcus ¢ Extended-spectrum B-lactamase-producing
Escherichia coli  »  Multidrug-resistant Pseudomonas aeruginosa *  Drug-resistant
Streptococcus pneumoniae

Agent Type

e Gram-positive coccus  * Gram-negative coccus ¢  Gram-negative rod
*  Gram-positive diplococcus

Genome

« DNA

Vector

¢ None
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Common Reservoirs

¢ None

Modes of Transmission

e Inhalation < Cuts, sores, and catheters

Geographical Distribution
*  Worldwide

Years of Emergence
e 1961 <+ 1990s <+ 1983 < 1970s < 1977

Key Terms

B-lactamase Enzyme that destroys penicillin and related B-lactam antibiotics
Bacteriophage Virus that infects bacteria
Conjugation Exchange of DNA between bacteria during mating

Drug-resistant Streptococcus pneumoniae Any S. pneumoniae strain that
is resistant to penicillin

Extended-spectum f-lactamase (ESBL) A bacterial enzyme that allows
resistance to third-generation cephalosporins and monobactams

Extended-spectrum f3-lactamase-producing Escherichia coli Any
strain of E. coli that is resistant to aminopenicillins, narrow-spectrum and third
generation cephalosporins, and monobactams

Methicillin-resistant Staphylococcus aureus (MRSA) Any strain of S.
aureus that is resistant to the B-lactam antibiotics
Multidrug resistance Microbes acquire resistance to three or more drugs

Multidrug-resistant Pseudomonas aeruginosa Any P aeruginosa strain
that is resistant to expanded-spectrum cephalosporins, carbapenems, aminogly-
cosides, and fluoroquinolones

Panton-Valentine leukocidin Bacterial toxin transmitted by bacteriophages;
destroys neutrophils and causes tissue necrosis

Resistance genes Genes encoding products that allow microbes to escape
drug actions

Septic shock syndrome Hypotension, respiratory distress syndrome or fail-
ure, and abnormal functioning of the central nervous system, liver, kidneys, or
muscles
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Transduction Bacteriophage transfer of genetic material between bacteria

Transformation Bacteria acquire DNA from other bacteria that have previ-
ously released their DNA into the external environment

Vancomycin-resistant enterococcus (VRE) Any strain of Enterococcus
Jfaectum that is resistant to the antibiotic vancomycin

Vancomycin-resistant Staphylococcus aureus (VRSA) Any strain of S.
aureus that is resistant to the antibiotic vancomycin

Review Questions

1. Yor Enterococcus faecium, (a) name the antibiotics for which resistance has devel-
oped, (b) identify the bacterial gene or enzyme responsible for resistance, and
(c) discuss the mechanism of resistance for each gene or enzyme.

2. What groups of persons are affected by HA-MRSA and CA-MRSA? How
do these strains differ?

3. What are the major methods that bacteria use to escape killing by drugs?

4. What tests are used to detect and quantify bacterial drug resistance?

5. How might the risk of MRSA infection be decreased?

Topics for Further Discussion

1. Seeing that some drug-resistant bacteria use common genetic elements, such
as mecd and ermd, suggest methods that might be used to target the products
of those genes and thus defend simultaneously against several resistant isolates.

2. As drug resistance becomes more prevalent, should other means of bacte-
rial control be considered to supplement the drug arsenal? Discuss means of
augmenting the immune system, including vaccination, the use of bacterio-
phages to kill pathogenic bacteria, and disinfectants to eliminate environmen-
tal microbial exposure.

3. Poor hygienic practices and low socioeconomic status contribute to the spread
of drug-resistant bacteria. What strategies might public health care agencies
and workers devise to lower infection rates?

4. The addition of antibiotics to domestic animal feed reduces infection, increases
animal health and weight, and boosts food production. It is also believed
to contribute to the development of drug resistance. In light of the need to
maximize agricultural output to more effectively feed the world’s population,
1s this use of antibiotics wise? What other methods could be practically and
affordably used to achieve the desired results without the risks?
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CHAPTER 12

MARBURG AND EBOLA
HEMORRHAGIC FEVERS

LEARNING OBJECTIVES

e Define and compare Marburg and Ebola hemorrhagic fevers
e Describe the filoviruses responsible for causing these illnesses
® Discuss modes of infection

® Discuss the host’s response to infection

® Describe symptomatology and diagnosis

® Discuss methods of treatment

® Discuss methods of prevention
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Major Concepts

Outbreaks

Marburg and Ebola hemorrhagic fevers are diseases of unusual severity and high
mortality rates that emerged in the late 1960s and 1970s, respectively. While
natural infection of humans and nonhuman primates occurs primarily in Africa,
monkeys infected with Reston ebolavirus have originated in the Philippines, and
their importation led to severe disease in animal colonies in the United States
and Italy. Humans contracted fatal cases of Marburg hemorrhagic fever from
monkeys brought into Germany and Yugoslavia, and a nonfatal case of infection
was reported in the United States in a traveler returning from Africa. Large-scale
outbreaks of both Marburg and Ebola hemorrhagic fevers occurred in Africa
over the following decades, characterized by fatality rates that at times exceeded
80%, resulting in hundreds of human deaths. Epidemics of Ebola hemorrhagic
fever also had a serious impact on populations of some nonhuman primates,
such as gorillas, in parts of Africa.

Symptoms

Marburg and Ebola hemorrhagic fevers are similar in clinical presentation and
are characterized by chills and high fever; apathy; nausea, vomiting, and diar-
rhea; disseminated intravascular coagulation leading to depletion of clotting
factors; severe hemorrhaging into multiple organs; anemia; multiple organ fail-
ure due to loss of tissue oxygenation; shock due to decreased blood pressure;
and death. Endothelial cells and monocytes, macrophages, and dendritic cells
of the innate immune system are infected by the viruses and produce massive
amounts of proinflammatory cytokines that greatly contribute to the pathology:.
Lymphocyte functions are suppressed by several viral proteins, allowing the
viruses to evade the host’s defenses. The filoviruses are resistant to killing by
IFN-o and IFN-(, two of the key antiviral cytokines, and also inhibit interferon
production.

Infection

Marburg and Ebola hemorrhagic fevers are caused by filoviruses. The Lake
Victoria marburgvirus causes Marburg hemorrhagic fever and the Saire, Sudan, Ivory
Coast, and Reston ebolavirus species cause Ebola hemorrhagic fever. Infection with
Laire and Sudan ebolavirus leads to severe disease in humans, whereas fvory Coast
ebolavirus has caused only one nonfatal case in humans, and fatal infection with
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Reston ebolavirus appears to be restricted to monkeys and apparently does not
result in human disease. Filoviruses are enveloped viruses with regularly spaced
protruding spikes. Their genome consists of one strand of linear negative-sense
single-stranded RNA that contains a unique sequence (UAAUU) at the begin-
ning of start sites and the end of stop sites.

Transmission

Filoviruses are present in high levels in body secretions and may be depos-
ited on the skin by sweating. Marburg and Ebola viruses are transmitted
between individuals via droplets of body fluids or through direct contact
with infected individuals or objects contaminated with blood or tissue. After
recovery, infectious virus may be transmitted sexually for up to seven weeks.
Fruit bats are believed be a reservoir host, as infected bats have been captured
in western Africa. The indicated species of fruit bats roosts in caves, and many
of the outbreaks of Marburg or Ebola hemorrhagic fever have been associated
with visits to bat-infested caves or mines.

Protection

Care for persons infected by filoviruses is generally supportive, as proven treat-
ment options are limited. Antiviral compounds have not thus far been effective
against these viruses. Administration of heparin, interferon, or human immune
serum to patients may or may not increase survival. More recent work has
focused on the use of antisense oligonucleotides and short interfering RNA
(siRNA) molecules to decrease production of key viral proteins. Other treat-
ment options seek to decrease symptoms such as disseminated intravascular
coagulation. Research is progressing in the development of effective antifilovirus
vaccines. Other preventive measures involve general improvements in the avail-
ability of regional health care and medical supplies and rapid communication
to detect and halt outbreaks in their initial stages.

Introduction

Fueled by movies and books such as Outbreak, The Hot Jone, and The Coming
Plague and spurred by sporadic media attention, reports of Ebola and Marburg
hemorrhagic fevers have generated fear and curiosity among the American pub-
lic. While such accounts are often presented in a highly dramatic, graphic, and
sensational manner, they have succeeded in periodically bringing public attention
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to the threat of emerging viral infections. Coverage of emerging infections, how-
ever, waxes and wanes in accordance with the general populace’s attention span,
while the threat of emerging diseases continues unabated. The Ebola outbreak
of 1995 received a great deal of media coverage, but subsequent large outbreaks
in Gabon and Uganda went largely unnoticed by most of the world’s press, as
were the preliminary stages of the AIDS pandemic in Africa. In addition to the
threat of future outbreaks, which may continue to kill hundreds of humans in
sub-Saharan Africa, thousands of members of endangered nonhuman primate
species, including gorillas, have already died in their sanctuaries in West Africa,
further challenging the survival of these animal populations.

History

The first known instance of Marburg hemorrhagic fever (MHF) occurred in
1967 in vaccine production facilities in Marburg and Frankfurt, Germany, and
Belgrade, Serbia (at the time, part of Yugoslavia). The outbreak began among
25 persons working with African green (vervet) monkeys from Uganda (primary
cases) and later spread to six of their family members or health care workers
(secondary cases). Seven of the primary cases died (mortality rate of 28% among
primary cases).

Another small outbreak occurred in 1975, originating with a tourist who had
a history of recent travel in Zimbabwe and South Africa. Two cases of secondary
infection resulted: a traveling companion and a nurse, both of whom survived. In
1980, two persons were infected in western Kenya. These people had visited the
Kitum cave, which was believed to be the source of the infection. Later, research-
ers placed sentinel animals in the cave, but none of them became infected. A
large number of different animal species were trapped in the vicinity of the cave
(including rodents, bats, insects, grazing animals, and large African cats). These
also had no sign of the causative virus. Laboratory tests did find, however, that the
virus is able to replicate in experimentally infected bats. Lake Victoria marburgvirus
(Marburg virus), the causative agent, has subsequently led to disease in several
areas of Africa, including Uganda, western Kenya, South Africa, and Zimbabwe.
Far more deadly epidemics of MHF occurred among gold miners near Durba
in the Democratic Republic of Congo (DRC; formerly Zaire) in 1998-2000,
with 154 cases and 128 deaths (mortality rate of 83%) and in the Uige province
of Angola in 20042005 (374 cases, 88% mortality). An outbreak of MHI also
occurred in 2008 in a bat-infested mine in Uganda. Disease spread in many of
these outbreaks was amplified by unsanitary injections given in health care centers
or private clinics or by self-administration in homes.
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RECENT DEVELOPMENTS

Marburg viral RNA and antiviral IgG antibody were detected in a common spe-
cies of fruit bat, Rousettus aegyptiacus, trapped in caves in Gabon in 2005 and
2006. Many of the human cases of MHF have been associated with caves. Unlike
most fruit bats, this species is known to roost in caves, and its geographical range
includes the locales in which outbreaks of MHF have occurred. This is the first
naturally infected nonprimate species thus far identified with this virus and the
first detection of the virus in that part of western Africa. This discovery follows
the identification of asymptomatic infection of three species of fruit bats with the
Ebola virus in Gabon and the Congo Republic in 2004.

The first case of MHF in the United States was detected in a traveler returning
to Colorado from a trip to Uganda in January 2008. He had visited the bat-infested
“python cave” in Maramagambo Forest, Queen Elizabeth Park, in the western part
of that nation. The U.S. tourist recovered; however, another cave visitor from the
Netherlands acquired a fatal case of MHF in July of that year. This cave is about
60 kilometers from the Kitaka gold mine, the source of a large disease outbreak
in Uganda in 2008. The mine contains large numbers of fruit bats. A band was
found in the python cave that had been used to tag a bat from the Kitaka mine,
indicating that bats did indeed travel between the two sites.

A similar disease, Ebola hemorrhagic fever (EHF), emerged in 1976 in two
simultaneous outbreaks involving over 550 persons in the DRC and Sudan. The
mortality rate was very high—88% in Zaire and 53% in Sudan. The outbreak
in the DRC began in a missionary hospital in Yambuku, in the vicinity of the
Ebola River, and spread rapidly among patients, health care providers, and
patients’ relatives. The patients were taken to a regional center in Kinshasa. Most
of the primary cases (72 of 103, or 70%) were spread by the local hospital via
improperly sterilized needles used for multiple patients. Of the persons infected
by secondary contact with an infected person, 43% survived, compared to only
7.5% of those infected by a contaminated needle. In that outbreak, the Ebola
strain was passed for four generations in humans and then disappeared for no
apparent reason.

At approximately the same time, a separate epidemic of this hemorrhagic
fever began in Maridi and N’zara in Sudan and rapidly spread to members of
the medical staff. This outbreak had a lower mortality rate than that occurring
concurrently in the DRC. An investigator in Porton Down, England, was subse-
quently infected with virus from this outbreak following an accidental injection
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FIGURE 12.1 Surveying for infection during the 1976
Ebola outbreak in Zaire

Source: CDC/]. Lyle Conrad.

into his thumb. He was given antifungal medication, interferon, and immune
serum and survived the infection. The major risk factors in this outbreak were
determined to be the performance of local rituals of preparing relatives’ bod-
ies for funerals and association with the regional hospitals (nosocomial spread).
Up to 30% of the health care workers became infected in this outbreak. N’zara
had a population of approximately 20,000 and was the economic center of
the area due to its cotton factory. This factory was infested with bats, rats, boll
weevils, and spiders, and all of the early cases were among factory workers. This
outbreak passed through at least eight generations in humans. Over 400 miles
separated these epidemics in the DRC and Sudan. Due to the extremely poor
road conditions at the time, the differences in mortality rates, and differential
ability to survive multiple passages in humans, it 1s unlikely that the disease was
spread to Sudan by a person traveling between the two areas; it is more likely
that these were separate outbreaks involving different strains of the causative
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FIGURE 12.2 Graveyard containing some of the first victims
of the Ebola outbreak in Sudan in 1976

Source: CDC/J. Lyle Conrad.

agent, which were later designated as Jawre ebolavirus (Ebola Zaire) and Sudan
ebolavirus (Ebola Sudan).

A second major epidemic of Ebola Zaire occurred in 1995 in Kikwit, Zaire,
about 1,000 kilometers from the site of the previous outbreak. The index case
was a surgical patient, and disease spread by nosocomial transmission to health
care providers, others in the hospital, and family members, resulting in 245
deaths. In 1996-1997 (Gabon) and 2000-2001 (Gulu, Uganda), large outbreaks
involved 98 persons with 66 deaths (67% mortality rate) and 425 people (83%
mortality), respectively. EHF has occurred in other parts of Africa, such as the
Central African Republic, Nigeria, the Ivory Coast, Liberia, Kenya, Congo
Republic, and Cameroon, where antibodies to the virus were found in 15% of
the local pygmies. Wild chimpanzees and gorilla populations (including moun-
tain gorillas) have also suffered large losses.

A different subtype of Ebola is named after an outbreak among primates in
Reston, Virginia, in 1989. It caused lethal infection of cynomolgus monkeys held
in quarantine facilities in Virginia, Texas, and Pennsylvania. Many of the animals
became severely ill and died, and the rest were euthanized. Several of the human
caretakers were also infected, as evidenced by the production of antibodies, but
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no humans demonstrated disease symptoms. The monkeys in these outbreaks
originated in the Philippines. This strain is known as Reston ebolavirus (Ebola
Reston), and it is not virulent in humans, although it does share antigenic cross-
reactivity with the other Ebola strains. Due to the spread of infection to animals
in all parts of the quarantine facility, it is likely that Ebola Reston may have
been spread by airborne transmission. On several subsequent occasions during
1989, 1990, and 1996, Ebola Reston killed monkeys in colonies in the United
States. These animals had been purchased from the Ferlite Scientific Research
monkey farm in the Philippines. Some of the people at the colony in Texas and
several of the workers at the facility in the Philippines also produced antibodies
to the virus but did not become ill. Ebola Reston was also found in cynomolgus
monkeys imported from the Philippines in Italy in 1992.

The fourth subtype of Ebola virus, fvory Coast ebolavirus (Ebola Ivory Coast,
formerly Ebola Tai), was found in 1994 in a scientist performing an autopsy on
a wild chimpanzee that had died of a hemorrhagic disease in the Tai Forest of
the Ivory Coast. She developed a serious acute illness characterized by fever and
rash, but no hemorrhage, and survived the infection. No subsequent cases of
infection with Ebola Ivory Coast are known to have occurred.

The Diseases

Both the Marburg and Ebola viruses cause serious and often fatal hemorrhagic
fever in humans and some nonhuman primates. Pathological responses entail an
intense, systemic inflammatory response similar to septic shock, resulting from
an overwhelming activation of infected monocytes, macrophages, and dendritic
cells, which produce large amounts of proinflammatory cytokines. This hyperac-
tivation of the innate immune system is responsible for much of the subsequent
pathology induced by filoviruses. The severity of the symptoms and the high
mortality rates associated with these diseases have made them popular topics for
the media and for several best-selling movies and books.

Marburg Hemorrhagic Fever (MHF)

Marburg hemorrhagic fever (MHF) has an abrupt onset with severe head-
ache, high fever, chills, and back pain. This is followed by severe watery or
bloody diarrhea, abdominal cramping, vomiting, and a rash on the trunk. Severe
bleeding (hemorrhaging) occurs from multiple sites, particularly the gastroin-
testinal tract, gums, eyes, and lungs, within five to seven days of onset. Disease
manifestations include jaundice, inflammation of the pancreas, severe weight
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loss, delirium, central nervous system involvement, terminal shock, liver failure,
pulmonary edema, and multiorgan dysfunction. Major lesions may be present
in the liver (focal hepatic necrosis), spleen, lymph nodes (follicular necrosis), and
kidneys and are accompanied by hemorrhaging in the gastrointestinal tract;
the pleural, pericardial, and peritoneal spaces; and the renal (kidney) tubules.
Laboratory findings include severe thrombocytopenia, leading to the hemor-
rhagic manifestations; hemoconcentration; and amylase, blood urea nitrogen,
creatinine, and transaminase elevation, with aspartate aminotransferase (AST)
greater than alanine aminotransferase (ALT). A profound leucopenia may result
from apoptosis of lymphocytes; the resultant drop in immunity may lead to sec-
ondary bacteremia. Death may occur after 7 to 16 days due to shock resulting
from severe decreases in blood pressure following hemorrhaging. The mortality
rate ranges from 23% to 88%. MHF occurs in humans, Old World primates,
and guinea pigs but not in mice or New World primates.

Ebola Hemorrhagic Fever (EHF)

Infection with the Ebola Zaire or Ebola Sudan virus results in a disease similar to
MHE: Following an incubation period of 2 to 21 days (most commonly, 7 to 14

FIGURE 12.3 Lung pathology due to Marburg virus
infection, showing breakdown of alveolar walls,
leading to pulmonary edema

Source: CDC/J. Lyle Conrad.



m EMERGING INFECTIOUS DISEASES

FIGURE 12.4 Acute tubular necrosis and glomerular
fibrin thrombosis in the kidney of a patient with
Marburg hemorrhagic fever

Source: CDC/|. Lyle Conrad.

days), Ebola hemorrhagic fever (EHF) begins abruptly and is characterized
by fever, chills, anorexia, and muscle aches, followed by nausea, vomiting, sore
throat, abdominal pain, nosebleeds, and diarrhea. Affected persons are overtly ill
and dehydrated, apathetic, and disoriented. Some patients lose hair, fingernails,
and skin. Severe hemorrhaging begins between days 5 and 7, with bleeding from
multiple sites, similar to that seen in MHE. Large lesions may be found in the
liver, lymph nodes, spleen, and kidneys. Death as a result of shock may occur
within one to two weeks in 50% to 90% of infected individuals.

The Ebola viruses interact with liver cells, endothelial cells lining the capil-
laries, and monocytes, macrophages, and dendritic cells of the innate immune
system. Endothelial cells are damaged either directly or via toxic cytokines, such
as TNF-a, released from infected macrophages. This causes the capillaries to
leak fluids and plasma into the surrounding tissues. Disseminated intravas-
cular coagulation may also be present, depleting the blood of platelets and
mterfering with clotting at other sites. The infected persons then bleed from any
orifice, including sites of injection. The loss of fluid from the circulatory system
as aresult of capillary leakage and hemorrhaging leads to low fluid volume in the
blood vessels, decreasing blood pressure and potentially causing the individual
to enter into shock. The blood loss also decreases tissue oxygenation and may
induce multiorgan failure. In addition to the severe thrombocytopenia resulting
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FIGURE 12.5 Histology of liver tissue infected
with Ebola virus

Source: CDC/J. Lyle Conrad.

from disseminated intravascular coagulation, the initial state of lymphopenia
may be followed by a dramatic neutrophilia (increased numbers of neutrophils,
primarily immature cells).

The Causative Agents

Both Marburg and Ebola viruses belong to the Filoviridae family of the
order Mononegavirales and are most closely related to paramyxoviruses and
rhabdoviruses. Tiloviruses are enclosed within a lipoprotein envelope and
have pleomorphic shapes ranging from filamentous and branched to simple
and, less commonly, spherical. The molecular weight of these viruses is 3 to
6 X 10" kilodaltons. Virion size is 790 to 1400 nanometers in length and
80 nanometers in diameter. Longer virion-related structures approach 10 microm-
eters. Nucleocapsids contain a dark central space 20 nanometers in diameter
surrounded by a helical capsid 50 nanometers in diameter with cross-striations.
Knoblike surface projections (7 nanometers) containing the glycoprotein pro-
trude with an even distribution at 10 nanometer intervals over the entire enve-
lope surface. The viral envelope also contains lipids derived from the host cell
plasma membrane.
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FIGURE 12.6 Electron micrographs of Ebola (left)
and Marburg (right) viruses

Sources: CDC/F. A. Murphy for Ebola virus image and CDC/Erskine Palmer and Russell
Regnery for Marburg virus image.

The viral genome composes 1.1% of the virion and consists of one strand
of linear negative-sense single-stranded RNA that is not infectious. The length of
the RNA is approximately 19 kilobases, with complementary 5' and 3' sequences.
Tiloviruses contain the sequence UAAUU at the 5' end of start sites and the 3'
end of stop sites; the sequence is unique to this group

Filoviruses contain seven proteins. Four of these are associated with the
nucleoprotein complex (the phosphorylated nucleoprotein, L protein, VP35,
and VP30). The nucleoprotein is involved in nucleocapsid assembly and bud-
ding. The L protein is the filovirus polymerase. It is an RINA-dependent RNA
polymerase. VP35 is a component of the transcriptase complex and has a role
in evading the immune response. Hexamers of VP30 aid in viral RNA tran-
scription by activating and modulating RNA synthesis and stabilizing the newly
formed RNA chain.

The envelope glycoprotein forms the surface projections and mediates
viral attachment and entry into host cells. It is also involved in cytotoxicity,
down-regulation of host surface proteins, and virus assembly and budding. The
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glycoprotein is produced in three forms, differing in length, by three different
mRNAs. It is a protein that inserts into the plasma membrane of the host cells
as a trimer (three protein chains). The carbohydrate portion of this glycoprotein
composes over 50% of its molecular weight and consists of N- and O-linked
sugars. This glycoprotein does not contain terminal sialic acid residues in the
Marburg virus but does in the Ebola virus. The mature form of the surface gly-
coprotein contains two disulfide-linked subunits, a large extracellular GP1 and
a membrane-anchored GP2. A shorter form of the envelope glycoprotein is also
produced and is secreted as a homodimer that may have anti-inflammatory prop-
erties, while the longer forms of the glycoprotein may instead induce an inflam-
matory response, similar to the lipopolysaccharide of gram-negative bacteria.

Viruses bind to C-type lectins on host cells; these lectins contain carbo-
hydrate recognition domains. Viral binding to this receptor binding is specific
and requires the presence of the calcium ion. When the Ebola virus is grown
in some cell types, it lacks the terminal sialic acid but instead ends in galactose.
These viruses are able to bind to the asialoglycoprotein receptor on HepG2 liver
cells but cannot bind to Vero African green monkey kidney cells, which lack this
receptor. The human liver has the asialoglycoprotein receptor; this may explain
in part why the Ebola virus is hepatotropic. Marburg and Ebola viruses also use
dendritic cell-specific ICAM-3-grabbing nonintegrin (DC-SIGN) and its homo-
logue, L-SIGN, as cellular receptors. The former is expressed on immature den-
dritic cells and macrophages, and the latter is located on endothelial cells in the
liver. These molecules bind high-mannose carbohydrates on a number of viruses,
including HIV, and may mediate viral attachment to the cell surface rather than
viral entry into the cell. Other C-type lectins believed to bind filoviruses include
the human macrophage galactose- and acetylgalactosamine-specific C-type lec-
tin on immature dendritic cell and macrophages and the lymph node sinusoidal
endothelial cell C-type lectin on endothelial cells in the lymph nodes and liver.

Filoviruses bind to other receptors on the surface of target cells as well.
These include members of the 1 integrin family of adhesion receptors, which
mediate attachment of cells to the extracellular matrix as well as to other cells.
The viruses also bind to the folic acid receptor o, responsible for transport of
folic acid into cells’ cytosol. This receptor appears to act as a cofactor for viral
entry and is found on many types of cells in a wide variety of species. Other
receptors that help mediate cellular infection include the Tyro3 receptor tyrosine
kinases Axl, Dtk, and Mer.

Filoviruses apparently use a number of host molecules to attach to and
enter target cells, and combinations of these molecules may be required for suc-
cessful infection of cells. Filoviruses are taken into cells by macropinocytosis or
endocytosis, which may or may not involve clathrin- or caveolin-1-coated pits.
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Lipid rafts containing cholesterol and glycosphingolipids appear to be involved
in the endocytic process. Viruses may also enter macrophages by phagocytosis.
The remaining proteins, VP40 and VP24, compose the matrix. Dimers,
hexamers, or octamers of VP40, the major matrix protein, aid in viral assem-
bly and budding by linking the surrounding membrane with viral RNA in the
nucleocapsid. They help sequester host RNA as well. VP24 is the minor matrix
component but appears to also function in virus assembly and budding;

The amino acid identity between the Ebola viruses and Marburg viruses
ranges from 24% to 46%, with the least degree of similarity occurring in the
VP40, glycoprotein, and VP30 proteins. Within the Ebola virus subtypes, amino
acid identity 1s higher, ranging from 55% to 81%, with the least amount of
similarity found in the glycoprotein.

Tiloviruses are present in a number of tissues in the human host, particularly
those involved in the immune response. These include the spleen, lymph nodes,
liver, and kidney; virus is rarely present in the brain. Replication occurs primarily
in monocytes and dendritic cells, key components of the innate immune response.
These cells respond by producing large amounts of proinflammatory cytokines.
Virus is present in high levels in most body secretions (blood, urine, feces, semen,
and vomit) and is deposited on the skin by sweating. It may be isolated from whole
blood, sera, throat washes, urine, soft tissues, eye fluid, and serum. Marburg and
Ebola viruses are transmitted from person to person via droplets of body fluids
or through direct contact with infected individuals or with objects contaminated
with blood or tissue. Individuals are most likely to transmit virus late in infection,
through vomiting, diarrhea, or hemorrhaging. After recovery from disease, viruses
may be transmitted sexually by males in semen for up to seven weeks.

During replication, a full-length positive strand that serves as a template
for the production of genomic RNA is synthesized. Budding of the genome
occurs at the cell’s membrane, which contains inserted viral glycoprotein, by
the addition of membrane-associated proteins and the nucleocapsid. Replication
requires eight hours.

The five currently recognized filoviruses are Lake Victoria marburg-
virus (strains Musoke, Popp, Ravn, Ozolin, Ratayczak, Voege), Zaire ebo-
lavirus (strains Eckron, Gabon, Kikwit, Mayinga, Tandala, Zaire), Sudan
ebolavirus (strains Boniface and Maleo), Ivory Coast ebolavirus, and
Reston ebolavirus (strains Reston, Philippine, Siena, and Texas). These are
more commonly known, respectively, as Marburg virus, Ebola Zaire, Ebola
Sudan, Ebola Ivory Coast, and Ebola Reston. The six strains of the Marburg
virus are serologically distinct and do not demonstrate immunological cross-
reactivity. The filovirus groups have distinctive geographical distribution, with
Ebola viruses primarily confined to humid rain forests in central and western
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FIGURE 12.7 Budding of Ebola virus from the plasma
membrane of an infected cell

Source: CDC/Fred Murphy.

Africa, while Marburg virus is typically concentrated in drier areas found in
central and eastern Africa, although infected bats have also been identified
in Gabon and Congo Republic on Africa’s west coast. Among the Ebola viruses,
Ebola Zaire and Ebola Ivory Coast also appear to be clustered in a different
geographical region than Ebola Sudan. Infections with the Zaire and Ivory Coast
viruses also rise during periods of low or declining rainfall, whereas infections
with the Sudan virus are associated with wet months.

The reservoir hosts for both Marburg and Ebola viruses are unknown,
although fruit bats have been suggested to play this role because these animals
may be infected experimentally and have been shown to have antiviral antibod-
les and viral RNA in the wild, indicating that natural infection has occurred.
Infection among humans is highest among persons who venture into caves,
mines, and forests, where they may encounter these bats. It is not known whether
the differences in distribution of different species of filoviruses are related to
differences in the reservoir host or hosts. The seasonality patterns for outbreaks
may be due to factors that influence either infection of the reservoir host (the
rate of seropositivity 18 higher in pregnant than nonpregnant bats, and higher
viral titers may reflect decreased immune system activity during times of food
scarcity) or may be due to increased interactions between the reservoir host and
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FIGURE 12.8 Sampling animal tissues to determine the reservoir
species for Ebola virus, Kikwit, Zaire, 1995

Source: CDC/Robert McLean.

nonhuman primates or humans occurring when competing for food during times
of limited availability.

Both viruses are of potential concern for use as bioweapons. In experimen-
tally infected mice, the lethal dosesq (LDs5o) (number of organisms required to
kill 50% of a host) for Ebola Zaire is 1, indicating that an extremely low number
of viruses are needed to kill mammalian hosts. Fortunately, Ebola Zaire is not
known to be transmitted by any airborne mechanisms.

The Immune Response

The ability of filoviruses to infect monocytes, macrophages, and dendritic cells
is the key to many of the pathological effects of infection as well as an aid to
the evasion of the host’s immune response. As previously mentioned, infected
monocytes release large levels of destructive proinflammatory cytokines, such
as TNF-a. Monocytes and dendritic cells normally play vital roles in stimulat-
ing the adaptive immune responses by lymphocytes, which themselves are not
infected. Monocytes and dendritic cells express the MCH 1I molecules that are
required to activate CD4" T helper cells. Denderitic cells are especially important
in initiating a T" and B lymphocyte responses to a novel antigen. Infection of
dendritic cells leads to decreased maturation and necrotic death, thus decreasing
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their activation of T helper cells and B lymphocytes. Apoptosis of both CD4*
T helper cells and CD8" T killer cells is also common during filovirus infections.

While human neutrophils are not themselves infected by filoviruses, they
contribute to septic shock-like symptoms by their secretion of proinflammatory
cytokines. Viral glycoprotein binds to the neutrophil surface immunorecognition
receptor, known as the triggering receptor expressed on myeloid cells (TREM-1),
thereby activating neutrophils to produce and release pathogenic cytokines.
Cytokine release may be blocked by interfering with this binding,

During MHE, small amounts of antibodies are typically produced by B
lymphocytes, primarily against the surface glycoproteins. Host survival follow-
ing infection with filoviruses is associated with production of antiviral neutral-
izing IgM. The envelope glycoprotein plays an important role in evasion of the
host immune response by down-regulating the expression of MHGC I, which is
required for recognition of viral antigens by CD8" T killer cells, and by thus
decreasing the activation of these cells, which are the chief effectors of the
adaptive immune system against viral infection. The glycoprotein also decreases
expression of adhesion molecules on the surface of immune cells, interfering
with their ability to home in on the site of infection. Increased levels of IFN-y
and IL-10 often accompany fatal cases of MHE

Ebola viruses are not affected by host IFN-a and IFN- (type I IFN). Type
I IFN are normally important components of the innate immune response to
viral infection and also regulate development of adaptive immunity. Viral VP35,
in addition to serving a vital role in RNA synthesis, is also an antagonist of
type I IFN. It blocks activation of IFN regulatory factor-3-responsive promot-
ers, thus inhibiting IFN production, and suppresses this pathway, which inhibits
viral synthesis, by blocking activity of the host antiviral enzyme double-strand
RNA-dependent protein kinase. VP24 also appears to inhibit expression of
IFN-induced genes, blocking IFN from effectively inducing an antiviral state.
Natural killer (NK) cells are important mediators of the antiviral activity of
the innate immune system that are activated to high levels of killing activity
by IFN. VP35-induced reduction of IFN activity therefore also diminishes NK

cell effectiveness.

Diagnosis

The initial stages of infection with filoviruses share symptoms with other tropical
diseases common in the same regions of Africa, such as malaria and typhoid
fever. Some diagnostic tests currently in use include antigen-capture ELISA,
IgM-ELISA, indirect immunofluorescence, polymerase chain reaction, and viral
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1solation. For Ebola, virus may be isolated from blood, serum, or homogenates
of internal organs and subsequently grown in tissue culture. MA-104 cells are
used for Ebola Sudan, Vero cells (African green monkey kidney cells) for Reston.
Virus may also be grown in guinea pigs. Diagnosis may also be performed on
skin samples using immunohistochemisty.

Treatment

No specific treatment is currently effective against filovirus infection. None of the
current antiviral drugs, including ribavirin, has been found to combat filoviruses,
even in vitro. Hospital care is generally supportive and involves regulation of the
balance of fluids and electrolytes, replacement of plasma albumin, maintenance
of O2 status and blood pressure, and the replacement of blood and clotting fac-
tors. Administration of heparin has been attempted to block the consumption of
clotting factors in order to prevent hemorrhaging; this is controversial, however,
because heparin may actually accentuate blood loss.

Human immune serum and IFN have been used, with some degree of suc-
cess. During the 1976 outbreak of Ebola Sudan, a researcher in England was
accidently infected, but his levels of viremia dropped after receiving immune
serum, and he recovered. It is not known, however, whether the serum con-
tributed to his recovery because the overall mortality rate in that outbreak was
53%. Other research using a monkey model system suggests that if antiserum is
beneficial, it functions in a strain-restricted manner.

More recent research has used several approaches to decrease viral replica-
tion. Two of these approaches are the use of antisense oligonucleotides and short
interfering RNA (siRNNA) molecules to decrease production of key viral proteins.
Another approach employs S-adenosylhomocysteine hydrolase inhibitors and
has been beneficial in infected mice. Other recent work has focused on prevent-
ing pathological host responses. Administration of recombinant nematode anti-
coagulant protein G2, which decreases disseminated intravascular coagulation,
reduces mortality in macaques. However, these interventions are beneficial only
when given before or soon after viral challenge.

Prevention

The Marburg virus and the four Ebola viruses are considered to be BioSafety
Level 4 (BSL4) organisms and may only be grown in BSL4 laboratories. Few such
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laboratories exist—in the United States, one such lab is housed in the CDC and
another in a U.S. Army facility. Care for people infected with BSLL4 organisms
requires special protective measures, including barrier nursing. Personnel must
wear protective gloves, gowns, and masks; patients should be placed in isolation
wards, and all material coming into contact with patients or their secretions
(such as needles, medical equipment, clothing, and bedding) must be properly
sterilized. These viruses may be inactivated by ultraviolet or y-irradiation, 10%
bleach, a 1% solution of formalin, phenolic disinfectants (such as Lysol), or lipid
solvents (ether).

Research is being conducted on the development of an effective vaccine
to protect against MHF and EHF. One such Marburg virus vaccine uses a
slightly truncated glycoprotein whose gene is expressed in a baculovirus vector.
This system provides proper N- and O-linked glycosylation. The vaccine con-
struct was partially protective, blocking infection in 80% of animals challenged
with same isolate (Musoke) as the vaccine, but was not active against the Ravn
strain. An inactivated whole-virus vaccine protected animals against challenge by
either strain and did so without inducing plaque-inhibiting antibodies. Cell-free
serum from the vaccinated animals was able to transfer protection to previously

FIGURE 12.9 Isolation unit harboring persons with suspected
cases of Ebola hemorrhagic fever in 1976

Source: CDC/|. Lyle Conrad.
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FIGURE 12.10 Technician in protective field gear, Zaire, 1976

Source: CDC/]. Lyle Conrad.

FIGURE 12.11 Barrier clothing donned prior to entering
an Ebola isolation ward, Kikwit, Zaire, 1995

Source: CDC/Ethleen Lloyd.
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unexposed guinea pigs. A vaccine composed of Ebola virus DNA followed by
boosting with an adenovirus vector containing Ebola genes was found to pro-
tect monkeys from subsequent challenge with Ebola Zaire. Virus-specific CD8"
T killer cells and antibodies were produced in the immunized animals. Ebola
Zaire VP30 and VP40 proteins can also stimulate protective immune responses,
indicating their possible utility in vaccines. Vesicular stomatitis virus and para-
influenza type 3 viruses are being used to produce live, recombinant vaccines
that contain various filovirus genes. Another approach employs noninfectious
ebolavirus-like particles.

Control of MHF and EHF outbreaks and prevention of disease epidemics
may involve improving sanitation conditions in the regions at risk; increasing
the availability and quality of health care, supplies, and training required for
implementation of barrier nursing procedures; quarantining patients to prevent
nosocomial transmission; and decreased travel of potentially infected persons
from the area. Some of the major obstacles to these goals are limited local
financial resources and civil unrest and violence in the affected areas. Because
the international community would be threatened should a large-scale epidemic
occur, preventive measures designed to improve public health in sub-Saharan
Africa may be a matter for international consideration. Improved communica-
tions with health care agencies and experts from around the world and access
to online medical journals may be achievable first steps toward modernizing
medical care in some of the affected regions.

Surveillance

Epidemiological studies have found that several conditions contribute to the
development and spread of MHF and EHF epidemics. These include travel
of infected persons; decreased immune responses of the populace due to
poor nutritional status, HIV/AIDS, and presence of other debilitating dis-
eases; social customs (funeral rites, multiple sex partners); poor communication
between areas of initial outbreak with regional, national, and international
health care agencies; difficulty in reaching regions experiencing outbreaks and
in transporting required protective equipment and medical supplies; lack of
trained medical personnel; similarity of symptoms to those of other endemic
diseases; and a lack of public health infrastructure and a reliable electrical
supply needed for refrigeration or freezing in remote areas. Nosocomial trans-
mission 1s one of the most important factors underlying the rapid spread of
filovirus infections. Many areas suffer from an inadequate number of hospital
beds and health care personnel; due to extremely limited financial resources
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in some areas, sanitary conditions in local hospitals may be poor, and if
syringes and needles are scarce, they may be reused multiple times, often before
they have been properly sterilized; personal protective supplies, such as sterile
gloves, lab coats, and masks, are in short supply; availability of medications is
limited due to expense and difficulties in transportation (poor or muddy roads,
swollen rivers, and shortage of vehicles or gasoline); and the populace may be
unable to afford medical care. The development of surveillance systems and
infrastructure to rapidly report any suspected cases of MHF or EHF to public
health authorities is critical to avoiding large-scale outbreaks. Surveillance
studies need also to include animals, such as chimpanzees and gorillas, which
are highly susceptible to serious infection. The death of these animals signals
the potential for an outbreak in human populations in the area. Several out-
breaks have already been traced to people eating nonhuman primates found
dead in the wild.

Surveillance studies are needed to definitively determine all animal species
that serve as viral reservoirs between epidemics and the level of infection of each
species in the affected regions. The route by which infection passes periodically
to susceptible human and nonhuman primate populations and factors affecting
this transmission need to be determined as well, either to prevent epidemics
or to prepare for potential outbreaks.

FIGURE 12.12 Vehicles used to cross the rugged roads
of Zaire during the 1976 Ebola outbreak

Source: CDC/J. Lyle Conrad.
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Summary

Diseases

e Marburg hemorrhagic fever ¢ Ebola hemorrhagic fever

Causative Agents

e Marburg virus * Ebola virus

Agent Type

¢ Filovirus

Genome

¢ Single-stranded RNA

Vector

¢ Unknown

Common Reservoir

e Fruit bats

Modes of Transmission

* Among humans, direct contact with blood, secretions, organs, or semen

Geographical Distribution

e Germany, Yugoslavia, Africa * Africa < United States, Italy,
Philippines

Year of Emergence

1967 <+ 1976 « 1989 -+ 1995

Key Terms

Disseminated intravascular coagulation Widespread clotting of blood
in small vessels with subsequent depletion of platelets and interference with clot-
ting at other sites

Ebola hemorrhagic fever (EHF) Disease induced by the Zaure or Sudan ebolavirus,
characterized by high fever, hemorrhagic symptoms, shock, and multiorgan failure

Filoviridae Family of enveloped viruses of the order Mononegavirales consist-
ing of the Marburg and Ebola viruses
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Ivory Coast ebolavirus Very rare causative agent of Ebola hemorrhagic fever
in humans; found primarily among nonhuman primates in West Africa

Lake Victoria marburgvirus Causative agent of Marburg hemorrhagic
fever; found naturally primarily in dry areas of Central and East Africa and
occasionally in West Africa

Lethal dose;o (LDsy) Number of organisms required to kill 50% of a host

Marburg hemorrhagic fever (MHF) Discase induced by Lake Victoria mar-
burgvirus, characterized by high fever, hemorrhagic symptoms, shock, and multi-
organ failure

Reston ebolavirus Ebola virus that induces a hemorrhagic fever with a high
fatality rate among nonhuman primates but has not been reported to induce dis-
ease in humans; several outbreaks have been reported in primate facilities in the
United States and Italy from animals imported from the Philippines

Sudan ebolavirus One of the causative agents of Ebola hemorrhagic fever;
found primarily in humid rain forests of Central Africa

Zaire ebolavirus One of the causative agents of Ebola hemorrhagic fever;
found primarily in humid rain forests of West Africa

Review Questions

1. What are the symptoms of infection with Marburg or Ebola hemorrhagic
fever? What is the mechanism of pathology?

2. What organisms cause Marburg and Ebola hemorrhagic fevers? To what
group of microbes do they belong, and what are some of their close relatives?

3. In what countries has infection with Marburg and the various Ebola viruses
been reported?

4. What 1s the natural reservoir for filoviruses? How does human-to-human
infection occur?

5. How does the host’s immune response contribute to pathology? How do the
viruses evade the host’s defenses?

Topics for Further Discussion

1. Marburg and Ebola viruses are members of the Filoviridae family of the
order Mononegavirales. Their closest relatives are the paramyxoviruses and
rhabdoviruses. Identify pathogenic viruses that belong to these latter viral
groups and the symptoms of the diseases that they produce in humans and
domestic animals.
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2. Filoviruses actively suppress protective antiviral activities of B, CD4" T
helper, and CD8" T killer lymphocytes as well as NK cells. These viruses
also induce production of a pathogenic proinflammatory innate immune
response. Discuss ways in which the pathogenic immune responses might be
minimized and protective immunity maximized.

3. Fruit bats appear to be at least one of the reservoir hosts for filoviruses. Discuss
affordable protective measures that might be implemented to decrease trans-
mission of the viruses from bats to mine workers and tourists. Your answer
may involve ways of decreasing human contact with infectious bat materials,
decreasing the infection rate in bats, or decreasing infectivity of bat-derived
material.

4. Limited ability to rapidly transport regional, national, and international health
care teams and proper protective equipment and supplies into remote regions
during filovirus outbreaks hampers efforts to control epidemics. Limited
access to communication with the global medical and health care agencies
inhibits rapid identification and response to initial stages of a hemorrhagic
fever epidemic and decreases the ability of local clinicians and public health
personnel to easily learn of the most recent advances in prevention and treat-
ment of serious microbial infections, including filovirus infections. Suggest
ways in which transportation and communications might be improved, keep-
ing in mind relevant local economic circumstances, civil unrest and refugee
migrations, and environmental and climatic conditions.
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CHAPTER 13

AMERICAN
HEMORRHAGIC FEVERS

LEARNING OBJECTIVES

® Define and contrast the American hemorrhagic fevers and other
hemorrhagic fevers

Describe the New World arenaviruses responsible for causing
these illnesses

Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

® Discuss methods of treatment

Discuss methods of prevention
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Major Concepts

Diseases

Several types of clinically similar hemorrhagic fevers (HI's) due to New World
arenaviruses are found in the Western Hemisphere. These are the Argentine,
Bolivian, Venezuelan, Brazilian, Whitewater Arroyo virus, and Chapare virus
hemorrhagic fevers, caused by the Junin, Machupo, Guanarito, Sabia, Whitewater
Arroyo, and Chapare viruses, respectively. All of these diseases occur in South
America, with the exception of Whitewater Arroyo virus HE

Symptoms

All of the American HFs have a relatively high mortality rate and a low infectious
dose and may be acquired by inhalation of infectious rodent excreta or person-
to-person contact. Early symptoms include headache, weakness, fever, petechial
and erythematous rashes, anorexia, nausea and vomiting, and lymphadenopathy:
Later symptoms include bloody diarrhea, enlargement of the spleen, low blood
pressure, and shock. Thrombocytopenia may cause small focal hemorrhages, and
increased vascular permeability may result in hemoconcentration. Hemorrhagic
manifestations are present and may be accompanied by pneumonia, neurological
sequelae, deafness, dehydration, and renal, myocardial, and liver involvement.
Some of the American HFs are quite rare, with only three to five reported cases,
while others, such as the Argentine, Bolivian, and Venezuelan HIs, have infected
hundreds to tens of thousands of individuals.

Infection

The American HF viruses belong to the Tacaribe serogroup of the Arenaviridae
family and are small, enveloped, single-stranded positive-sense RINA viruses.
These organisms are also called “sandy viruses” because they contain multiple
particles that are similar in appearance to ribosomes, giving the viruses a sandy
appearance. Almost all of the pathogenic New World arenaviruses are found in
South America and belong to clade B. The Whitewater Arroyo virus and sev-
eral nonpathogenic viruses are located in North America and belong to clade
A. On the average, a new member of the Tacaribe serogroup is identified every
three years. Several Old World arenaviruses also infect humans. These are the
lymphocytic choriomeningitis virus, Lassa virus, and a currently unnamed virus
found in southern Africa.
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Immune Response

Levels of several cytokines increase during American HE, including IFN-a, IL-6,
IL-8, IL-10, and TNF-a. IFN-a levels are particularly high in fatal cases, and
this cytokine may contribute to pathology. Amounts of the hematopoietic growth
factor G-CSF also rise during New World arenavirus infection, and its levels
correlate with disease severity. Levels of an erythrocyte growth factor decrease,
perhaps contributing to the decrease in red blood cell production. Levels of
CD4" T helper cells are reduced as well.

Treatment

Ribavirin used in combination with convalescent plasma containing virus-
specific antibodies has proved effective in the treatment of Argentine, Bolivian,
and Brazilian HFs. Ribavirin may also be protective in treating infection with
Lassa virus and a novel Old World arenavirus found in South Africa and Zambia.
Several newer drugs have been developed as well.

Prevention

Barrier precautions (gloves and masks) protect health care personnel from infec-
tion. Rodent control, such as trapping and poisoning of rodents, may reduce
disease incidence in the general population. A highly effective live attenuated-
virus vaccine is available to protect against infection with Junin virus. It is cross-
protective against challenge with Machupo virus in animal model systems.

Introduction

Six naturally occurring types of HFs in humans are currently recognized in the
Americas: Argentine, Bolivian, Venezuelan, Brazilian, Whitewater Arroyo virus,
and Chapare virus HFs. These are caused by the Junin, Machupo, Guanarito,
Sabia, Whitewater Arroyo, and Chapare viruses, respectively, and belong to the
Tacaribe (New World) serocomplex of the Arenaviridae family. This com-
plex is composed of three clades: clade A consists of the pathogenic Whitewater
Arroyo and the nonpathogenic Tamiami and Bear Canyon viruses, all from North
America, and Pichinde, Parana, Pirital, Ilexal, and Allapahuayo South American
viruses; clade B contains the pathogenic Junin, Machupo, Guanarito, Sabia, and
Chapare viruses and the nonpathogenic Tacaribe, Amapari, and Cupixi viruses;
and clade C contains the nonpathogenic Oliveros, Latino, and Pampa viruses.
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However, a recent report places the three North American viruses in a distinct
group. On the average, a new member of the serocomplex is found every three
years. They are transmitted by sigmodontine rodents, and with the exception
of the Whitewater Arroyo virus, pathogenic members are restricted to South
America. The Old World arenavirus found in North America is the lymphocytic

choriomeningitis virus.

RECENT DEVELOPMENTS

The cellular receptor for the Old World arenaviruses, lymphocytic choriomenin-
gitis virus and the Lassa fever virus, and clade C but not clade A or B New World
viruses is a-dytroglycan. The latter two types of New World viruses interact with
human target cells by binding to the transferrin receptor, involved in iron trans-
port into the cell. The pathogenic clade B viruses Junin, Machupo, and Guanarito
all infected human and nonhuman primate cells to a high level, with lesser infec-
tion of rodent cell lines. The opposite is true of the nonpathogenic Amapari clade
B member. Using a multiplicity of infection of 10, the pathogenic viruses have
been found to be highly effective in establishing infection of HelLa cervical epithe-
lial cells, A549 lung epithelial cells, Huh7 hepatoma cells, HUVEC human umbilical
vein endothelial cells, and Thp-1 monocytes and less effective in infection of WIL-2
B and Jurkat T lymphocyte cell lines. Preincubation of cells with inactivated Junin
or Guanarito viruses blocks infection by the other pathogenic South American
arenaviruses. This is not true of the tested nonpathogenic viruses of any clade.
The receptor for these viruses is sensitive to treatments that remove proteins but
not phospholipids, N-linked glycosylation, a-N-galactosamine, fucose, galactose,
O-linked glycosylation, or sialic acid alone. Removal of both O-glycans and sialic
acid leads to a slight enhancement of infection. Neither heparin sulfate nor hepa-
rin appears to affect infection. Identification of the chemical composition of the
receptors for arenaviruses may allow development of drugs that specifically block
these viruses from entering cells, thus preventing infection of humans.

The American HF viruses pose unique challenges: infection with these viruses
leads to a high mortality rate, vaccines against the majority of these agents are
lacking, and infection may occur via inhalation. These factors, together with the
low numbers of organisms required to infect a human, make these viruses good
candidates for weaponization and therefore agents of special concern to the
world community. Fortunately, several effective treatment options are available
for use for individuals afflicted by American hemorrhagic fevers, which is not
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the case for some of the other hemorrhagic fevers, including one caused by infec-
tion by the Old World arenavirus Lassa fever (discussed in Chapter Fourteen).

History

Argentine hemorrhagic fever was first described as a clinical disease in 1955 in
an epidemic in Bragado, Argentina, in Buenos Aires Province. The endemic area
for this disease is continuing to spread over this province and parts of Sante I'é
and Cérdoba provinces. The Junin virus, the causative agent, was subsequently
1solated in 1958 1n the city of Junin. Between 1958 and 1987, about 21,000 cases
of Argentine HF were reported.

Scattered cases of “black typhus” began in the Bolivian Amazon River basin
in 1959. The outbreak of this disease, now known as Bolivian hemorrhagic fever,
resulted in 470 cases and 142 deaths (30% fatality rate) between 1959 and 1962.
In the 1960s, there were large epidemics with many deaths. In one town with
3,000 residents, 600 cases occurred, with 113 deaths recorded in two years (20%
incidence, 19% fatality rate). These epidemics were finally stopped by the use of
mousetraps and oil-grain baits containing zinc phosphide to eliminate the rodent
vector. The causative arenavirus, the Machupo virus, was first isolated in 1963.
There were no cases between 1973 and 1992. A familial cluster of patients was
reported in 1994,

In September 1989, an outbreak of severe febrile disease was noted in
Portuguesa, Venezuela. This outbreak was confined mainly to rural inhabitants
in the southern portions of the state. A total of 105 confirmed or probable cases
of Venezuelan hemorrhagic fever occurred from September 1989 to May 1995.
Many of the cases originated near Guanarito, in the Portuguesa state.

The first reported case of Brazilian hemorrhagic fever occurred in a
25-year-old female agricultural engineer in S3 Paulo state in 1990 and was
fatal even after treatment with defoxitin and amikacin. She had worked mainly
in an office. A lab worker later became infected, probably via an aerosol, was
treated with intravenous fluids, and recovered. A second infected lab worker
was put on intravenous ribavirin, an antiviral agent, and the fever disappeared
within two days.

Flexal virus has not been reported to cause natural infection in humans yet
but has resulted in moderately severe infections in two laboratory workers. It
must therefore be regarded as a potential danger.

In 1999 and 2000, three cases of hemorrhagic fever caused by Whitewater
Arroyo virus occurred in California. All three were fatal. The virus itself was
first 1solated from whitethroat woodrats in New Mexico in 1996.
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The most recently discovered pathogenic member of the Tacaribe group is
the Chapare virus. This clade B virus caused a cluster of infections, including
one fatal case of hemorrhagic fever in a remote region of the Andes mountains
of rural Bolivia in 2008. Little information about this virus is currently available.

The Diseases

The American hemorrhagic fevers closely resemble dengue, yellow fever, idio-
pathic thrombocytopenic purpura, and other illness whose symptoms include
prolonged fever with leukopenia and hemorrhagic signs. The prodrome (early
warning signs) includes fever, sore throat, and muscle and retro-ocular pain. The
infectious dose for these viruses is one to ten organisms, followed by an incu-
bation period of 7 to 14 days. Symptoms occurring during the early stages of
infection include headache, weakness, flushing of the face and thorax, petechial
and erythematous rashes, anorexia, nausea and vomiting, and lymphadenopathy:.

Later during the course of disease, various vascular abnormalities occur, and
many patients are hospitalized. Thrombocytopenia leads to the development of
small focal hemorrhages in many organs, particularly the liver (hepatocellular
necrosis). The diarrhea is bloody. The number of eosinophils increases, but the
total number of white blood cells decreases with both neutropenia and lymphoid
depletion and necrosis in the spleen and lymph nodes. Increased vascular perme-
ability may result in hemoconcentration. Hemorrhagic manifestations include

FIGURE 13.1 Petechial lesions

Source: CDC.
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nosebleed, bleeding gums, bloody vomit, and massive gastrointestinal hemorrhages.
The spleen may enlarge and become congested. Low blood pressure may lead to
shock. There is extensive infection of macrophages and, in Argentine HE dendritic
cells as well, but not lymphocytes. Lymphocyte loss in Argentine HF may be due
at least in part to apoptosis. There is minimal involvement of the endothelium,
with no specific vascular lesions found in infected monkeys. Substantial changes
in coagulation and fibrinolysis markers may be found, including complexes of
thrombin and antithrombin, prothrombin fragments, protein C, D-dimers, tissue
plasminogen activator, and plasminogen activator inhibitor-1. Levels of the acute-
phase proteins fibrinogen and von Willebrand factor are also increased. These
changes may be caused by the presence of proinflammatory cytokines.

The nitrogen free radical nitric oxide is found in elevated amounts in the
serum. This macrophage-produced mediator has both protective and deleterious
properties. The latter include lymphocyte apoptosis, tissue damage, hypotension,
and loss of vascular integrity, which might lead to the induction of shock. Unlike
Ebola and Marburg hemorrhagic fevers, there is no disseminated intravascular
coagulation.

In addition to the circulatory system, several other organ systems are affected
by the American hemorrhagic fever viruses. Pneumonia may occur, with pulmo-
nary edema and hemorrhaging. In half of a dozen fatal cases studied, secondary
bacterial infections were found in the lungs. Neurological findings may include
sleepiness, tremors, difficulty walking, tonic-clonic convulsions, and coma. In the
case of Venezuelan HF, deafness may occur during convalescence. Other clinical
findings are dehydration and renal, myocardial, and liver involvement. The renal
manifestations include the presence of albumin, hyaline and granular casts, and
Milani cells in the urine. Most patients recover without long-lasting sequelae after
an acute illness of 10 days and a two- to three-week period of convalescence.

Tor patients who recover, the illness persists 10 to 14 days. Fatality rates are
rather high, however. In Argentine HEF, 25% to 35% of untreated cases result in
death; in Bolivian HE, the figure is 30%; in Venezuelan HE, 34%; in Brazilian HE,
33%; and in hemorrhagic fever induced by the Whitewater Arroyo virus, 100%.

Argentine Hemorrhagic Fever

Argentine hemorrhagic fever preferentially strikes young male agricultural
workers between the ages of 20 and 50 from the rural areas of the central-east part
of Argentina, the Humid Pampa. Disease incidence is greatest in late autumn, dur-
ing the corn harvest season. It is transmitted by the drylands vesper mouse (Calomys
musculinus), Calomys laucha, Akodon azarae, and Mus musculus via the airborne route
whereby people are infected by inhaling aerosols of mouse urine, feces, or saliva in
the dust raised by manual or mechanical harvesting or plowing or by the cutaneous
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route through abrasions in the skin. The former species of mouse is an opportunis-
tic species whose populations may reach high levels in crop fields, with cornfields
having a higher density of rodents than soybean fields. Agriculture (introduced
into the Pampa in the late 1800s) may have favored recent range expansion and
subsequent introduction of this rodent species into the area. This hypothesis is sup-
ported by studies of genetic diversity using mitochondrial DNA. Almost 8% of the
principal vectors in this region of Argentina were found to be infected by screening
for antibodies using an indirect fluorescence assay. Other species were also infected
at a lower level; these were C. laucha, Bolomys obscurus, and a predatory carnivore,
Galictis cyja. Most of the animals are associated with a relatively rare roadside and
fence-line habitat, and the infected animals were most likely to be aggressive, older
males. Between 100 and 4,000 human cases are reported per year; however, some
years have higher infection rates (24,000 cases in 1993).

Rhesus macaques are able to be experimentally infected with this virus
via acrosols. They become ill within the third week of infection; half die by
day 21, and the remainder within the first month. Virus may be recovered from
the visceral organs and the central nervous system. Like infected humans, these
animals had high levels of interferon-a in their blood. Person-to-person transmis-
sion between couples has also been reported.

Bolivian Hemorrhagic Fever

Bolivian hemorrhagic fever is transmitted by the large vesper mouse (Calomys
callosus). When suckling mice are infected or if adult mice are inoculated with
low amounts of virus, most animals become chronically infected, with growth
retardation, splenomegaly, shortened life span, and reduced fertility. The ani-
mals are viremic and shed virus in the urine and saliva. The virus may then
be contracted by humans via the airborne route, through inhalation of rodent
excreta, or by eating contaminated food. In addition to being a zoonotic infec-
tion, person-to-person transmission is also found both in health care settings and
among family members. In one instance, a person infected two relatives and two
health care workers, and three of these died (75% fatality rate). Bolivian HF may
be transmitted via inhalation of infected droplets or aerosols.

Venezuelan Hemorrhagic Fever

The natural reservoirs for Venezuelan hemorrhagic fever are the cane
mouse (ygodontomys brevicauda) and the cotton rat (Sigmodon alstoni), which develop
chronic infections with the Guanarito virus. Infected rodents have been found
in multiple sites in five states of the central plain region: Portuguesa, Barinas,
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FIGURE 13.2 Cotton rat

Source: CDC.

Apure, Guarico, and Cojedes. The rate of infection of the cotton rats in these
sites ranged from 10% to 55%; fewer than 2% of the humans living in Portuguesa
state, however, had developed antibodies to the virus. Transmission is presumed
to be via acrosolized mouse urine and saliva, which contain virus for up to five
months. No cases have been reported among secondary contacts, such as medical
personnel or family members.

Both sexes and all age groups are affected, but the highest rates are seen
in individuals between the ages of 14 and 44. Venezuelan HF is found in areas
where the forest has been cleared for agriculture plots and cattle ranching. In
such areas, forest rodents have been replaced by grassland rodents who have an
increase in food supply and human contact. Cases appear sporadically during
the entire year, however, more than half occur in the dry season, which lasts
from December to March. During these months, agricultural activities, such as
land clearing, occur.

Guanarito virus kills suckling mice and adult guinea pigs but not adult mice.
Infected rhesus macaques become ill but recover and produce antibody.

Brazilian Hemorrhagic Fever

The route of natural transmission of Brazilian hemorrhagic fever is cur-
rently unknown but is believed to be contracted from a rodent. There have only
been three reported cases, one of them fatal (33% fatality rate).
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Hemorrhagic Fever Caused by the Whitewater Arroyo Virus

Hemorrhagic fever caused by the Whitewater Arroyo virus is a related
illness that occurs in North America. The vectors for this virus are wood rats
(Neotoma species) and several types of mice, including Peromyscus maniculatus, the
deer mouse. Transmission is presumed to be via aerosolized excreta. A 3278
nucleotide fragment of the smaller of the RNA strands that encodes the gly-
coprotein precursor gene, the nucleoprotein gene, and the 5' and 3' ends was
sequenced. When compared to other Tacaribe arenaviruses, the nucleoprotein
gene was found to be more similar to A-lineage viruses, while the glycoprotein
precursor was more like the B-lineage viruses, suggesting that the Whitewater
Arroyo virus may have arisen as a result of recombination between an A- and
a B-lineage virus.

The Causative Agents

The American HF's are caused by pathogenic American arenaviruses, which are
called “sandy viruses” due to the fact that the virions contain multiple particles
resembling host ribosomes, giving them a sandy appearance. Junin virus is
the causative agent of Argentine HE, Guanarito virus causes Venezuelan
HE, Machupo virus causes Bolivian HE Sabia virus causes Brazilian HE
A relatively rare hemorrhagic fever has also been caused by the Whitewater
Arroyo virus. This virus has been isolated from New Mexico, Utah, Oklahoma,
and Texas, and antibody-positive rodents were found in southern California and
southeastern Colorado as well. In Colorado, 26.8% of male and 42.9% of female
white-throated wood rats had this antibody.

These are single-stranded RNA viruses, containing almost 11 kilobases of
RNA in two segments, and are antigenically related to the Lassa fever virus. The
Guanarito virus has diverged about 30% from the other arenaviruses. Nucleotide
and amino acid sequence homology of the Whitewater Arroyo and Tamiami
viruses are 73.1% and 80.0%, while that among the South American arenavi-
ruses are 54.9% to 76.5% and 47.3% to 86.2%, respectively. They are ambi-
sense, meaning that the RNA segments read in opposite directions. Virions are
spherical or pleomorphic in shape, with a diameter of 110 to 130 nanometers.
Club-shaped or spiked glycoproteins (GP1 and GP2) are encoded by the smaller
of the two RNAs and appear on the virus’s lipid envelope, GP1 interacting with
the host cell’s receptor.



AMERICAN HEMORRHAGIC FEVERS _

FIGURE 13.3 ‘Sandy” appearance of New World arenaviruses

Source: CDC/E. L. Palmer.

FIGURE 13.4 Machupo virus

Source: CDC/Fred Murphy and Sylvia Whitfield.
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Viremia is acute and long-lasting, with high viral titers. In fatal cases, Junin
viral antigens have been found in reticular cells of the hematological system,
renal tubular cells, and hepatocytes. Viruslike particles and cytopathic effect have
been seen in these cells.

Because infection with the American HF viruses may occur in primates
via aerosols, work on these agents must be conducted in a BSL-4 laboratory.
These viruses have been considered potential candidates for biological weap-
ons. They are particularly attractive for this use due to the facts that they have
a very low infectious dose, they have a high mortality rate, vaccines either aren’t
available or availability is limited, and the viruses can be readily be grown in
large quantities. The former Soviet Union and United States both conducted
biological weapon research on these viruses, as well as the Lassa fever and yel-
low fever viruses and a number of other viruses or bacteria (further discussed
in Chapter Thirty).

FIGURE 13.5 Working in a Biosafety Level 4 laboratory

Source: CDC.
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The Immune Response

Cytokine activation may occur during American HE as is seen during infection
with Ebola, Marburg, hantavirus, Lassa, and yellow fever viruses. For Argentine
HE these cytokines include IFN-o, IL-6, IL-8, IL-10, and TNF-a.. Levels of
IFN-a are unusually high, more so in the cases of fatal infections than in those
of survivors, and this cytokine may play an important role in viral pathogenesis,
perhaps leading to inhibition of megakaryocyte maturation and the resulting
thrombocytopenia. IL-6 and TINF-a are active in blood coagulation, and IL-6 also
induces liver acute-phase proteins and is involved in hematopoiesis. Furthermore,
10% to 25% of patients have elevated levels of soluble IL-6 receptor. 11-8 is a
chemotactic and activating factor for neutrophils and plays a causal role in acute
respiratory distress syndrome. Neutrophil lysosomal degranulation with the release
of toxic compounds may be confirmed by detection of elastase complexed with
its inhibitor, al-antitypsin, levels of which are also increased, particularly during
severe disease. IL-10 is an anti-inflammatory cytokine that reduces production of
IL-1, IL-6, IL-8, and TNF-a in a regulatory fashion, perhaps reducing damage.
Arecent study examined bone marrow functions in 48 patients with Argentine
hemorrhagic fever. Erythroblastopenia (low numbers of erythrocyte precursors)
was observed, together with low levels of granulocytic precursors with abnormal
maturation. Nevertheless, normal red blood cell count, hematocrit, and hemoglo-
bin levels are seen during the acute phase of the disease, suggesting a transient,
early maturational arrest in the erythrocyte precursors that is not reflected in
the periphery due to the length of red blood cell survival. Decreased levels of
erythropoietin (Epo) were found in 62% of the patients, but it increased upon
recovery. High levels of granulocyte colony-stimulating factor (G-CSF) was found
i 63% of the patients, and 91 % had increased amounts of thrombopoietin (Tpo),
but most patients had normal levels of IL-3, granulocyte-macrophage colony-
stimulating factor (GM-CSF), and TGF-B. Epo is an erythroid growth factor;
TGF-B has the opposite effect. G-CSE, GM-CSE, and IL-3 function as growth
factors for granulocytes, and Tpo, GM-CSE, and IL-3 serve a similar function
for megakaryocytes, the precursors of platelets. Seeing that Junin virus was not
detected in the bone marrow; it is likely that the decreased amounts of Epo con-
tributed to the noted erythoblastopenia. The amount of G-CSF showed a positive
correlation with disease severity. High levels of G-CSF have been noted in other
viral and bacterial infections as well. This increase in the levels of G-CSF and
Tpo might be a countermeasure by the body to restore homeostasis in the face
of ongoing acute neutropenia and thrombocytopenia, respectively.
Immunosuppression is commonly associated with American HF, includ-

ing decreased numbers of CD4" T helper cells but not CD8" T killer cells.
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Table 13.1 Cytokines active during New World
hemorrhagic fevers

Cytokine or

Growth Factor Type of Factor Action

IL-1 Proinflammatory cytokine  Induces fever

IL-3 Hematopoietic growth Increases numbers of stem and

factor progenitor cells

IL-6 Proinflammatory cytokine  Stimulates production of acute-
phase proteins; helps coagulate
blood; increases hematopoiesis

IL-8 Chemokine Induces neutrophil chemotactic
activity

IL-10 Anti-inflammatory cytokine Negatively regulates the immune
response

IEN-a Antiviral agent Interferes with viral replication;
reduces platelet production

TNF- Proinflammatory cytokine  Induces fever; wasting and shock

TGF-« Anti-inflammatory cytokine Negatively regulates the immune
response

Epo Hematopoietic growth factor Increases erythrocyte production

Tpo Hematopoietic growth factor Increases platelet production

G-CSF Hematopoietic growth factor Increases production of
granulocytes (neutrophils,
eosinophils, basophils)

GM-CSF Hematopoietic growth Increases production of granulocytes

factor and of monocytes

Hematopoiesis is transiently inhibited. Antibodies are detected late during the
convalescence period, four to six weeks after symptoms occur. No antibodies
are found in fatal cases, suggesting that these immune mediators may have a
protective function.

Diagnosis

Diagnostic procedures include several antibody-dependent techniques, including
antigen-capture ELISA or IgM-specific ELISA, indirect immunofluorescence,
and plaque reduction neutralizing antibody tests, but not complement fixation.
RT-PCR and virus isolation from blood or organs may also be performed; the lat-
ter must be carried out in BSI.-4 labs with complete protective gear. Viruses may
be grown in Vero cells, blood mononuclear cells, or suckling mice or hamsters.
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Treatment

Ribavirin, a nonimmunosuppressive nucleoside analogue, is effective in the treat-
ment of Argentine and Brazilian HF and is used together with immune plasma.
However, it does not cross the blood-brain barrier and thus will probably not
be efficacious in treating neurological manifestations of the diseases. IFN-a and
IFN-B are antiviral agents produced by the host that have not proved useful
in treating these diseases. Administration of convalescent plasma containing
neutralizing antibodies, whole blood, or immune globulin has been beneficial
in the treatment of both Argentine and Bolivian HE, provided that treatment is
begun within eight days after disease onset, reducing the mortality rate 20-fold
in the former case. Coadministration of ribavirin and immune plasma proved
effective in the recovery of two of three individuals infected with the Machupo
virus and in the case of marmosets infected experimentally with Junin virus.
Use of immune plasma is associated with a late but rarely severe neurological
syndrome in 8% to 10% of patients treated.

Several agents are active against the Junin virus in cell culture. These
include the antiemetic chloroprornazine and the antipsychotic trifluorpera-
zine and disulfide-based compounds, such as intermolecular aromatic disul-
fides and sulfur-containing dithianes, which inactivate Junin viruses in culture
rapidly and in a concentration- and time-dependent manner. Two inosine
monophosphate dehydrogenase inhibitors, ribamidine and 5-ethynyl-1-3-D-
reibofuranosylimidazole-carboxamine, are effective in killing viruses in cell cul-
ture and in animal models.

Prevention

Rodent control was the primary method used to halt the outbreaks of Bolivian
HF in the 1960s. This includes trapping and poisoning rodents, particularly by
immune individuals. Barrier precautions, such as gloves and masks, should be
used by health care personnel.

A live, weakened (attenuated) virus vaccine (Candid #1) was developed for
use against Argentine HF in 1989. It was derived from the X]J strain after 44
passages through mouse brains and 19 times through the FRhL-2 cell line. In
a prospective, placebo-controlled efficacy trial, this vaccine was found to have a
protective rate of 95% and to confer resistance for about nine years after a single
mnoculum. Between 1991 and 1999, more than 200,000 people were vaccinated
with Candid #1, and only 0.1% reported an adverse reaction, none of which
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FIGURE 13.6 Baiting a rodent trap with peanut butter

Source: CDC.

was severe. Vaccine efficacy was 98%), and all cases of Argentine HF in vaccines
were mild. This vaccine is also effective in prophylaxis against Bolivian, but not
Venezuelan, HF in primates.

Surveillance

A control program to monitor and eliminate the rodent vector of Bolivian HF
(large vesper mouse) operates in a portion of the Department of Beni covering
approximately 28,000 square kilometers. This area is home to 50,000 residents
whose primary occupations are cattle raising and subsistence agriculture. The
surveillance consists of regular visits to many less inhabited localities once each
year. Over the course of two nights, 50 to 150 Sherman traps are operated. If
some of the rodent vectors are found but none are infected with Machupo virus
(evidenced by enlarged spleens), supplies of warfarin are left as mouse poison.
Observations are then repeated at three months, six months, and annually after
elimination of all of these mice. When a case of human Bolivian HF is found,
all neighboring farms and ranches are surveyed until a perimeter area that is
not infested by the vesper mice is determined. The area within this parameter
1s systematically poisoned and surveyed by trapping until no more infected mice
are detected. The program costs about $30,000 per year and has reduced the
numbers of infected humans to fewer than 50 per year.
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Arenaviruses and human hemorrhagic fever are found only in parts of the
geographical range of the vector species. Ongoing surveillance programs are
needed to monitor the changing areas in which the viruses are located within
the vector populations. For example, in 1955, the Argentine HF-endemic area
was about 10,000 square kilometers in the Buenos Aires province. By 1985, the
endemic area had expanded to more than 150,000 square kilometers in four
provinces. The virus may periodically become extinct in local mouse populations
and be reintroduced later from neighboring locales. Thus while a single cross-
sectional survey may delineate the range of infection, repeated or longitudinal
studies are required to determine temporal and spatial patterns.

Surveillance of infection in mouse populations may additionally provide a
clearer view of potential disease-endemic areas than human disease surveillance,
particularly in diseases such as Argentine HF, where vaccine administration may
mask true human exposure. Vector surveys may also pinpoint habitat prefer-
ences. Such studies found that the drylands vesper mouse vector of Argentine
HF is rarely located in the cornfields but instead 1s found in the more stable,
weedy fence lines and roadsides bordering the fields. Such studies suggest that
removing vegetation in these locations may decrease the incidence of this disease.

Other studies have clearly linked climatic activity to vector abundance and
incidence of human disease. Mark-and-recapture studies found that unusually
mild weather leads to mouse reproduction throughout the winter, high overwinter
survival, and high vector numbers at the beginning of the spring reproductive sea-
son. Abundant rainfall during summer months allows vegetation to remain green,
stopping the typical midsummer decline in mouse populations. These factors
permit increased mouse populations and numbers of infected mice, followed by
unusually severe epidemics of hemorrhagic fever. Careful monitoring of rodent
populations may allow for the development of predictive models for human infec-
tion or programs to prevent rodent infection or interaction with humans.

Summary

Diseases

e Argentine hemorrhagic fever ¢ Bolivian hemorrhagic fever
*  Venezuelan hemorrhagic fever ¢ Brazilian hemorrhagic fever
¢ Hemorrhagic fever caused by the Whitewater Arroyo virus or Chapare virus

Causative Agents

e Juninvirus ¢ Machupo virus ¢ Guanarito virus ¢ Sabia virus
e Whitewater Arroyo virus ¢ Chapare virus
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Agent Type

e Arenaviridae virus of the Tacaribe (New World) serocomplex

Genome

» Single-stranded RNA virus

Vector

¢ Woodrats and mice

Common Reservoirs

o Calomys musculinus, Calomys laucha, Akodon azarae, and Mus
musculus *  Calomys callosus *  ygodontomys brevicauda and
Sigmodon alstoni »  Unknown < Neotoma spp. and Peromyscus
maniculatus +  Unknown

Modes of Transmission

* Airborne route by inhaling aerosols of rodent urine, feces, or
saliva ¢ Ingestion of food contaminated by rodent excreta ¢ Cutaneous
route through abrasions in the skin * Person-to-person contact

Geographical Distribution

e South America and parts of southern North America

Year of Emergence
e 1955 ¢ 1959 « 1989 <+ 1990 <« 1999 - 2008

Key Terms

Argentine hemorrhagic fever Hemorrhagic fever with a high fatality rate
caused by an arenavirus in Argentina

Bolivian hemorrhagic fever Hemorrhagic fever with a high fatality rate
caused by an arenavirus in Bolivia

Brazilian hemorrhagic fever Hemorrhagic fever with a high fatality rate
caused by an arenavirus in Brazil

Chapare virus Causative agent of hemorrhagic fever in the Andes region of
Bolivia
Guanarito virus Causative agent of Venezuelan hemorrhagic fever

Hemorrhagic fever caused by the Whitewater Arroyo virus Hemorrhagic
fever with a high fatality rate caused by an arenavirus in California
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Junin virus Causative agent of Argentine hemorrhagic fever
Machupo virus Causative agent of Bolivian hemorrhagic fever
Sabia virus Causative agent of Brazilian hemorrhagic fever

Tacaribe (New World) serocomplex Complex of the Arenaviridae family
that contains viruses causing hemorrhagic fevers in the Americas

Venezuelan hemorrhagic fever Hemorrhagic fever with a high fatality rate
caused by an arenavirus in Venezuela

Whitewater Arroyo virus Causative agent of hemorrhagic fever in parts of
the southwestern United States

Review Questions

1. What are the six pathogenic arenaviruses found in the Americas? What dis-
ease does each cause?

2. What are the vectors for these viruses?

What are the symptoms of American hemorrhagic fever?

4. What are the functions of erythropoietin, thrombopoietin, G-CSF, GM-CSE,
and IL-3? How are the levels of these cytokines affected by infection with
New World arenaviruses?

5. What agents effectively kill the Junin virus in cell culture?

[€¥)

Topics for Further Discussion

1. Pathogenic arenaviruses are found in mainly in Africa and South America,
with one member of this group occurring in the southwestern United
States. Speculate on the ecological, geographical, and historical reasons
for this distribution. Given the rate of discovery of arenaviruses, do you
believe that other members of this group will be found in other areas of
the world?

2. What characteristics make New World arenaviruses attractive targets for
bioweapons research? What other microbes have been studied for such use?
What are several ways in which the world community may protect itself
against such weapons?

3. Discuss factors that may be driving the emergence of hemorrhagic fever in
the Americas. In which other areas of the world are these factors currently
occurring?
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4. In addition to diseases caused by the New World arenaviruses, what other type
of hemorrhagic fever is present to a great extent in South America? What
other viral HFs are found throughout the world?
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CHAPTER 14

LASSA HEMORRHAGIC FEVER

LEARNING OBJECTIVES

® Define Lassa hemorrhagic fever and compare and contrast it to
similar hemorrhagic fevers in the New World

Describe the arenavirus responsible for causing this illness

Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

Discuss methods of treatment

Discuss methods of prevention
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Major Concepts

Symptoms

Lassa virus causes Lassa hemorrhagic fever (LHF) in approximately 20% of
infected persons. Although the mortality rate 1s only 1% overall, it climbs to
15% to 20% in hospitalized patients and 60% in persons who are untreated.
Symptoms include joint and lower back pain, severe muscle pain, headache, a
nonproductive cough, epigastric pain, vomiting and diarrhea, abdominal dis-
comfort, myocarditis, and hemorrhagic manifestations. Severe cases of disease
may report edema of the face and neck, conjunctival hemorrhaging, mucosal
bleeding, central cyanosis, bradycardia, pleural effusions, hepatitis, and encepha-
lopathy with neurological manifestations. Large amounts of blood loss result
from hemorrhaging and movement of fluid into the tissues, potentially leading
to shock or death. Unlike most other hemorrhagic fevers, pathology during LHF
1s not associated with the production of large necrotic lesions or inflammation
but rather results from loss of function of platelets, endothelial cells, monocytes
and macrophages, and lymphocytes. Approximately 25% of individuals with
LHF develop some degree of hearing loss, which is often permanent. Infection
during pregnancy usually results in death of the fetus or the mother (or both).

Infection

Lassa virus is an Old World arenavirus. It is considered a BioSafety Level 4
organism and is closely related to the New World arenaviruses responsible for the
American hemorrhagic fevers as well as several nonpathogenic Old World viruses
that infect humans. Lassa virus is endemic to several West African countries, where
the annual incidence of infection is 100,000 to 500,000, resulting in approximately
5,000 deaths per year. A rodent, the multimammate rat, serves as the reservoir
host for Lassa virus, as is the case for other pathogenic arenaviruses. Humans may
be infected by internalization of rat excreta via inhalation or ingestion, by being
bitten by an infected rat, or during the preparation or eating of rats. Human-to-
human transmission also occurs via exposure to body fluids or clinical samples or
by sexual contact with an infected male. Nosocomial infection is also common.

Immune Response

Lassa virus inhibits production of proinflammatory cytokines and chemokines
such as IL-6, TNF-o, and IL-8. This state of immunosuppression appears to
aid in viral evasion of the immune response. Lassa virus infection of monocytes
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and macrophages is responsible, in part, for decreased immunity because infected
cells are less able to produce proinflammatory cytokines or to express major
histocompatibility complex type I molecules. These latter aid in activation of
CD8" killer T lymphocytes, which are among the most important forces behind
host antiviral activity. Other arenaviruses that do not alter cytokine production
are not pathogenic to humans.

Protection

Ribavirin is the drug of choice in the treatment of LHI and is fairly efficacious
when administered early after the beginning of symptomatic disease. A newer
drug, T-705, appears to be less toxic and is effective when given to patients
with advanced disease. Several candidate vaccines have been developed. Some
of these use live, avirulent viruses, while other vaccines incorporate Lassa virus
glycoprotein or nucleoprotein genes (or both) into a vaccinia virus vector. This
latter approach may be problematic in that inoculation with vaccinia-based vac-
cines may prove fatal to immunosuppressed individuals, and HIV infection is
common in regions endemic for the Lassa virus.

Introduction

Lassa virus, the causative agent of Lassa hemorrhagic fever (LHL), is a
member of a family of viruses, the arenaviruses, which cause severe hemorrhagic
fevers with high fatality rates in people from Africa and the Americas. Lassa virus
is the most prevalent member of the family that infects humans: it is estimated
to infect 100,000 to 500,000 people in West Africa annually. Most infections are
asymptomatic, but LHF causes a severe and potentially fatal disease in individuals
who do report symptoms. Many residents in some regions have developed anti-
bodies to the virus, suggesting past undetected infection. The reservoir for Lassa
virus is a rodent that is common in large areas of Africa, including many areas
in which LHF has not yet been reported. Because the rodent frequently enters
human habitations and is considered a delicacy among inhabitants of the region,
contacts between humans and this rodent are very common. The large geological
range of the viral reservoir, the frequency of interactions with humans, the low
rate of overt disease, and the presence of other causes of hemorrhagic fever in
Africa suggest the possibility that asymptomatic or otherwise undetected infec-
tions may be occurring in other areas of Africa. I'urthermore, a new arenavirus
that causes hemorrhagic fever in humans has recently been identified in South
Africa and Zambia. Arenaviruses and arenavirus-associated hemorrhagic fevers
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FIGURE 14.1 Lassa witch doctors

Note: The causes of infectious diseases are often not understood by residents of
developing areas of the world who may turn to traditional healers for treatment.

Source: CDC.

may thus pose a more serious threat to the health of residents of Africa than
previously suspected.

A small number of cases have been found in people from Europe and North
America after they have visited West Africa. LHI has been tested by some groups
for use as a bioweapon, as has been the case for other related viral hemorrhagic
fevers. Nonendemic regions of the world thus need to be prepared to deal with
potential outbreaks of this disease in the future.

History

The first reported cases of LHF occurred during 1969 in a missionary hospital
in Nigeria in western Africa. A nurse became infected while manually clearing
secretions from the mouth of the first known Lassa fever patient. Infectious
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FIGURE 14.2 Serum from a nurse who contracted
Lassa fever in Nigeria, 1969

Source: CDC/Lyle Conrad.

material entered her body through a cut on her finger. Within a week, she was
acutely ill and died three days later. Sixteen secondary infections were reported
at that time.

A larger outbreak occurred in 1996 in which 470 persons became ill in
Sierra Leone and the fatality rate among the hospitalized was 23%. In the first
four months of 1997, a total of 328 persons were hospitalized, with a 14.6%
fatality rate. The 1997 epidemic originated by human consumption of food that
had been contaminated by rodent urine and later cases resulted from human-to-
human transmission. In that year, the blood of health care workers from six cen-
ters in Nigeria was screened for the presence of antibodies to Lassa virus: 12.3%
of those tested showed signs of past infection, the highest rate being among ward
aides. Cases of Lassa fever have also been seen in the United States, Canada, the
United Kingdom, Germany, the Netherlands, Japan, and Israel. Some infected
individuals were residents of Africa who were transported to Europe or North
America for medical care. Other infected persons had traveled to western Africa
as students, soldiers, or members of a peacekeeping force in Sierra Leone.

In September and October 2008, an outbreak of a new type of viral hemor-
rhagic fever occurred in Zambia and South Africa caused by the Lojo virus.
This 1s the only Arenavirus reported to cause disease in southern Africa. The
first known cases involved a paramedic (the index case), the person cleaning his
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room, and the nurse caring for the index case. These reports were followed by
the infection of a safari agent and her nurse. Four of the five infected individu-
als died. The nurse caring for the paramedic received ribavirin and recovered.
None of the other patients received this antiviral drug.

The Disease

Infection with the Lassa virus is usually asymptomatic or mild, and the propor-
tion of infected individuals who become ill ranges from 9% to 26%. Among
those who become symptomatic, many will develop a severe, multisystem dis-
case that may result in death or permanent disability. Hundreds of thousands
of infections occur annually in western Africa, resulting in approximately 5,000
deaths. In some areas of Sierra Leone, LHF is responsible for 10% to 16% of
hospital admissions, and as much as 40% of the general population has antibody
to the virus, indicating previous exposure or infection.

FIGURE 14.3 Treating a child with Lassa fever in Sierra Leone

Source: CDC.
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Disease severity is related to viral load. Pathogenic manifestations differ from
those of filovirus-induced hemorrhagic fevers (Marburg and Ebola hemorrhagic
fevers) and appear to result from alteration of cellular functions rather than an
inflammatory response or the presence of lesions. Endothelial cell, platelet, and
lymphocyte functions are suppressed, resulting in loss of fluid from blood vessels,
decreased blood coagulation, hemorrhaging, and reduced antiviral immunity,
including suppressed production of proinflammatory cytokines.

The virus initially replicates at the site of infection, generally the lungs
or the bloodstream, if acquired through a break in the skin. During later stages of
the disease, high levels of virus are found in the lymphatic system, including the
spleen, liver, lymph nodes, and bone marrow. Very high viral titers have been
reported in the mammary glands and placenta, and the ovaries, lungs, kidneys,
adrenal glands, and myocardium of the heart are also infected. Unlike the case
of Marburg and Ebola hemorrhagic fevers, infection of these organs does not
result in significant production of lesions. After an incubation period of one to
three weeks, infected individuals present with chills and high fever, exudative
pharyngitis, weakness, and generalized malaise. This is followed by the gradual
onset of joint and lower back pain, severe muscle pain, headache, a nonproduc-
tive cough, epigastric pain, vomiting and diarrhea with abdominal discomfort,
myocarditis, and hemorrhagic manifestations, such as bleeding from the gums,
nose, and lungs. Petechiae, pinpoint skin lesions, may be found on the upper
chest, shoulders, and neck. Laboratory findings often include early lymphopenia,
late neutrophilia, abnormal platelet functions, hemoconcentration as fluid leaves
the circulatory system, and proteinuria (the presence of protein in the urine) due
to kidney dysfunction. Jaundice and skin rash are rare.

After one week, individuals with mild infections begin to recover and the
more severe cases begin to deteriorate. The most severe cases may be accom-
panied by edema of the face and neck, conjunctival hemorrhaging, mucosal
bleeding, central cyanosis (bluish color), bradycardia (slowed heart rate), pleu-
ral effusions, hepatitis, and encephalopathy. Neurological manifestations may
include intention tremors of the tongue, pharynx, larynx, and later, the extremi-
ties, followed by generalized convulsions. Loss of blood volume due to hemor-
rhaging and fluid entering the tissues may result in shock or death. In some
of the early cases of LHE, death occurred about a week after the development of
symptoms. Findings during the autopsy of those individuals included fluid in
the lungs; enlarged pale livers; congestion of the heart, spleen, and kidneys; and
a low number of lymphocytes. Although the overall mortality among infected
persons is 1%, the mortality rate among hospitalized patients is much higher
(15% to 20%) and approaches 60% among those who are not treated. Transient
hair loss and ataxia (unsteady movement) may occur during recovery. Unlike the
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FIGURE 14.4 Hepatitis caused by Lassa virus

Source: CDC/W. Winn.

case with other hemorrhagic fevers, 25% of persons developing LHF experience
some degree of unilateral or bilateral eighth cranial nerve deafness. Only half
of these recover some degree of function after one to three months.

LHF 1s particularly severe for pregnant women and their fetuses. If infec-
tion occurs during the first trimester of pregnancy, a spontaneous abortion will
usually result. If infection takes place during the third trimester, however, both
mother and fetus typically will die. This unusual severity may result from the
extremely high viral titer found in the placenta. The precise cause of death in
these cases remains unknown as pathological lesions are not found in infected
fetuses.

The Causative Agent

Lassa virus is a member of the Old World group of Arenaviridae. It is
named after the town, about 100 miles south of the Sahara, in which the first
case of LHF was detected. Other pathogenic members of this group include
the cosmopolitan lymphocytic choriomeningitis virus and the Lojo virus from
Zambia and South Africa. Other pathogenic members of the Arenaviridae
are the New World Junin, Machupo, Guanarito, Sabia, and Chapare viruses
(from South America) and the Whitewater Arroyo virus (from North America)
in humans. These viruses cause hemorrhagic fevers in the Americas with high
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fatality rates (described in Chapter Thirteen). Other Old World viruses in this
family include Ippy and Mobala viruses from the Central African Republic and
Mopeia virus from Mozambique and Zimbabwe, all of which lead to non-
pathogenic infections of humans. Interestingly, 75% of the amino acids from the
nonpathogenic Mopeia virus and the pathogenic Lassa virus are the same. It may
be useful to determine if Lassa virus isolates from patients with severe disease
differ from those from persons with asymptomatic infection. In 2008, a novel Old
World virus, the Lojo virus, caused an outbreak of hemorrhagic fever in South
Africa and Zambia in which of the five persons infected, four died. The surviving
individual had been treated with the antiviral compound ribavirin. Pichinde
virus infection of hamsters or guinea pigs is frequently used as an animal model
system for LHF due to the safety issues associated with working with Lassa virus.

Lassa virus and the American hemorrhagic fever viruses are all classified
as BSL-4 microorganisms because they induce illnesses with a high mortality
rate, are highly transmissible, and lack either an effective treatment or a useful
vaccine. Work on these organisms, as well as other BSL-4 microbes, such as the
Marburg and Ebola hemorrhagic fever viruses and variola (the smallpox agent),
must be conducted under the tightly controlled conditions of a BSL-4 labora-
tory, of which few exist throughout the world. Some groups have attempted to
use the Lassa virus as a bioweapon.

Lassa virus is generally spheroidal but may be pleomorphic (assume many
shapes). As 1s the case with the American hemorrhagic fever viruses, Lassa virus
incorporates host ribosomes into the viral particle, giving it a “sandy” appear-
ance. The viral envelope contains essential lipids, and its surface is studded with
10-nanometer projection spikes. Due to the presence of lipids in their envelopes,
Lassa viruses are inactivated by either ether or chloroform. The genome of Lassa
virus 1is single-stranded, negative-sense, bisegemented RNA consisting of a large
and a small segment. The 3' and 5' portions of the RINA are transcribed to pro-
duce proteins in opposite orientations. Replication of the genome occurs in the
cytoplasm, followed by budding of infectious virions from the plasma membrane.

The large RNA segment encodes an RNA-dependent RNA polymerase and
a small RING finger protein Z, which is a viral matrix protein. The small RNA
segment encodes viral glycoprotein precursor and nucleoprotein. The former is
processed to produce two mature glycoproteins, GP1 and GP2. GP1 is found on
the top of the glycoprotein spike and allows viral interaction with the host cell’s
surface receptors. It is the target of host antibodies. GP2 is located next to the
viral membrane and is similar to other viral membrane proteins involved in fusion
with the host cell. GP1 of the Old World arenaviruses uses host a-dystroglycan
(a cellular receptor for extracellular matrix proteins) as their receptor, whereas
New World arenaviruses use the transferrin receptor 1 for this purpose. Following
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FIGURE 14.5 Budding of Lassa viruses from an infected host cell

Source: CDC/C. S. Goldsmith, P. Rollin, and M. Bowen.

receptor binding, all known arenaviruses are taken into the cell by endocytosis
into acidified endosomes, where GP2 mediates a pH-dependent fusion between
the viral and host cell membranes. Lassa and the closely related lymphocytic
choriomeningitis virus, however, enter target cells in a manner distinct from that
of the New World viruses. The latter enter cells by clathrin-dependent endo-
cytosis, whereas the former gain entry by a process that is independent of the
human cell surface proteins clathrin, dynamin, and caveolin, which are typically
involved in endocytosis. The pathway used by Old World arenaviruses requires
cellular microtubules but not actin. This apparently rules out viral entry via
macropinocytosis or the other clathrin- and caveolin-independent pathway used
for trafficking of glycosylphosphatidylinositol-anchored proteins, as both rely on
actin. Old World arenaviruses also undergo membrane fusion at an unusually
low pH of less than 4.5. Viral delivery to late endosomes with this low pH does
not require the Rab5 and Rab7 proteins, which transport some other viruses
(New World arenaviruses and the influenza virus) to endosomes. Understanding
the unusual entry and fusion mechanisms of these viruses may provide a key to
blocking the early stages of infection. Target cells for Lassa virus infection and
replication are the monocytes and macrophages of the innate immune system
and endothelial cells lining blood vessels. Monocytes must mature into macro-
phages before viral replication may occur. Macrophages and endothelial cells are
not damaged by Lassa virus infection.
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The natural reservoir host of Lassa virus is Mastomys natalensis (the multi-
mammate rat). The range of this rat covers the majority of Africa, but LHF
1s found only in West Africa (Nigeria, Sierra Leone, Liberia, and Guinea, and
perhaps Senegal, Mali, the Central African Republic, and the Congo Republic).
It should be noted that the American hemorrhagic fever viruses also have rodent
reservoir hosts. Rat urine and droppings contain shed viruses, which may be
transmitted to humans via direct contact with excretions on floors or in beds or
by ingestion of contaminated food and water, breathing dried and aerosolized
urine, being bitten by a rat, or during preparation or consumption of infected
rats. Rats of this species are plentiful in many poorer regions of Africa and are
commonly used as a food source. The virus does not cause disease in the rodent
host. Transmission from rats to humans is highest during the dry season. Human-
to-human transmission occurs via contact with secretions such as blood, saliva,
pharyngeal secretions, urine, and semen or by contaminated medical equipment.

The Immune Response

The host immune response is responsible for both host protection and much
of the pathology. Individuals who survive acute infection develop antibodies that
persist for years after recovery. Immunity is protective against reinfection by the
virus. CD8" T killer cells appear to be the most important component of a protec-
tive immune response against many viruses, including Lassa virus. To recognize
the virus, they require that viral proteins be “presented” to them by other cells.
Lassa virus has evolved mechanisms of avoiding such host immune responses.
Monocytes and macrophages are part of the innate immune system, pro-
ducing inflammatory cytokines and, via expression of major histocompatibility
class I molecules (MHC ), aid in presenting antigen to and activating CD8" T
killer cells. Infection of monocytes and macrophages occurs early in infection.
Macrophages are among the major host cells infected by Lassa virus. Infection
of these cells by either virulent or avirulent Pichinde virus in the animal model of
LHF leads to production of inflammatory cytokines, such as IL-6 and TNI-a;
however, the avirulent form produces higher levels of these cytokines, indicating
a potential role for these cytokines in host defense. Synthesis of both cytokines
and MHC I 1s induced by some forms of the transcription factor nuclear factor
kappa of B lymphocytes (NI-kB) and is influenced by different forms of another
transcription factor, RBP-Jk. Infection with avirulent, but not virulent, arenavi-
ruses leads to production of stimulatory forms of both transcription factors and
a higher degree of macrophage activation, stressing the beneficial role of macro-
phage activity in preventing arenavirus disease. Lassa virus decreases production
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of the proinflammatory chemokine IL-8 by macrophages and endothelial cells
by inhibiting transcription of its mRNA. IL-8 increases adherence of immune
cells to endothelial cells, extravasation of cells from blood vessels, and migra-
tion of these cells into the areas of active Lassa virus replication. Interestingly,
Mopeia virus, a closely related but nonpathogenic Old World arenavirus, does
not suppress IL-8 production.

In later stages of the infection, CD8" T killer cells may initiate harmful
allergic responses. These cells, however, are also beneficial to the host in that they
are responsible for the majority of viral clearance. Decreased MCH I expression
by macrophages infected with virulent viruses may result in reduced CD8" T
killer cell activity and viral evasion of the immune response. Furthermore, Lassa
viruses are fairly resistant to host IFN-o and IFN-f3; in fact, IFN levels are gener-
ally higher in patients with fatal versus nonfatal infections.

Diagnosis

Diagnosis may involve direct detection of the virus. Lassa virus may be isolated
from blood or urine samples or from throat washings. It may be detected by
polymerase chain reaction analysis of whole blood or serum. Alternatively, more
indirect means of diagnosis may be employed, such as detecting the presence of
antibodies to the virus. ELISA may be used to detect the presence of anti-Lassa
virus IgM antibody. Infection is also indicated by a fourfold rise in the titer of
antiviral IgG antibody between samples of acute and convalescent-phase serum
as detected by ELISA or indirect fluorescent-antibody assay.

Laboratory abnormalities associated with LHF include proteinuria and
elevated liver enzymes in which aspartate aminotransferase (AST) levels exceed
those of alanine aminotransferase (ALT). Adverse prognostic factors are an AST
exceeding 150 units per liter and a high level of viremia. Lassa virus—contaminated
patient samples are a biohazard and should be handled under BSL-4 conditions;
this is frequently not possible since no BSL-4 laboratories are present in the
endemic regions. Heating serum for one hour at 60°C (140°F) inactivates
the majority of the viruses and allows determination of heat-stable material.

Treatment

Treatment for LHF is generally supportive and may include renal dialysis and
mechanical ventilation. Fluid and electrolyte balance and blood pressure must
be carefully monitored and regulated to prevent shock, particularly if proteinuria
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FIGURE 14.6 Receiving plasma to maintain blood
volume during Lassa fever

Source: CDC.

or rising hematocrit is detected. Seizures must be controlled. Intervention may
be needed to treat secondary bacterial infections.

Administration of convalescent plasma has been attempted in the treatment
of individuals with LHF but was not found to be beneficial; on the contrary,
its use may lead to the transmission of bloodborne pathogens, such as HIV or
the hepatitis B or hepatitis C viruses, which are common in the affected area.
This is in contrast to American HE, which often responds favorably to conva-
lescent plasma. Ribavirin has been the antiviral drug of choice but appears to
be effective only when administered during the first six days of illness. It also
has significant toxicity to humans, with hemolytic anemia being the major side
effect. This destruction of red blood cells may be particularly problematic for
persons with hemorrhagic diseases in which large amounts of blood are lost
through excessive bleeding. A newer drug being tested for use during arenavi-
rus infections is T-705 (6-fluoro-3-hydroxy-2-pyrazinecarboxamid), which is less
toxic than ribavirin. This compound appears to be effective in killing several
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RECENT DEVELOPMENTS

Stampidine (stavudine-5’-[p-bromophenyl methoxyalaninyl phosphate]) is a
pyrimidine nucleoside analogue derived from the reverse transcriptase inhibitor
d4T. It appears to have a greater degree of antiviral activity against immunodefi-
ciency-causing retroviruses than AZT. It is effective against organisms such as the
feline immunodeficiency virus, HIV-1 and HIV-2, including drug-resistant strains
of HIV-1 and a variety of clinical isolates from various regions of the world. It
also has a good safety profile with little to no detectable toxicity in mice and
dogs and rapidly reaches therapeutic levels in the plasma that are maintained
for hours. This drug was recently reported to decrease seizures and mortality in
Lassa virus—infected mice. Stampidine is able to cross the blood-brain barrier to
kill viruses that have been able to enter the central nervous system. Given the
interest among some parties for developing hemorrhagic fever viruses, including
Lassa virus and the American hemorrhagic fever arenaviruses, as agents of bio-
warfare, the development of new treatment strategies for these viruses that have
little toxicity to mammals is encouraging.

types of RNA viruses and is under clinical development for influenza. T-705
proved more effective than ribavirin at decreasing mortality in the animal model
of LHF (Pichinde virus—infected hamsters), even when administered during the
advanced stage of infection.

Prevention

Patients diagnosed with LHF should be confined to strict barrier isolation in a
private room separated from traffic patterns. Room entry should be restricted to
essential personnel. Care must be used in handling patient samples and material
contaminated with excretions or coming into contact with the patient. Solutions
such as sodium hypochlorite (bleach) or phenol plus detergent or formaldehyde
fumigation may be used on material unable to withstand boiling, incineration,
or autoclaving. Male patients should abstain from unprotected sexual activity
for three months or until their semen is shown to be virus-free. Bodies of the
deceased should not be embalmed but should instead be sealed in leakproof
material prior to cremation or buried promptly in a sealed casket.

Several lines of research are being pursued in the hope of developing a
protective, affordable vaccine for LHE. One avenue of attack employs a similar
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FIGURE 14.7 Barrier nursing in a men’s Lassa fever
ward in Sierra Leone, 1977

Source: CDC.

virus, the Mozambique virus, which is nonpathogenic. This approach is similar
to that of Edward Jenner, who used the nonpathogenic cowpox virus to immu-
nize people against infection with the highly pathogenic variola (smallpox) virus.
Another vaccine candidate is the ML29 live, attenuated, reassortment virus
containing the nucleoprotein and glycoproteins of Lassa virus and the Z and
L proteins of the nonpathogenic Mopeia virus. Live vaccines are better able to
induce a CD8" T Kkiller cell response than are vaccines that use dead material
or viral proteins alone, and this type of immunity appears to be most important
in stopping Lassa virus infections. The ML29 vaccine was safe for use in com-
mon marmosets, a nonhuman T’ primate species, and completely protected them
against challenge with virulent Lassa virus. The vaccine elicited production of
the cytokines TNF-a and IFN-y. Considering that TNF-a production is inhib-
ited by virulent arenaviruses but not by avirulent strains, this cytokine may be
important for host protection.

A number of researchers have developed viral vectors containing Lassa virus
genes incorporated into nonpathogenic viruses. One group used vaccinia as a
viral vector for the Lassa virus nucleoprotein and glycoprotein. This vaccinia
construct induced antibody production in mice and was protective to monkeys
after challenge with intact Lassa virus. Other researchers administered a whole,
killed Lassa virus vaccine to rhesus macaques following inactivation by gamma
radiation. The vaccine successfully induced antibody production in the monkeys;
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however, the animals died after challenge with active virus. This may indicate that
antibodies may not be the most useful component of the host immune response.
In support of this hypothesis, a vaccinia vector expressing both Lassa virus gly-
coproteins induced only a small antibody response in animals; nevertheless, 88%
of the animals survived challenge. Conversely, if the vaccinia vector contained
Lassa nucleoprotein, all of the animals developed high levels of antibodies, but
only 20% survived challenge. It is thus believed that CD8* T killer cells may
be a more important part of the host immune response to Lassa virus infection
than antibodies produced by B lymphocytes. One major problem with most of
these lines of research is that administration of vaccines based on the vaccinia
virus has the potential to kill HIV-infected persons. In light of the fact that much
of the population of the area threatened by LHF is HIV-positive, this approach
would produce vaccines that could not be safely administered to the majority
of the people.

Surveillance

Surveillance of the incidence of LHI revealed that civil disruption, such as
that occurring around the turn of the century in Sierra Leone, may alter pat-
terns of disease transmission. Although incidence had been highest during the
dry season, infection rate rose during the change from the dry to wet season.
Unrest among civilians may lead to disruption of food production, destruction of
crops and loss of livestock, and population displacement and relocation to refu-
gee centers, resulting in overcrowding. These conditions may lead to increased
dependence on rats as a food source, facilitate the spread of infectious diseases,
and place increased stress on an already overburdened health care system, with
consequent amplification of nosocomial spread.

Given the recent (2008) discovery of the Lojo virus, an arenavirus that causes
hemorrhagic fever with a very high fatality rate in southern Africa, as well as dis-
coveries of new members of the New World group of the family, some of which
cause hemorrhagic fever in the Americas, efforts need to be made to identify other
arenaviruses that may produce severe or fatal disease in humans. Lassa virus is
confined to West Africa, but the detection of a new hemorrhagic fever virus
in southern Africa calls into question whether other pathogenic arenaviruses
may exist undetected in the African continent. Infections with such viruses may
be currently attributed to other, more common organisms, such as Plasmodium
species (agents of malaria) or dengue virus, which cause serious febrile illness in
the region. Considering that ribavirin may be effective in the treatment of infec-
tions caused by both the Lassa and Lojo viruses but not other microbes causing
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FIGURE 14.8 Viewing tissue samples during a
Lassa fever investigation

Source: CDC/P. A. Webb.

similar symptoms, it is crucial to determine the causative agent correctly in
order to administer potentially lifesaving therapy. Surveillance efforts may include
determination of the causative agent for all outbreaks of potential hemorrhagic
fever in Africa and studies of the incidence of infection and transmission patterns
for the rodent reservoir hosts.

Summary

Disease
* Lassa hemorrhagic fever
Causative Agent

¢ Lassa virus
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Agent Type

e Virus of the Old World Arenaviridae family
Genome

* Single-stranded RNA

Vector

* None

Common Reservoir

e Multimammate rat

Modes of Transmission

e Direct contact with contaminated rat urine or droppings, ingestion
of contaminated food, inhalation of aerosolized urine, rat bite, or during
preparation or consumption of rats as food ¢ Human-to-human
transmission via contact with contaminated blood, saliva, and semen

or from medical equipment

Geographical Distribution
e West Africa
Year of Emergence

* 1969

Key Terms

a-dystroglycan Cell surface receptor for extracellular matrix proteins that
binds to Lassa virus glycoprotein during infection of its target cells

Arenaviridae Family of enveloped RINA viruses that contain the causative
agents for Lassa hemorrhagic fever and the American hemorrhagic fevers

Chemokine Immune messenger molecule that attracts specific white blood cells
to areas of infection

Lassa hemorrhagic fever Potentially fatal illness characterized by high
fever, hemorrhagic manifestations, severe muscle and bone pain, deafness,

and shock
Lassa virus Causative agent for Lassa hemorrhagic fever in West Africa

Lojo virus Causative agent for hemorrhagic fever in southern Africa
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Mopeia virus Old World arenavirus that causes a nonpathogenic infection in
humans

Multimammate rat Mastomys natalensis, the reservoir host for Lassa fever virus

Pichinde virus Old World arenavirus used to model Lassa hemorrhagic fever
in guinea pigs and hamsters

Review Questions

1. To what family does the causative agent of Lassa hemorrhagic fever belong?
What other members of this family cause disease in humans, where are they
found, and with which diseases are they associated?

2. What symptoms occur during severe cases of Lassa hemorrhagic fever?

3. What are several ways in which infection with Lassa hemorrhagic fever differs
from that caused by closely related New World viruses?

4. What components of the host immune response are inhibited during Lassa
virus infection? What are the underlying causes of this loss of immunity?

5. What are the methods of treatment for Lassa hemorrhagic fever? What are
the possible deleterious effects of these methods?

Topics for Further Discussion

1. Explore the potential significance of the important differences between the
pathogenic mechanisms and cellular receptors used by hemorrhagic fevers
induced by Lassa virus and other arenaviruses and filoviruses. Postulate how
these differences might affect the development of drugs to combat these diseases.

2. Lassa virus enters its target cells using an unusual type of endocytosis that
differs from the mechanism human cells typically employ in the internaliza-
tion of nutrients and other macromolecules. Learn more about the normal
endocytic process, and discuss how it differs from that used by Lassa virus.
How do you think these differences might possibly be exploited to block Lassa
virus infection of human cells?

3. Knowing that a number of serious infectious diseases in sub-Saharan Africa
result in fever, blood loss, and death and that the number of emerging infec-
tious diseases is continuing to increase, discuss the possibility that other as yet
unknown arenaviruses causing human illnesses may be discovered and then,
based on your findings, describe the geographical areas and populations most
likely to be at risk.
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4. The animal reservoir for Lassa virus is the multimammate rat. This animal is
very common in Africa and has a large range. It also interacts frequently with
humans. Find out more about this rodent’s habits and habitat and the ways
in which it interacts with humans throughout its range. Use this information
to suggest practical and affordable means of preventing viral transmission to
humans. Discuss reasons why Lassa hemorrhagic fever is found in only a small
portion of the range of this rat.
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CHAPTER 15

DENGUE FEVER AND DENGUE
HEMORRHAGIC FEVER

LEARNING OBJECTIVES

e Define and contrast dengue fever, dengue hemorrhagic fever,
and dengue shock syndrome

® Describe the flavivirus responsible for causing these illnesses
® Discuss modes of infection

® Discuss the host’s response to infection

® Describe symptomatology and diagnosis

e Discuss potential methods of treatment

® Discuss methods of prevention
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Major Concepts

Symptoms

Infection with dengue virus leads to either dengue fever (DF), dengue hemor-
rhagic fever (DHF), or dengue shock syndrome (DSS). DF is an extremely
painful febrile illness likened to the pain of having many broken bones. It is
self-limiting and typically resolves within ten days except for transient fatigue and
depression. DHF is a severe, life-threatening form of the disease that primarily
affects children under the age of 15 years. Its symptoms include fever, profound
abdominal pain, liver damage, petechial rash, hemorrhaging, increased vascular
permeability, and capillary leak syndrome. DSS is characterized by the DHF
symptoms as well as dangerously low blood pressure and shock, which may result
in death if fluid volume is not promptly restored. DHF and DSS have mortality
rates of up to 30%.

Emergence of DHF and DSS

Dengue fever has been known in tropical areas of the world since 1770, with
increasing numbers of epidemics occurring over time as the disease spread
throughout Asia, Africa, and the Americas. The incidence of DHI' and DSS
are rapidly increasing as well. Dengue is now pandemic, due in part to events
beginning during World War II when large-scale movement of vehicles and
infected personnel, trapping of water in tires, and increased numbers of water
storage areas brought the virus into areas with many new, susceptible human
hosts and provided breeding habitat for the principal vector, dedes aegypti, a
day-biting mosquito whose preferential hosts are humans. Although A. aegypti
numbers were once greatly reduced in much of the Americas due to large-scale
mosquito elimination programs, vector numbers rebounded when the programs
were halted during the 1970s. An additional mosquito vector, 4. albopictus, is
able to survive colder temperatures, including those found in many U.S. states.

Infection

Dengue virus is a single-stranded RNA member of the flavivirus group and is
closely related to the causative agents of yellow fever and Japanese encephalitis.
Four viral serotypes exist that are currently expanding their ranges. Several sero-
types coexist in many parts of the world, triggering increasing numbers of DHF
and DSS, as these disease manifestations usually occur following an individual’s
secondary infection with a serotype differing from that first encountered. Host
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factors that affect disease severity include age, sex, and racial background: DHF
and DSS are more common in female children and less common in those of
African origin or persons suffering from malnutrition. Secondary infection with
viruses of the DEN-2 serotype or strains originating in Asia is more likely to
cause severe disease.

Immune Response

The immune response to dengue virus either may be protective or may increase
pathology. DHF and DSS often result from antibody-dependent enhancement,
a process in which nonneutralizing antibodies to one viral serotype decrease to
low levels at the time of infection with dengue viruses of a different serotype.
Low levels of these cross-reacting IgG antibodies lead to the formation of large
immune complexes that are ingested by macrophages; these cells then act as hosts
for replicating viruses. Inflammatory cytokines released by immune cells cause
much of the pathology associated with infection, including increased vascular
permeability, loss of fluid from capillaries, and destruction of platelets. Other
cytokines, such as IFN-vy, may have dual roles during the illness, blocking viral
replication but also increasing infection of macrophages. One viral protein blocks
cellular responses to interferons in an attempt to evade the immune response.

Introduction

Dengue fever (DF) and its more serious correlates, dengue hemorrhagic
fever (DHF) and dengue shock syndrome (DSS), are currently found
throughout the world, causing great pain and many deaths. It is the most common
vectorborne infection of humanity, with 50 to 100 million cases of DF reported
per year, mostly in tropical regions. Several hundred thousand cases of DHF
occur as well, with a fatality rate of 5% in treated individuals. This severe condi-
tion 1s most common in children and young adults. Over time, the epidemics have
become larger and more frequent due to population increases in urban centers
and to rapid dissemination via air travel. The largest single epidemic involved
370,000 cases in Vietnam in 1987. In addition to the toll in human suffering
and lives, dengue heavily taxes economic systems, often in regions that can ill
afford this burden. The costs of medical intervention, mosquito eradication pro-
grams, and lost tourist revenues place a great strain on developing regions and
health care systems already struggling under a host of other infectious diseases.

We are currently in the midst of a dengue pandemic as DHF spreads to
countries in which it was previously unknown. In 1980, DHF was not endemic
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in any country in the Americas. By 1995, some 250,000 confirmed cases of
DI and 7,000 cases of DHI were reported spread among 18 countries in the
Americas. Dengue remains relatively rare are in United States, although over
400 confirmed cases have been brought into the country by travelers. This situ-
ation is likely to change, however, as the correct mosquito vectors are present
in the United States. At least three cases are known to have been transmitted
endogenously in Texas since 1980.

Tour serotypes of the dengue virus have been reported from various locales
around the globe. Each of these serotypes contains multiple viral strains that
differ in virulence and in antigenicity. Areas of hyperendemicity (where more
than one strain of dengue 1s endemic) are increasing, complicating epidemio-
logical studies.

History

The first epidemics of dengue fever were reported in 1770 in Asia, Africa, and
North America. Infections thereafter were periodic and infrequent, and intervals
of 10 to 40 years often separated epidemics due to their slow spread by sailing
vessels. Since the early 1980s, however, dengue has been at pandemic levels,
its rapid spread fueled by an expansion of the geographical range of both the
mosquito vector and all of the virus serotypes. Hyperendemicity is growing as
multiple serotypes occupy the same region, resulting in the emergence of the
more deadly manifestations of infection, dengue hemorrhagic fever and dengue
shock syndrome.

The modern DF pandemic began in Southeast Asia during the Second World
War as a result of the movement of military equipment that trapped rainwater
and led to the spread of the mosquito vector to previously uninfected regions.
During the war, many water systems were destroyed and the number of water
storage facilities increased, providing new niches for mosquito larvae to exploit.
The outbreak was further spurred by the transit of hundreds of thousands of
uninfected Japanese and Allied soldiers into infected areas. Mosquito hosts moved
into most of the central and southern islands of the Pacific, although their isola-
tion and small human populations kept dengue epidemics brief. Larger Pacific
islands were also affected, and in 1953 and 1954, an epidemic of DHF occurred
in Manila in the Philippines, having previously appeared in Bangkok, Thailand,
in 1950. Earlier clinical reports of illnesses similar to DHI and DSS appear in
medical records from northeastern Australia in 1897 and Greece in 1928.

Several decades after World War II, DHF again struck Asia in Sri Lanka,
India, Pakistan, Taiwan, China, and Singapore as the range of the virus and its
mosquito vector spread. Multiple serotypes were present during this epidemic,
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with the DEN-3 serotype predominating. The responsible viral strain was distinct
from previous isolates. By 1975, DHF was the leading cause of hospitaliza-
tion and death in children. About 900,000 cases of DHF and DSS occurred
in Thailand between the years of 1958 and 1990. Since then, the incidence
of dengue diseases in Southeast Asia has continued to increase in intensity as
the presence of multiple viral serotypes in a given area became more frequent.
Tour times as many cases of DHI were reported in the past 15 years than were
reported during the previous 30 years.

In Africa, dengue-related disease is also increasing. The surveillance system
in the area is imperfect, but the number of DI epidemics has been rising since
1980, most notably in East Africa (Kenya, Mozambique, Sudan, Djibouti, and
Somalia) and in Saudi Arabia. All four serotypes are active in these regions.
Although sporadic cases of DHF have been reported in several of these coun-
tries, no epidemic of severe disease has occurred. In western Africa and parts of
Southeast Asia, dengue virus also circulates in monkey populations.

Dengue was unknown in the Western Hemisphere until the advent of
European colonization and the African slave trade. In the Americas, programs
directed by the Pan-American Health Organization wiped out the mosquito
vector, virtually eliminating yellow fever and decreasing the incidence of den-
gue until only sporadic cases of DI occurred in island areas that failed to
eradicate the vector entirely. During the 1970s, these mosquito control programs
were abandoned; as a result, the incidence of DI is now greater than before
the vector control program began. In 1970, the DEN-2 and DEN-3 serotypes
were found in the Americas, and the latter caused several epidemics in Puerto
Rico and Colombia in the mid-1970s. DEN-1 was introduced into the area
in 1977, resulting in epidemics of DI in Jamaica, Cuba, Puerto Rico, and
Venezuela in 1977 and 1978 before spreading throughout the Caribbean, north
into Mexico and Texas, and south into Central America and northern South
America. DEN-4 was imported into the eastern Caribbean in 1981 and caused
major epidemics throughout the surrounding areas. The same year, a new strain
of DEN-2 originating in Southeast Asia (most likely in Vietnam) was imported
into Cuba, leading to the first major epidemic of DHF in the Americas. Over
10,000 cases of DHF occurred during this outbreak; however, large-scale hospi-
talization and effective fluid replacement therapy limited the number of deaths
to 158 people. The next major epidemic of DHF began in Venezuela in 1989
and 1990, resulting in more than 6,000 cases of disease and 73 deaths. Between
1990 and 1995, DEN-2 led to a series of smaller epidemics in Colombia, Brazil,
Puerto Rico, and Mexico. By 1997, 18 countries in the region had reported DHF
cases. A novel strain of DEN-3 from Sri Lanka appeared in 1994 and led to an
outbreak of DF in Costa Rica and Panama and DHF in Nicaragua. Yellow fever
mncidence has increased in the tropical areas of the Americas as well.
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FIGURE 15.1 Female Aedes aegypti taking a blood meal

Source: CDC/Frank Hadley Collins.

The United States has seen a small number of imported cases of dengue in
Texas in 1980, 1986, 1995, and 1997. Although the virus has not yet established
a foothold in the country, the United States is home to two species of suitable
mosquito vectors, most notably Aedes aegypti, which abides in the Gulf Coast
states from Texas to Florida. The other potential vector species, Aedes albop-
ictus, entered the United States in the early 1980s and has spread to 25 states.

Several factors account for the spread of dengue. Numbers of mosquito
vectors rise as the extent of urbanization in a region increases and adequate
access to sewage treatment facilities decreases. The presence of pools of stand-
ing water also fuels the growth of mosquito populations. Aggressive vector
control programs eliminated many of the dengue vectors from most of Latin
America during the 1940s and 1950s, but subsequent increases in urbanization
led to reinfestation of many areas during the 1970s. Air travel has also rapidly
spread the virus to new locales with susceptible hosts. Between 1983 and 1995,
the number of international travelers leaving the United States increased from
20 million to 40 million. Half of these people were bound for tropical regions.

The Diseases

The name dengue 1s derived from the Swahili &z denga pepo, which means “seizure
caused by an evil spirit.”
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The illness may manifest itself in three different forms: dengue fever, den-
gue hemorrhagic fever, or dengue shock syndrome. All forms may present with
generalized vascular damage. Diffuse hemorrhage, edema, and congestion of
organs also occur in DHF and DSS. In these two serious disease manifestations,
antibodies produced in response to a prior infection may lead to the formation of
large immune complexes containing antibody bound to microbial components,
leading to the production of disseminated intravascular coagulation or hemor-
rhagic lesions with potentially lethal results.

Dengue Fever (DF)

Dengue fever, also known as breakbone fever, generally occurs in older
children and adults. Infection may be asymptomatic or result in painful but
short-term illness. After an incubation period of 3 to 14 days (usually 4 to 7
days), an infected person may present with fever of sudden onset, severe frontal
headache, myalgia, and loss of appetite. This is followed by decreased numbers
of neutrophils and platelets; severe eye, bone, and muscle pain; change in taste
perception; nausea and vomiting; rapid heartbeat; and anxiety and depression.
The extreme pain has been equated to that resulting from a multitude of broken
bones. Later during the course of the infection, petechial rashes may be found
on the extremities, underarms, and mucous membranes as a result of hemor-
rhaging of small blood vessels in the skin. This might be due to a host antibody
response to the virus. Acute illness persists for eight to ten days. The infection
1s self-limiting and, though very painful, is seldom fatal in this form and is mild
in comparison to DHF or DSS. Following treatment for DI, persons generally
recover completely with the exception of some postinfection fatigue and depres-
sion. In rare cases, DI progresses to the more serious DHF or DSS.

Dengue Hemorrhagic Fever (DHF) and Dengue Shock Syndrome (DSS)

DHIF and DSS constitute the severe dengue virus—associated diseases. More
than 500,000 cases of DHIF and DSS occur each year, with fatality rates
ranging from 1% to 10%. If untreated, these rates may approach 30%. DHF
and DSS are generally confined to children under the age of 15 years, with
a fatality rate of up to 8%. Early disease manifestations include upper respi-
ratory symptoms, anorexia, vomiting, and facial flush. Worsening of disease
1s accompanied by the onset of weakness, severe restlessness, facial pallor,
profound abdominal pain, cyanosis (bluish hue to the skin), liver enlargement
and damage, petechial rash, and bleeding gums. Serious pathology is linked
to hemorrhaging two to six days after the onset of fever. Increased vascular
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permeability with capillary leak syndrome and fluid loss from the circulatory
system, low white blood cell and platelet numbers, elevations in hematocrit
of over 20%, and hemoconcentration accompany DHF. Decreased plate-
let levels may interfere with blood clotting, contributing to hemorrhaging.
Large decreases in blood pressure, shock, and death may rapidly occur if the
loss of plasma is not corrected and quickly countered by fluid replacement.
Spontaneous hemorrhaging may be fatal if occurring in the gastrointestinal
tract or the inner cerebral region of the brain.

DSS may occur as a result of a decrease in blood pressure and hemoconcen-
tration as plasma leaks from the circulatory system into the tissues. It may present
as a weak, rapid pulse; narrow pulse pressure (difference in systolic and diastolic
pressures); hypotension; cold, clammy skin; and restlessness. DSS occurs in one-
third of severe dengue cases and is most commonly seen in children. Platelet
numbers are low, and bleeding times are prolonged. Major bleeding may occur
from several sites on the body with or without the presence of shock. Treatment
may include administration of intravenous fluids to increase blood volume and
raise blood pressure to more optimal levels.

Factors Influencing the Development of DF Versus DHF or DSS

Several factors combine to determine whether a given individual infected with
the dengue virus develops the relatively mild DF or the more severe DHI" or
DSS. Several of these factors relate to the immune system: antibody-dependent
enhancement and the types of MHC molecules expressed on surface of the
person’s cells (discussed later in this chapter). These factors increase the likeli-
hood of developing severe disease in people who have a history of prior dengue
infection after secondary infection with viruses of a different serotype than the
original virus.

Table 15.1 Factors influencing the development of DHF and DSS

Immune factors Antibody-dependent enhancement (T risk)
Major histocompatibility complex types
Viral characteristics DEN-2 (T risk)
Strains of Asian origin (T risk)
Population characteristics Female (T risk)
Child (T risk)

Caucasian or Asian (T risk)
Presence of other disease conditions Peptic ulcer (T risk)
Moderate to severe malnutrition ({ risk)
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Severe disease is partly dependent on the virulence of the infecting strain.
Strains of the virus in the DEN-2 serotype are often more virulent than those
of other serotypes. Differing degrees of virulence also exist within a serotype:
the DEN-2 strain present in Puerto Rico in 1969 was mild, whereas the strain
mtroduced into Cuba during the early 1980s was associated with a higher inci-
dence of DHF and /DSS. The latter strain was more closely related to virulent
strains found in SE Asia than to the Puerto Rico strain. Secondary infection
with viruses of Southeast Asian origin is typically associated with DHF or DSS.

Gender and racial origin also affect disease severity. Girls are more suscep-
tible than boys to developing lethal DSS. Caucasians and Asians are more likely
to have severe infection than individuals of African descent. These differences
may be related to major histocompatibility complex (MHC) molecule expression,
as these immune system identifiers are genetically determined and the preva-
lence of each varies among racial groups. The decreased virulence in people
of African origin as well as the relative rarity of DHF and DSS in Africa has
led to the suggestion that a “dengue resistance gene” may be present in some
populations. Whether such a resistance gene is linked the MHC complex has
yet to be determined.

Other host factors may also affect disease severity. Children with moderate
to severe protein malnutrition are less likely to develop DHI or DSS. Persons
with peptic ulcers (usually caused by infection with Helicobacter pylori, often in the
impoverished) and menstruating females are also more susceptible to dangerous,
severe bleeding during dengue infection.

The Causative Agent

Dengue virus is responsible for all three diseases: dengue fever, dengue hemor-
rhagic fever, and dengue shock syndrome. This member of the Flavivirus
genus 1s closely related to two other agents of serious disease, the yellow fever
virus and the Japanese encephalitis virus, both of which cause substantial mor-
bidity and mortality in the world. The genome of the dengue virus is single-
stranded, positive-sense RINA that encodes ten genes. The viral outer membrane
contains lipoprotein.

Several types of cells are infected by dengue viruses, including dendritic cells
such as Langerhans cells, monocytes and macrophages, lymphocytes, endothelial
cells, and hepatocytes. Interestingly, many of these target cells are part of the
immune system. Langerhans cells are dendritic cells in the skin that protect
the host against invasion via that route. In the case of dengue virus, Langerhans
cells are hijacked to serve as hosts for viral replication and to allow travel to
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distant sites. Langerhans cells are approximately ten times more permeable to
infection as are monocytes and macrophages in blood and tissue. DC-SIGN is a
molecule on the surface of several types of immune cells, including Langerhans
cells and monocytes and macrophages. Dengue virus binds to this molecule
either alone or in the presence of a coreceptor prior to infecting host cells. Other
viruses also use this immune molecule to begin the cellular infection process,
most notably Marburg, Ebola, and hepatitis C viruses. Marburg and Ebola
viruses also cause life-threatening hemorrhagic fever, as described in Chapter
Twelve. After infection, Langerhans cells travel to regional lymph nodes, where
they may interact with and infect T' lymphocytes. Dendritic cells also produce
matrix metalloproteinases, enzymes that degrade extracellular matrix, enhancing
vascular permeability and plasma leakage.

Dengue virus exists in four serotypes (DEN-1, DEN-2, DEN-3, and DEN-4),
which emerged approximately 2,000 years ago. The nucleoside sequences of the
different serotypes’ genomes vary by as much as 40% in the envelope genes,
the major targets for antibody-mediated and T cell-mediated immune responses.
DEN-1 and DEN-3 are most closely related of the group; DEN-4 has the great-
est genetic diversity. No immunological cross-reactivity exists between the various
dengue serotypes, thus allowing hyperendemicity to arise. The four serotypes
have undergone an explosion in genetic diversity over the past 200 years, in some
ways similar to the more recent explosion of HIV strains (another RNA virus).
This 1s likely due to the increased availability of new groups of susceptible hosts
that had not previously been exposed to the virus, perhaps reflecting increases in
and interactions between human populations. The ability of persons to rapidly
travel and relocate, including movement by air and ship, and intermingling of
these groups of vulnerable hosts, may have facilitated this process.

Dengue virus is transmitted to humans primarily by the bite of female Aedes
aegypti or A. albopictus mosquitoes. Outbreaks of dengue correlate to the size of
the vectors’ population and usually occur during the wet season and following a
heavy rain, as these events increase the number of potential mosquito breeding
sites. A. aegypti is a black-and-white mosquito, generally domestic and day-biting,
that prefers humans for its blood meals. Biting activity increases in the two hours
after sunrise and before sunset. These insects adapt well to urban settings and
lay their eggs in small stagnant pools of water or in water that has collected in
vessels used to trap and store rainwater, flower vases, pet water bowls, and urban
cast-offs, such as nonbiodegradable plastic containers, cellophane, and discarded
tires. A. aegypti are found south of 35° north latitude.

Aedes albopictus 1s a rural mosquito originating in Asia that has been adapting
itself to urban settings. It was introduced to the United States in the 1980s through
Asian truck tires brought into the country to be retreaded. These mosquitoes
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FIGURE 15.2 Cemetery in New Orleans serving as
an urban breeding site for A. aegypti

Source: CDC.

are more cold-tolerant than A. aegypti, allowing them to extend their range by
7° of north latitude. The increased tolerance to cold results from diapause, a
suspension of egg hatching during winter months that is similar to hibernation.
A. albopictus infestations are currently found in many eastern U.S. states. Humans
are less of a target for these mosquitoes than for A. aegypts. Among other Aedes spe-
cies, A. scutellaris serves as the viral vector in Polynesia, and A. niweus in Malaysia
and 4. furcifer-taylori in West Africa maintain the mosquito-monkey cycle.

Once a mosquito has ingested the virus from an infected person, it remains
mfective to humans for the remainder of its life without suffering any ill effects
due to its viral passenger. In addition to acquiring the virus during blood meals on
human hosts, female mosquitoes may pass dengue virus to their offspring through
eggs or to their mates through sexual transmission.

Other than mosquito-to-human transmission, relatively rare instances of
human-to-human transmission have been reported. Several cases of vertical
transmission from infected mother to newborn have occurred. Nosocomial
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transmission is also possible from needlesticks of material from infected patients.
Rare instances of infection have been reported following renal or bone marrow
transplantation, and two instances of transmission via blood transfusion have
occurred. Many countries require a deferral period from blood donation fol-
lowing dengue infection.

The Immune Response

The disease manifestation resulting from infection by dengue virus is affected by
both the individual’s immune response and the serotype of the virus involved.
Antibodies to the initial serotype prevent reinfection with that serotype, and this
protection may be lifelong. These antibodies also protect briefly (for less than
three months) against infection with other serotypes. As antibody concentrations
decrease over time, they begin to increase the replication of viruses of other
serotypes in the process of antibody-dependent enhancement (ADE).
This enhancement 1s eventually lost as antibody levels fall even further. ADE
increases the likelihood of developing the serious forms of infection (DHF and
DSS). Interestingly, children are also at higher risk of DHF or DSS during the
first year of life due to the lingering presence of maternal antibody acquired
transplacentally.

Low levels of nonneutralizing antidengue IgG antibodies produce large
immune complexes in combination with viral components. These complexes
then bind to antibody receptors present on monocytes, leading to increased
infection of these immune system cells and augmentation of viral replication.
CD4" T helper cells may contribute to this process by secreting IFN-y, a cyto-
kine that increases the number of antibody receptors, but these cells may also
protect against dengue virus-related illness. T helper cells are stimulated by viral
antigens in the presence of MHC molecules. As mentioned earlier, the type
of MHC produced by an individual is genetically determined, varies by racial
group, and is related to the severity of infection.

The chances of ADE occurring are greater when viruses of the DEN-2 sero-
type initiate the second infection. During the 1977 epidemic of DEN-1 in Cuba,
4.5 million cases of DF were reported without any cases of DHI or DSS. After
an epidemic of DEN-2 in 1981, however, more than 10,000 people developed
severe disease: 95% of these were infected for their second time. Disease in 1981
was minimal in young children who had not been previously infected in 1977.

As noted, females are more prone than males to develop severe disease
manifestations. This tendency may also be linked to the immune response, as T
and B lymphocyte activities are influenced by estrogens (female sex hormones)
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and the difference in immune responses between the sexes has been shown to
heavily influence the increased prevalence of several autoimmune conditions in
women (most notably, systemic lupus erythematosus).

The immune system during dengue infection contributes to both host pro-
tection and disease development. Many of the cells infected by dengue virus are
part of the immune system: dendritic cells, monocytes and macrophages, and
lymphocytes, particularly B cells. Infection of these leukocytes often results in
increased production of several interleukins and other cytokines such as TNF-a.
IL-8, IL-10, IL--13, and IL.-18 may be involved in the development of DHI" and
increase its severity. IL-6 and perhaps IL-10 may increase vascular permeability
and possibly capillary leakage. IL-10 levels are higher in persons with DHF than
in those with DF IL-12; a potent inducer of Thl immunity, by contrast, appears
to moderate DHF severity. IL-12 levels decrease during infection and the T
helper cell-mediated immunity shifts from a Thl to a Th2 response. TNF-a may
contribute to disease by stimulating IL.-6 production and by inducing thrombocy-
topenia. This cytokine also induces fever. Persons inheriting a gene that permits
production of higher levels of TNF-a are at greater risk of developing DHE.
Treating mice with serum containing antibodies to this cytokine reduces mortal-
ity by 60%, further underscoring the role of TNF-a in the pathological process.

IFN-vy is a Thl cytokine that functions both in protection and disease
induction. Its levels are increased during infection: this cytokine has antiviral

Table 15.2 Roles of immune mediators in dengue infection

Immune Mediator Protective or Pathogenic? Role
IL-12 Protective T production of Th1
cytokines (IFN-vy)
IFN-y Protective Decreases viral replication
Pathogenic T production of IL-6, IL-8;
T infection of macrophages
IL-6, IL-10 Pathogenic T vascular permeability
IL-8 Pathogenic Recruits target cells into area
TNF-a Pathogenic T production of IL-6; induces
fever
Neutralizing antibody Protective ! reinfection by viruses
of same serotype
Low levels of Pathogenic T infection of macrophages
nonneutralizing 1gG
Complement Pathogenic Destroy platelets; produce

components shock via anaphylatoxins
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activity but boosts IL-6 and IL-8 production as well. IFN-y also increases
expression of the antibody receptor of macrophages, allowing them to be
more casily infected by the virus. One of the dengue viral proteins decreases
cells’ responses to IFN-y and IFN-B. Interestingly, when T helper cells are
exposed to the viruses of the same serotype as the original infecting strain,
they produce much IFN-vy, whereas exposing these cells to a differing serotype
leads to greater production of TNF-a instead. IFN-y may thus be linked to
long-lasting immunity against reinfection by viruses of the same serotype, while
TNF-a may lead to the pathogenic response induced by secondary infection
by viruses of a different serotype.

The type of lymphocyte response to infection may help determine the
severity of disease. High-affinity CD8" T killer cells may aid in controlling viral
expansion. Numbers of these cells as well as B lymphocytes and natural killer
cells are lower in individuals who develop DHF than in those who do not develop
severe disease. Furthermore, T cells in persons with serious disease manifestations
are less able to divide when stimulated. Natural killer cells and T killer cells nor-
mally provide the best host defense against viral infections. B lymphocytes pro-
duce the neutralizing antibodies that provide lifelong protection against a second
infection with the same viral serotype. Rather than protect the host, low-affinity
T cells against dengue virus may instead contribute to immune-mediated pathol-
ogy by secreting inflammatory cytokines, whereas B lymphocytes producing
nonneutralizing antibody may contribute to disease causation via ADE. Other
antibodies against viral antigens appear to cross-react with human platelets,
leading to their aggregation and destruction by the complement cascade and to
their ingestion and killing by macrophages in a manner similar to that occurring
in the autoimmune disease thrombocytopenic purpura. By-products of comple-
ment activation, the anaphylatoxins, may lead to shock and death during DSS.

Table 15.3 Roles of leukocytes in dengue infection

Protective or

Cell Type Pathogenic? Role
NK cells, high-affinity Protective Kill virally infected cells
T killer cells
Low-affinity T helper cells  Pathogenic Produce inflammatory cytokines
B cells Protective Produce neutralizing antibodies
Pathogenic Produce low-affinity nonneutralizing
antibodies

Macrophages Pathogenic Serve as target cells; kill platelets
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Diagnosis

Diagnostic tests may determine the presence of antibodies reactive to the dengue
virus if the person has no history of a prior infection with a similar virus. Such
tests include the IgG and IgM ELISAs, hemagglutination, and complement fixa-
tion assays. The presence of IgM antibody indicates recent or current infection
and may be detectable within six to seven days of infection.

Other diagnostic techniques include polymerase chain reaction and viral
1solation. Virus may be isolated from blood samples after inoculating mosquitoes
or by cell culture. Isolation of viruses from organs is more difficult.

Treatment

Prompt oral or intravenous isotonic fluid replacement therapy is recommended
by the World Health Organization to counter the results of plasma leakage
from capillaries and the resultant hemoconcentration and dangerous drop
in blood pressure during DHF and DSS. Fatality rates of 40% to 50% may
occur if shock is untreated; adequate fluid replacement lowers this to 1% to
2%. Platelet transfusions are used in individuals with severe bleeding. Blood
transfusions should be administered with extreme caution due to the risk of
fluid overload.

New treatment modalities are being developed to strike the virus at several
key points:

1. Blockage of viral binding to and entry of their target cells—polyanions like
heparin derivatives and hyaluronic acid, seed extracts, and agents that block
cellular adhesion of bacteria, algae, and fungal spores

2. Inhibition of RNA polymerase by nucleoside analogues—barbituric and
thiobarbituric acid analogues; some of these agents are effective against
RNA polymerase of other flaviviruses, such as hepatitis C virus

3. Blockage of production of nucleotides or nucleotide depletion—mycophenolic
acid, 6-azauridine, and urea VX-497

4. Inhibition of viral helicase or nucleotide triphosphatase enzyme

5. Inhibition of viral serine protease, which produces active viral proteins from
a long precursor polyprotein, using compounds derived from various plants,
including members of the ginger family
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6. Inhibition of a-glucosidase I enzyme that is vital to correct glycoprotein
folding, using alkaloids derived from black bean or the Moreton Bay
chestnut tree

7. Inhibition of viral kinases involved in cellular signaling events such as eva-
sion of the host immune response

RECENT DEVELOPMENTS

The antiviral compound ribavirin works well in vitro but has not been effective
in animal models of disease. Moreover, ribavirin can be toxic in vivo, causing
hemolytic anemia. A new agent, 1-B3-d-ribofuranosyl-3-ethynyl-[1,2,4]triazole
(ETAR), is structurally related to ribavirin. It has shown promising results in block-
ing infection of cultured cells and is effective at much lower concentrations than
ribavirin (EC50 of 9.5 micromolar for ETAR versus 73.2 micromolar for ribavirin).
Both of these agents function by depleting levels of guanosine triphosphate (GTP),
an important agent of signaling within organisms. ETAR is active against all four
dengue serotypes as well as several other flaviviruses. It has comparable toxicity
for cultured cells as ribavirin. In vivo studies are needed to determine whether
ETAR is more effective in blocking flavivirus infection of cells than ribavirin in vivo.
Another compound that appears to be promising for the treatment of dengue
virus diseases is the nucleoside analogue beta-D-2'-ethynyl-7-deaza-adenosine
triphosphate. This compound inhibits the viral polymerase that enables replica-
tion of the RNA genome. It is also active against all four dengue serotypes and is
effective at even lower concentrations than ETAR (ECs, = 1 micromolar).

Prevention

Vector control programs have been very effective in the control of dengue and
other insectborne diseases. Such programs, however, are currently almost non-
existent in countries with endemic dengue. Even more unfortunate, some of the
species of mosquito vectors have developed resistance to commonly used insec-
ticides. Development and implementation of vector control programs are vital
to control not only diseases spread by insects such as mosquitoes, ticks, and fleas
but also rodents that serve as both vectors and disease reservoirs. In the absence
of effective vector control, individuals may attempt to avoid being bitten by the
use of screening, protective clothing, and insect repellents.

One of the ways employed to decrease the number of infected 4. aegypte
mosquitoes 1s peridomestic spraying in which droplets of insecticide are sprayed
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in and around houses of dengue-positive cases. Either thermal fogs or cold fogs
are used and may be dispensed from vehicle-mounted or handheld equipment.
This method is an emergency procedure used to attempt to eliminate adult mos-
quitoes. It 1s politically attractive due to the high visibility of the process but may
lull area residents into a false sense of security due to several shortcomings such
as the need for people to open doors and windows of their homes to permit the
droplets to enter the dwelling and the need for periodic reapplication. Another
preventive method that may be more effective at reducing 4. aegypti numbers in
homes is the treatment of materials such as window curtains, water container
covers, and bed nets with insecticides. This may prove more useful than the
indoor residual spraying that has been effective in the campaign against malaria
because A. aegypti often rest on nonsprayable materials such as hanging clothes.
By modifying insect control measures that have proved successful against other
arboviruses, methods may be developed to reduce vector numbers and decrease
the extent of the current dengue pandemic.

Vaccination 1s another powerful means of preventing infection by many
pathogenic microbes. In the case of dengue virus, vaccine development is more
complicated than for other diseases. Due to the risk of ADE, whereby antibodies
to one serotype of dengue virus often enhance the pathogenicity of other serotypes,
the research community may need to design a vaccine that provides immunity to
all four dengue serotypes simultaneously. Phase 1 clinical trials of a yellow fever—
dengue 2 combination vaccine (ChimeriVax-DEN2) have shown it to be safe,
unaffected by preexisting immunity to the yellow fever virus, and able to induce a
long-lasting, cross-neutralizing antibody response to all dengue serotypes.

Surveillance

Groups at high risk for infection with dengue virus include people residing in
large tropical urban centers. Such centers in Southeast Asia have undergone
rapid, unplanned growth since World War II, resulting in insufficient housing,
water, sewage, and waste management systems as well as the crowding of large
numbers of potential viral hosts into a small area. Multiple dengue serotypes
are present in these sprawling megacities. Mass population movement brought
serotypes into new regions with large numbers of previously unexposed hosts.
Children in these environments are more likely than adults to develop severe or
fatal disease manifestations. Surveillance of the dengue pandemic is critical in
the tropical regions of the world, where 2.5 billion persons live in at-risk areas.

Brazil has been home to 70% of the 3 million cases of dengue fever recorded
in the Americas between 2000 and 2005. It had no reported cases of dengue
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before 1976, due to the successful eradication of its 4. aegypti vector. The mos-
quito later returned and entered urban areas. The dengue virus subsequently
followed in 1981.

Between 1994 and 2002, more than 2.8 million cases were noted in Brazil,
with an incidence rate of 454 cases per 100,000 population. The largest out-
breaks occurred during the rainy season; however, almost half a million cases
were reported during the dry season. The majority of the disease cases were
in the large metropolitan areas of the country. DHF first appeared in Brazil in
1990, after the introduction of DEN-2 serotype into the region. Over the course
of the next ten years, 893 cases occurred, resulting in 44 deaths. In 2001, DHF
mncidence was 2.9 cases per 100,000 population, and this grew to 12.9 cases
per 100,000 the following year. DEN-3 entered the country in 2002, further
increasing the incidence of DF and DHE. Until 2006, disease was primarily in
adults in the Rio de Janeiro state, while children were targeted in the Amazonas
state. Interestingly, persons of mixed African ancestry appeared to be protected

FIGURE 15.3 Testing water from a tree hole for
the presence of mosquito larvae

Source: CDC.
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against the development of DHE. By 2002, the number of deaths from DHF
exceeded those due to malaria for the first time. This rapid explosion of severe
disease in the Americas demands close surveillance and effective regional and
international epidemiological communication systems in the coming years in
order to stem the tide and expansion of this deadly infection.

Summary
Diseases
* Dengue fever ¢ Dengue hemorrhagic fever ¢ Dengue shock syndrome

Causative Agent

¢ Dengue virus

Agent Type

e Member of the Flavivirus genus
Genome

* Single-stranded positive-sense RINA

Vectors

o Aedes aegypti and Aedes albopictus mosquitoes

Common Reservoirs

e Humans and monkeys

Mode of Transmission

*  Mosquito bite

Geographical Distribution
*  Worldwide, especially tropical regions

Year of Emergence

e 1770 (dengue fever) ¢ 1953 (dengue hemorrhagic fever)

Key Terms

Aedes aegypti Day-biting, urban mosquito that serves as the primary vector
for dengue and yellow fever viruses in humans
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Aedes albopictus Rural mosquito that may serve as a vector for dengue virus
in humans

Antibody-dependent enhancement (ADE) Worsening of disease mani-
festations that occurs due to the presence of preexisting low levels of antiviral
antibodies that aid in the infection of host macrophages

Breakbone fever Descriptive name for dengue fever, with reference to the
severe bone pain associated with this condition

Dengue fever (DF) Self-limiting viral infection characterized by fever and
severe headache and eye, bone, and muscle pain

Dengue hemorrhagic fever (DHF) Serious, life-threatening viral infection
characterized by fever, increased vascular permeability and capillary leak syn-
drome, elevated hematocrit, and hemoconcentration

Dengue shock syndrome (DSS) Serious, life-threatening viral infection
characterized, in addition to the symptoms of dengue hemorrhagic fever, by a
profound drop in blood pressure and shock

Diapause Suspension of insect egg hatching during winter months; similar to
hibernation

Flavivirus Viral genus whose members include the causative agents of dengue,
yellow fever, Japanese encephalitis, hepatitis C, and West Nile encephalitis

Review Questions

1. What is antibody-dependent enhancement (ADE) during dengue virus infec-
tion? What causes ADE?

What are the symptoms of dengue fever and dengue hemorrhagic fever?
What are the roles of IL-6 and TNF-a during dengue virus infection?
What methods can be used to decrease numbers of the dengue vectors?

OrE N

What are some of the processes targeted by drugs used to treat dengue?

Topics for Further Discussion

1. The Flavivirus genome contains the causative agents of several serious human
diseases. Several of these viruses are closely related to dengue virus (yellow
fever virus, Japanese encephalitis virus), and several others are more distantly
related (West Nile virus, Saint Louis encephalitis virus, hepatitis C virus).
Discuss how the similarities between these viruses might be exploited to
develop treatment options effective against multiple flavivirus species.
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2. Examine the ways in which various species of mosquitoes have been elimi-
nated from an area or have been prevented from infecting human targets.
Discuss which of these methods might be most useful in developing tropical
nations and in wealthier, temperate countries.

3. Discuss an “ideal vaccine” to prevent dengue infection in developing
countries.

4. Discuss reasons why DE, DHE, and DSS may or may not spread to the United
States and cause high mortality.
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CHAPTER 16

THE HUMAN
IMMUNODEFICIENCY VIRUS
AND ACQUIRED IMMUNE
DEFICIENCY SYNDROME

LEARNING OBJECTIVES

e Define the various disease categories associated with HIV
infection

e Describe the retrovirus responsible for causing these illnesses
® Discuss modes of infection

® Discuss the host’s response to infection

® Describe symptomatology and diagnosis

® Discuss potential methods of treatment

® Discuss methods of prevention
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Major Concepts

Outbreaks

Awareness of the acquired immune deficiency syndrome (AIDS) began in 1981
among young gay men in the United States with unexpectedly high numbers
of cases of unusual diseases, such as Kaposi’s sarcoma and Preumocystis carini
pneumonia. These and other serious diseases were linked to faulty immune
responses and later grouped together as AIDS. AIDS was subsequently found
to occur in other populations in the United States and throughout the world,
especially sub-Saharan Africa, Southeast Asia, and Latin America.

Symptoms

HIV-associated disease 1s divided into three categories of illness. Initially, individ-
uals infected with the causative virus are asymptomatic or present with swollen
lymph nodes. Later, thrush, night sweats, and persistent fever and diarrhea occur,
and women may develop pelvic inflammatory syndrome, cervical cancer, or vagi-
nal candidiasis. The disease then progresses to the final stage, full-blown AIDS.
This stage is characterized by wasting syndrome, several cancers, opportunistic
infections (including blindness induced by cytomegalovirus, atypical pneumonia,
disseminated Mycobacterium avium complex, diarrhea due to Cryptosporidium, and
Toxoplasma infection of the brain), AIDS dementia, and low numbers of CD4*
T helper cells.

Infection

AIDS is caused by the human immunodeficiency virus (HIV), a retrovirus of
which two species are known. HIV-1 is widespread and causes rapid, severe ill-
ness. HIV-2 is slower-acting and found predominantly in West Africa. Two other
retroviruses infect humans, human T lymphotropic virus I and II, and simian
immunodeficiency viruses (SIVs) infect several species of nonhuman primates.
Most species of SIV cause nonprogressive disease in their natural hosts; however,
rhesus macaques develop a fatal illness similar to AIDS in humans. Retroviruses
use the reverse transcriptase enzyme to form viral double-stranded DNA from
their genomic single-stranded RNA as an essential step in their life cycle. This
enzyme is highly error-prone, leading to an extremely high mutation rate. HIV
infects CD4" T helper cells and macrophages by binding viral gp120 to CD4
plus a coreceptor on host target cells. After entering the cell, HIV uncoats and



HIV AND AIDS XX

produces viral DNA. Viral integrase enzyme integrates the DNA into the host
chromosome, forming a latent provirus. Events that stimulate the infected cell
reactivate the virus, which forms viral RNA and long viral polyproteins. The
polyproteins are cleaved by the protease enzyme into their constituent, functional
proteins. Viral genomic RNA and several proteins are packaged together as
numerous new viruses bud from the surface of the T helper cell, killing the host
cell in the process. Viruses are transmitted between people sexually, via blood,
or from mother to child.

Immune Response

Most of the pathology resulting from HIV infection is due to the effects of the
virus on the immune system. Death or loss of function of CD4" T helper cells
weakens the entire immune response, allowing for the outgrowth of opportunistic
pathogens. Excessive production of TNF-a may lead to wasting syndrome. B
lymphocyte function is compromised as useful antibody production decreases
during the course of infection and B cells become infected with other viruses,
leading to malignancies. HIV evades killing by CD8" T killer cells by mutating
the viral surface proteins.

Treatment

Several antiretroviral compounds have been developed. These include drugs
that inhibit the activity of reverse transcriptase, protease, or integrase, as
well as agents that block viral fusion to target cells or binding of gp120 to its
coreceptor. HIV’s extremely rapid mutation rate allows it to avoid killing by
these drugs, so they are used in various combinations. Combination therapy
1s not curative but extends life span and quality of life. It is very expensive,
but the effects of many groups and individuals have increased its availability
in developing nations.

Prevention

No effective vaccine has been developed yet, so other measures must be used to
prevent infection with HIV. These include reducing exposure to infected secre-
tions by encouraging safer sexual practices, caution when coming into contact
with human blood, and administration of antiviral agents to HIV-positive preg-
nant women to reduce the risk of transmission to their unborn children.
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Introduction

Since awareness of illnesses and deaths due to acquired immune defi-
ciency syndrome (AIDS) began in 1981, millions of persons throughout the
world have died and tens of millions more have become infected. The causative
agent was found to be the human immunodeficiency virus (HIV), later
differentiated into two species, HIV-1 and HIV-2. A number of drugs have
been developed to combat this virus, but its extensive ability to mutate allowed
it to avoid killing by both drugs and the immune system. Combination therapy
has greatly extended the life span of many infected individuals who are able
to afford it, and the world community has pulled together to increase access in
developing nations, the hardest-hit regions. Nevertheless, these drugs are not
available to all in need, and a preventive vaccine is not yet is sight. Educational
programs may have slowed the progress of the pandemic, but large numbers
of new infections are still occurring, as well as many deaths. The economic
fabric of some regions of the world has been severely stressed due to extensive
morbidity and mortality among young adults and the burden of caring for
“AIDS orphans,” many of whom were born of infected mothers and are HIV-
positive themselves.

A total of 33 million persons were reported to be HIV-positive in 2007; in
that year, there were 2.5 million new infections and 2.1 million AIDS-related
deaths. Nations in southern Africa are particularly affected by HIV/AIDS,
reporting 22.5 million infected persons in 2007 and 1.6 million deaths; the

Table 16.1 HIV transmission

Estimated Number of Aids Cases, 2007

Adult and Adult and

Adolescent Adolescent
Transmission Category Males Females Total
Male-to-male sexual contact 16,749 0 16,749
Use of injected drugs 3,750 2,260 6,010
Male-to-male sexual contact and 1,664 0 1,664

use of injected drugs

High-risk heterosexual contact 4,011 7,100 11,111
Hemophilia, blood transfusion, perinatal 181 220 401

exposure, or unknown risk

Source: CDC.



Table 16.2 Total number of AIDS cases in nine U.S. states
and Puerto Rico through 2007

Cumulative Number of Aids Cases

Adults and Children Under

Area Adolescents the Age of 13 Total

New York 179,116 2,345 181,461
California 148,274 675 148,949
Florida 107,980 1,544 109,524
Texas 72,434 394 72,828
New Jersey 49,907 787 50,694
Pennsylvania 35,120 369 35,489
lllinois 34,783 283 35,066
Georgia 33,607 240 33,847
Maryland 31,611 320 31,931
Puerto Rico 30,333 403 30,736

Source: CDC.

highest numbers are found in Botswana, Lesotho, and Swaziland. Southeast Asia
reported 4.0 million infected persons and 270,000 deaths in 2007, and Latin
America, 1.6 million HIV-positive persons and 58,000 deaths. Other countries
reporting very high numbers of HIV-positive adults were Thailand, Estonia,
the Russian Federation, Ukraine, Sudan, six Caribbean nations, Belize, Guyana,
Panama, and Suriname.

The greatest number of AIDS cases in the United States occurs in individu-
als aged 25 to 50 years, and a large proportion are African American or Latino.
In 2007, the majority of cases in the United States resulted from either male-to-
male sexual contact or high-risk heterosexual contact, although transmission via
IV drug use was formerly more common than heterosexual contact. California,
New York, Florida, and Texas reported the highest number of AIDS cases
in the United States. More than half a million Americans had died of AIDS
by the end of 2007.

History

The first reports of severe, unusual diseases later associated with HIV-1 infection
surfaced in the United States in New York and California in the spring of 1981
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among young and otherwise healthy homosexual men. At least eight cases of
an unusually aggressive form of Kaposi’s sarcoma were seen in this population
in New York in March. Kaposi’s sarcoma in the United States had until then
been a mild malignancy restricted primarily to the skin that occurred in older
men of Jewish or Mediterranean origin. Soon afterward, a number of cases of
Preumocystis carinic (now P jirovect) pneumonia were reported in young homosexual
men from Los Angeles. These diseases resulted from opportunistic infections
by microorganisms that had previously acted in a commensal fashion and were
linked to defective immunity. By December of that year, this immune deficiency
disease (later designated AIDS) was recognized in intravenous drug users. The
following year, AIDS was also seen in large numbers in Haitians and in hemo-
philiacs and was found to be transmitted sexually and via contaminated blood or
blood products. Cases of AIDS were turning up in Europe, and “slim disease,”
a fatal wasting syndrome, was reported in Uganda. Slim disease was later found
to have been present in parts of Africa, including the Democratic Republic of
Congo (Zaire), since the late 1970s.

In 1983, the lymphadenopathy-associated virus (LAV) was isolated by Luc
Montagnier of the Pasteur Institute in France while American researcher Robert
Gallo isolated a similar virus at nearly the same time that was designated human
T lymphotropic virus III (HTLV-III). After determining that the viral isolates
were of the same species, the causative agent was renamed the human immu-
nodeficiency virus (HIV, later HIV-1). Amid reports of rapidly increasing num-
bers of AIDS cases in the United States, Europe, and Africa, the widespread
outbreak was declared a pandemic. An antibody-based test was developed to
screen blood from potential donors in 1985, an important step in the protection
of the blood supply.

FIGURE 16.1 Chemical structure of AZT (zidovudine)
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By 1986, the first beneficial antiretroviral drug, zidovudine (AZT), was used
to treat AIDS. HIV quickly developed resistance to this drug and other, newer
antiviral agents. As the pandemic grew, tens of millions of people became
infected with HIV, and millions died of AIDS. Extensive educational programs,
distribution of free condoms, and the advent of highly active antiretroviral
therapy (HAART), using combinations of three or more drugs, extended the life
span of individuals who were able to afford it and slowed the progress of the
pandemic. Later, governments, aid organizations, corporations, and individuals
contributed to programs to reduce the spread of HIV and to make the expensive
antiviral agents more readily available in developing nations.

The Diseases

The diseases associated with HIV infection have been divided into three broad
categories.

Category A HIV Infection

During the early stage of infection, HIV-positive persons are placed in category
A. During this stage, individuals are either asymptomatic or have lymphade-
nopathy (swollen lymph nodes). Category A HIV infection may be as short
as several weeks or months but typically persists for years, even more than a
decade in some cases.

Category B HIV Infection

Category B HIV infection was formerly known as AIDS-related complex
(ARC). This phase of infection includes conditions such as thrush (infection
of the oral cavity with the yeast Candida), fever or diarrhea persisting for more
than a month, night sweats, and shingles (Herpes zoster, due to reactivation of
the varicella virus, the causative agent of chickenpox). Women have additional
manifestations, including persistent vaginal candidiasis, cervical cancer, and pel-
vic inflammatory disease.

Category C HIV Infection

The final stage is category C HIV infection, the acquired immune deficiency
syndrome (AIDS), and may be subdivided into several categories. During this
stage, immune system functions are severely compromised.
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FIGURE 16.2 Candida infection in the mouth
of an HIV-positive person

Source: CDC.

Wasting syndrome causes profound weight loss and severe emaciation. This
disease manifestation appears to be related to excessive production of the
cytokine TNF-a, previously known as cachetin because it may cause cachexia
(wasting).

Opportunistic Infections The lack of a properly functional immune response
allows a number of opportunistic infections, infections with microorganisms
that typically have a commensal relationship with humans, to become pathogenic.
Candida albicans yeast may invade the interior of the body, resulting in respiratory
or esophageal candidiasis. Cytomegalovirus may infect the eye, resulting in
retinitis and blindness. Individuals may develop chronic infections with herpes
simplex virus. Life-threatening pneumonia may result from infections with
Preumocystis jirovect (formerly P carinii). Members of the Mpycobacterium avium
complex may become disseminated in the blood. The protozoan parasite
Toxoplasma gondii may also cause severe infection of the brain or heart. This
parasite also threatens fetuses, and expectant mothers are advised to avoid
changing cat litter boxes because this protozoan is transmitted to humans via
cat feces.



FIGURE 16.3 Toxoplasma infection of the heart

Source: CDC/Edwin P. Ewing Jr.

A number of other infectious diseases are very serious or life-threatening
in HIV-positive persons, including babesiosis, bacillary angiomatosis (caused
by Bartonella species), Chagas’ disease, cryptosporidiosis, ehrlichiosis, hepatitis,
malaria, tuberculosis, and infection with Cyclospora species. Another AIDS-
associated illness is progressive multifocal leukoencephalopathy due to infection
of the brain by the JC virus. This condition results in severe decline of mental
and physical functions. Infections of immunocompromised individuals, including
those with AIDS, are discussed in Chapter 30.

AIDS-Associated Malignancies Several malignancies occur with higher frequency
in HIV-positive persons. One very dangerous cancer specific for AIDS patients is
HIV-related Kaposi’s sarcoma (see Chapter Seventeen). Kaposi’s sarcoma results
from infection with human herpesvirus-8. In immunocompetent individuals, the
cancer 1s usually restricted to the skin and may be removed surgically, by radiation,
or with chemotherapy. In HIV-positive and other immunosuppressed persons, the
malignancy invades internal organs, with poor prognosis and often fatal results.
Those with very low CD4" T helper cell numbers are particularly vulnerable.
Burkitt’s lymphoma is more common among HIV-positive persons than the
general population. This cancer of B lymphocytes results from infection of these
cells with Epstein-Barr virus, the causative agent of mononucleosis, another
condition associated with high levels of B cell proliferation.
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AIDS Dementia HIV infection affects central nervous system activity. This
results in what is known as AIDS dementia, characterized by impaired short-
term memory, concentration, and fine motor skills; tremors; social withdrawal;
and irritability.

Low CD4" T Helper Cell Numbers HIV-positive persons with less than 200 CD4"
T Ly per microliter are also placed into category C.

The Causative Agent

HIV belongs to the lentivirus (slow virus) family of Retroviridae. The
genome of retroviruses consists of two copies of single-stranded RNA. These
viruses also contain the enzyme reverse transcriptase, which is required
for viral replication. Very few exogenous retroviruses infect humans: the other
such naturally acquired viruses are human T lymphotropic virus-1 (HTLV-1)
and HTLV-2. These pathogens are responsible for the very aggressive adult
T cell leukemia and HTLV-1-associated myelopathy and tropical spastic para-
paresis. A similar group of retroviruses is the simian immunodeficiency viruses
(SIV) of sooty mangabeys, African green monkeys, mandrills, chimpanzees, and
macaques. Most types of SIV cause nonprogressive illness in their natural hosts,
and the infected primates live a normal life span. SIV infection of the major-
ity of these animals results in a high level of viremia but little drop in CD4"*
T helper cell numbers in the peripheral blood. Mucosal T helper cell numbers,
in contrast, do decrease severely. SIV does cause progressive, fatal illness in rhesus
macaques. In humans and rhesus macaques, a state of chronic immune activa-
tion occurs that 1s not found in the better adapted sooty mangabeys. Several
important differences are seen in the immune response of sooty mangabeys to
SIV in comparison to the responses of rhesus macaques to SIV and humans
to HIV (these will be discussed later in this chapter).

There are two known members of the HIV group, HIV-1 and HIV-2. HIV-1
1s more common and widespread than HIV-2. It also causes a much more rapid
and aggressive illness. HIV-2 is confined primarily to West Africa and is less viru-
lent than HIV-1. The genome of HIV-2 is very similar to that of SIV from sooty
mangabeys. SIV may be transmitted between nonhuman primates through biting,
leading to the hypothesis that HIV-2 and the SIV of rhesus macaques may have
evolved from SIV of mangabeys acquired following a mangabey bite or through
contact with mangabey blood. Nonhuman primates have a large amount of contact



FIGURE 16.4 Two human retroviruses that infect
T lymphocytes

Source: CDC.

with humans in some regions of Africa because they raid farmers’ plots and may
attack the humans defending their crops. Humans also hunt and eat nonhuman
primates (which as food are known as bushmeat). People may come into contact
with primate blood during the skinning and preparing of meat for consumption.

HIV does not naturally infect other species of animals, but chimpanzees
may be artificially infected. They are not commonly used as an animal model of
infection because they are an endangered species and the virus does not appear
to often produce disease similar to that seen in humans. Infection of several spe-
cies of macaques with SIV is the most frequently used model of human HIV
infection. These animals are not endangered and develop an immunodeficiency
disecase within a useful time frame. An alternative animal model of infection
1s HIV infection of SCID-hu mice. These mice have no functional adaptive
immune system and have undergone immune reconstitution with human hema-
topoietic stem cells. They therefore have human lymphocytes and macrophages
that bear human CD4 plus the appropriate HIV coreceptors.
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HIV virions exist in two variant forms, the R5 and the X4 forms. R5 vari-
ants use the chemokine receptor CCR) as a coreceptor during infection of cells,
primarily macrophages. They grow slowly and reach only low titers in culture.
They are most common during the initial stages of disease and are believed to
be the type of virus that is responsible for the infection of individuals. The X4
variants, by contrast, use the chemokine receptor CXCR4 as a coreceptor dur-
ing infection of cells. They infect CD4" T helper cells primarily but may also
infect macrophages. Viruses of this type grow rapidly and reach high titers in
culture. They are found during later stages of infection and are believed to be
responsible for disease progression.

HIV Structure, Genome, and Proteins

HIV is surrounded by a lipid bilayer envelope that is primarily derived from the
host plasma membrane. It contains host phospholipids, cholesterol, and some
host cell surface proteins, including major histocompatibility complex (MHC)
molecules used in immune recognition. Some glycoproteins of viral origin are
also present as part of gpl60. Gpl60 is composed of two chains: gp41 spans
the envelope and associates with gp120. Both are involved in infection of host
cells. A protein nucleocapsid surrounds the viral genome.

The HIV genome contains a number of genes; some are structural, some
are involved in infection, and several are regulatory genes. Structural genes
include gag (encoding the nucleocapsid polyprotein) and env (encoding the gp160
envelope proteins, gpl120 and gp41). The pol gene encodes the viral reverse tran-
scriptase, integrase, and protease, which are produced as a single transcript
and a long nonfunctional polyprotein. Regulatory genes include n¢f (enhances
virulence) and tat (transactivator, which activates viral transcription). The ends
of the RNA are flanked by a pair of long-terminal repeats (LTR) that contain
a weak promoter. This is converted into a strong promoter by binding to the
HIV Tat protein or to host NF-kB. The production of the latter is induced by
an immune response to other viruses, such as herpes simplex, cytomegalovirus,
or Epstein-Barr virus. These viruses are thus able to stimulate HIV activation.

The HIV Life Cycle

HIV has a complex life cycle that uses several enzymes not present in humans.
These present themselves as potential targets for drug intervention. HIV’s life
cycle begins with infection of a human host. The infecting virus is usually an
R5 variant.
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Infection of Target Cells The most common cellular targets for HIV infection
are cells of the immune system, CD4" T helper lymphocytes and macrophages,
including the microglia of the brain, all of which express CD4" on their surface.
Other cells, such as bowel epithelium, are much less frequently infected.

The first step in cellular infection is the binding of HIV to the target cell,
which is accomplished by the gp120 portion of the gpl60 viral envelope com-
ponent attaching to the CD4 molecule located on the surface of T helper cells
and macrophages. CD4 is usually used by T helper cells to bind to MHC class
IT molecules during immune activation. Infection also requires the binding of
gpl20 to either the CCR5 or CXCR4 chemokine receptor as a coreceptor.
Inhibition of viral binding to either CD4 or the correct chemokine receptor
blocks the HIV life cycle.

Binding is followed by fusion of the viral envelope with the host cell mem-
brane. This is mediated by the gp41 portion of viral gpl60, which protrudes
through the viral envelope. The envelope remains on the surface of the cell,
and the viral nucleocapsid containing viral RNA is internalized, followed by the
uncoating of the RNA.

Replication of the Viral Genome and Integration into Host Chromosomes The
initial step in the replication of HIV RNA is reverse transcription, during which
reverse transcriptase first copies single-stranded viral RNA into single-stranded
DNA. This 1s then converted into double-stranded viral DNA. This process is
very error-prone, and approximately five to ten mistakes occur with each
replication. HIV has no mechanism to repair these errors, so the mistakes
become permanent, leading to a very high mutation rate for the virus. Due to
its accelerated mutation rate, an individual is host to a “swarm” of related HIV
viruses soon after the initial infection.

The double-stranded viral DNA is then inserted into a host chromosome
by the viral integrase protein. This results in the formation of a latent form of
HIV, the provirus. Proviruses are inactive and do not produce viral RNA or
proteins, thus remaining invisible to surveillance by the immune system and not
providing a target for most of the antiviral drugs. HIV proviruses may persist in
this safe, hidden state for years until activated.

Activation of the Provirus, Viral Assembly, and Release from Target Cells Proviruses
may be activated by signals that stimulate the infected T cells, such as binding
to antigen during an immune response. Intracellular signaling molecules,
including NF-kB, may convert the weak promoter located in the viral LTR into
a strong promoter, thus allowing transcription of viral genes. The viral Tat
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FIGURE 16.5 HIV budding from a T helper lymphocyte

Source: CDC/Edwin P. Ewing Jr.

protein further triggers production of viral RNA. Viral polyproteins are translated
from the RNA and cleaved by the viral protease enzyme, producing active
structural and regulatory proteins as well as viral genomic RNA.

The viral gp41/120 complex is inserted into the host cell plasma membrane.
Genomic RNA and several other proteins are brought into the area, and many
new virions are released from the stricken cell during the process of budding.
T helper cells bud HIV to the outside of the cell, while macrophages bud HIV

internally into vacuoles.

HIV Transmission

Because HIV does not naturally infect animals other than humans, no other
reservoir or vector species exists, and the virus must therefore be transmitted
by some human-to-human route. HIV infects blood cells and is present in high
numbers in whole blood and plasma. During the early stages of the HIV pan-
demic, high numbers of hemophiliacs became infected via clotting factor, which



was prepared using the blood of many donors. Preventive measures have since
greatly decreased infection via this route. Viruses are present in secretions such
as semen, milk, and vaginal fluid in concentrations that permit transmission. Low
levels of HIV are also found in saliva, tears, and spinal fluid.

The most common route of HIV transmission throughout the world 1s sexual
contact. Heterosexual transmission is the primary route of transmission in Africa
and Asia, the areas with the highest number of infected persons. Heterosexual
transmission often involves the prostitute trade. Some regions of Southeast Asia
are hot spots for this activity, and brothels in those regions are often frequented
by visiting businessmen. In Africa, recent trends in urbanization have led many
men to seek employment in large cities during the week, and many visit prostitutes
while there. They subsequently return to their wives and families on the weekends
and bring home any sexually transmitted diseases they have contracted. Disease
among prostitutes in large urban areas thus spreads in a cross-generational man-
ner from rural husbands to their wives and may also be passed on to some of the
children born of infected mothers. The building of a major east-west highway
system across Africa also attracted many prostitutes to areas bordering this route,
seeking to enlist truckers as clients. Poverty in the developing regions of Africa and
Asia is often a key factor that forces women or their female children into the pros-
titute trade if the alternative is potential starvation for themselves or their family
members. In some regions, more than seven in ten prostitutes are HIV-positive.

Homosexual transmission between males remains the major route of infec-
tion in the United States, although transmission by the heterosexual route is
rapidly increasing. The tissue of the anal region is delicate and may easily be torn
or otherwise damaged during anal intercourse. The homosexual population also
has a higher number of other sexually transmitted microorganisms that increase
the risk of infection and subsequent disease both by damaging the anal tissue to
allow viral entry and by stimulating an immune response by infected CD4"
T helper cells, thus activating HIV proviruses following infection. Areas with
high numbers of sexual contacts, such as bathhouses, increased the spread of
disease in the early stages of what became the AIDS pandemic.

One of the other major routes of HIV infection throughout the world is
the administration of illegal intravenous (IV) drugs, such as heroin. Given the
difficulty of obtaining needles and syringes for such activity, most IV drug users
reuse the injection material at least several times, usually without adequate ster-
ilization. Virus present in any blood remaining within this equipment may infect
the next user. In an effort to prevent transmission by this route, some countries
have provided users of illegal drugs with sterile needles and syringes.

In addition to IV drugs, other drugs such as crack cocaine and alcohol
may play a role in HIV infection by decreasing a person’s judgment concerning
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sexual activity. Sexual activity may also be performed in exchange for expensive
drugs. Illegally administered material such as steroids may also lead to HIV
transmission if the needles or syringes are reused. Other activities that involve
the potential sharing of unsterilized needles may transmit HIV as well, including
plercing ears, body piercing, and tattooing. Caution should be used in selecting
reputable, conscientious sites for such activity.

Because HIV inhabits blood cells, viral transmission may also occur fol-
lowing blood transfusion or organ or bone marrow donation. Administration
of questionnaires to potential donors reduces the chance of acquiring blood
or organs from persons at high risk of infection. In developed nations, routine
screening of blood and clotting factors for antibodies to HIV or for viral compo-
nents further safeguards the blood supply and has greatly reduced transmission
via this route. The entry of contaminated material into the blood supply is now
extremely rare (less than 1 in 2 million in the United States). Furthermore, most
developed areas of the world, including the United States, use only new needles
and tubing during the collection of blood, making blood donation in these areas
completely safe for the donor.

HIV may be passed from an infected mother to her child. Such transmission
may occur transplacentally or during labor. Treating the mother with antiviral
compounds reduces the risk of subsequent transmission to the child. Milk from
infected mothers contains virus that may infect children during breast-feeding.
This poses a great dilemma for HIV-infected women in some areas of the world
where the supply of safe water for preparing a milk substitute or formula is
limited or uncertain. Formula may be financially unobtainable, and it lacks the
protective IgA antibodies found in mother’s milk. The risk of an HIV infection,
which is typically lethal in the very young, especially under economic conditions
that place medical care or expensive antiviral medications out of reach, must
take these additional factors into account.

Despite public fears, HIV is not transmitted through casual contact such as
touching doorknobs or phones or shaking hands or hugging. The virus is also
not transmitted through food or drink or by mosquitoes or other blood-sucking
msects.

The Immune Response

Most of the manifestations of AIDS are due to two interactions of HIV with the
immune system: escape from killing by CD8" T killer cells and viral killing of
CD4" T helper cells, which orchestrate most of immune response actions. The
virus also affects other components of the immune response as well.



Escape from Killing by CD8" T Killer Cells

CD8" T Kkiller cells play a critical role in controlling a number of viral infec-
tions, including HIV and the closely related HTLV-1 viruses. Approximately
0.3% of HIV-positive persons, designated as “elite controllers” or “nonprogres-
sors,” maintain a consistently low plasma viral load (fewer than 50 copies per
milliliter) for extended periods of time. Elite controllers appear to retain active
HIV-specific CD8" T killer cells for long periods, indicating the vital role of these
cells in decreasing HIV viral burden. Interestingly, CD8" T killer cell activity
does not appear to play an important role in controlling the nonprogressive SIV
mnfection seen in sooty mangabeys.

Several factors decrease the ability of CD8" T cells to kill HIV. The virus
itself frequently produces “escape mutants” that alter recognition by T killer
cells, allowing the virus to avoid killing and increase its numbers. A loss of HIV-
specific T killer cell activity is thus associated with disease progression. T killer
cells require help in the form of cytokines produced by CD4" T helper cells.
T helper cell numbers are severely decreased during disease progression, and
these cells are unable to adequately aid T killer cell functioning. CD8" T killer
cells themselves may undergo changes during disease progression. These cells
increase their expression of the surface receptors Programmed Death-1 (PD-1;
CD279) and CTLA-4 (CD152), both of which block T cell proliferation and
cytokine production and reduce killing of microbes by these cells. Engagement
of PD-1 with its ligand also induces apoptosis of both CD8" and CD4" T cells.
Expression levels of PD-1 are increased by viral Nef and correlate with HIV
viral load and disease progression. HIV infection decreases expression of the
IL-7 receptor a, a T cell growth factor receptor. Alteration in regulatory T' cell
types also occurs as numbers of CD4"CD25" Treg cells increase in lymphoid tis-
sues during HIV infection. These cells suppress activity of both CD4" T helper
cells and CD8" T killer cells. Removal of Treg increases HIV-specific immune
responses. Treg levels in the nonprogressive SIV infection of sooty mangabeys
are increased to a greater extent than that seen in HIV-positive humans and in
these animals trigger production of immunosuppressive IL-10, which prevents
pathogenic chronic immune activation.

Destruction of CD4" T Cells

During most of the course of HIV infection (8 to 12 years), numbers of CD4"
T cells decrease while numbers of CD8" T cells increase, numbers of total T cells
remaining constant. This results in inversion of the CD4:CD8 ratio, which is nor-
mally 2:1, and decreases to considerably less than 1:2. The decline in numbers
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of CD4" cells correlates with a rise in numbers and severity of AIDS-associated
diseases. Very late during the course of disease, levels of all T cells decrease
as the immune system collapses. Several mechanisms have been proposed to
explain the loss of CD4" T helper cells during HIV infection.

T helper cells may be killed as a result of HIV infection. T helper cells
express membrane CD4 and coreceptors for CXCR4 HIV variants, thus allow-
ing their infection. The budding of large numbers of viruses from the cell mem-
brane as HIV leaves the T cells lyses these cells, leading to their death. Expression
of viral gp120 glycoprotein on the plasma membrane also makes them targets for
killing by anti-HIV CD8™ T killer cells. Macrophages are also infected by HIV
but are not killed in this manner, perhaps due to intrinsic differences in the cell
types or due to the fact that different viral variants infect these cells. Increased
PD-1 expression in CD4" T helper cells may lead to their apoptotic death as it
does in CD8" T killer cells.

Another means by which HIV leads to T cell death is via formation of
syncytia (cytopathic effect). Viral gpl120 travels to the surface of infected
T cells and binds to CD4 found on uninfected T cells, leading to fusion of the
cells. This results in the production of giant multinucleated cells with a hollow,
balloonlike appearance (syncytia). Syncytia contain as many as 500 cells, which
soon die.

FIGURE 16.6 Multinucleated giant cell formed
during HIV infection

Source: CDC/Edwin P. Ewing Jr.



HIV also induces inappropriate apoptosis of T cells. The rate of apoptosis
of both CD4* and CD8" T cells is much higher in HIV-positive persons than
in uninfected individuals and increases with disease progression toward AIDS.

Other Immunological Abnormalities Occurring During HIV Infection

Lymph Nodes Soon after infection, high numbers of viruses are found in the
blood. This number increases during category A, subsequently decreases, and
again rises late during infection. Levels of viruses are high in lymph nodes
throughout the course of infection due to vigorous replication, resulting in
extensive damage to lymph node structure and functional activity.

CD4" T Helper Lymphocytes In addition to a severe drop in numbers of T helper
cells, the remaining cells have decreased responsiveness to antigenic and
polyclonal activation. T helper cell numbers decrease soon after infection: the
rate of decline slows during category A infection and increases rapidly late in
infection, triggering disease progression to AIDS.

B Lymphocytes B cells undergo nonspecific polyclonal activation during HIV
infection, decreasing their ability to mount effective specific antibody responses
to pathogens. Late in the course of infection, anti-HIV antibodies are lost during
the catastrophic collapse of adaptive immunity.

Cytokine Production Some research suggests that the presence of a predominantly
Thl cytokine response is associated with category A infection, while Th2
cytokines are present during the later stages of disease. This situation is similar

Table 16.3 Viral and immunological characteristics during
different stages of HIV infection

Stage of Infection

Characteristic Early infection = Asymptomatic Stage Late Infection
Virus levels High Low in blood, high in  High

lymph nodes
CD4" cells Decrease Slow decrease Rapid decrease

Anti-HIV antibodies Low High Low
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to that seen in mild cutaneous versus severe visceral leishmaniasis or in tuberculoid
(mild) versus lepromatous (severe) leprosy, in which the presence of predominantly
Thl cytokines correlates with protection against infectious disease while the
presence of Th2 cytokines correlates with susceptibility to more serious disease
manifestations. It is not known whether a cause-and-effect relationship exists
between production of Th2 cytokines and disease progression. Viral Nef inhibits
transcription of IL-12 by infected monocytes. IL-12 is vital to the development
of a functional Thl cytokine response. HIV Tat protein increases monocyte
production of IL-10, a regulatory cytokine that decreases Thl responses.

Levels of several inflammatory cytokines are increased during HIV infec-
tion. These include IL-1 (induces fever), TNF-a (induces fever and wasting),
and inflammatory IL-6. Levels of GM-CSF are elevated as well. All of these
cytokines increase HIV replication, and most stimulate growth of Kaposi’s
sarcoma cells.

Monocytes and Dendritic Cells Monocytes host latent viruses, and mature
tissue-dwelling macrophages, including microglia of the brain, function as
viral reservoirs. Monocyte precursor cells in the bone marrow also serve as HIV
reservoirs and may transmit infection to their progeny. Monocyte maturation
into macrophages can lead to viral reactivation and production of infectious
viruses. Infection alters monocyte functions. Surface expression of PD-1 ligand
1s increased on monocytes as on the other antigen-presenting cells, dendritic cells
(DCs) and B lymphocytes. Interactions between the high levels of PD-1 on T
cells and PD-1 ligand on antigen-presenting cells may be responsible for the high
levels of apoptosis seen in both CD4" and CD8" T cells during HIV progression.
HIV Tat protein reduces monocyte death by inducing production of the
antiapoptotic molecule Bcl-2 in these cells. The HIV matrix protein p17 stimulates
release of the chemokine monocyte chemotactic protein-1 by monocytes, thus
recruiting these cells to sites of HIV infection and increasing the available pool
of cells for infection.

Denderitic cells also host latent HIV and may aid in the infection of CD4"
T helper cells through the formation of a “virological synapse” that transmits
the virus to T helper cells during their stimulation by DCs. Viral Nef stimulates
T cell infection via this route. Langerhans cells (DC-like cells in the skin and
mucous membranes) are normally fairly resistant to HIV infection. Abrasion
occurring during anal sex or coinfection with Neisseria gonorrhoeae (causative agent
of gonorrhea) or the yeast Candida lowers the resistance of Langerhans cells to
HIV infection. The use of methamphetamine increases DC susceptibility
to infection. The less virulent HIV-2 infects DCs less readily than HIV-1.



Viral infection of dendritic cells induces their production of indoleamine
2,3-deoxygenase. This molecule suppresses functions of CD4" T helper cells and
stimulates differentiation of CD4" cells into regulatory Treg cells rather than T
helper cells. DC production of the antiviral cytokine IFN-a is also reduced during
HIV infection. Induction of Treg production and decreased expression of IFN-a
by DCs may function as protective mechanisms designed to decrease chronic,
pathogenic immune activation. Animals with nonprogressive SIV infection, such as
sooty mangabeys, produce very low levels of IFN-a in response to viral infection.

Diagnosis and Detection

Several types of tests have been developed to permit detection of HIV. These
tests are used diagnostically and to screen the blood supply in order to remove
any contaminated units. Some of these tests rely on immunological detection.
ELISA 1s used to identify either antibodies to HIV gp120 or viral antigens them-
selves in the blood. Due to the length of time required to mount an adaptive
immune response that produces antibodies, such tests may not detect the pres-
ence of HIV in blood until six months after infection. Western blot assays test
for the presence of viral proteins and may be used in a confirmatory manner.
The polymerase chain reaction detects HIV genes. The latter two tests allow
detection of the virus much sooner after infection than immunological tests and
often scan for the presence of more than one HIV gene product to avoid false-
positive results. Thanks to the use of these tests, the number of infections via
the blood supply in developed countries is now extremely low.

Molecular detection of HIV load in plasma has been used to predict disease
severity. Individuals with a low steady-state number of viral copies in the plasma
tend to progress to severe disease more slowly than those with high numbers of
plasma viruses. The ratio of CD4:CD8 T lymphocytes in the blood is also used
as a marker of disease progression: this ratio drops as disease progresses.

Treatment

Several types of antiretroviral agents, in the form of 26 drugs, are licensed for
the treatment of HIV infection. The earliest drugs acted as reverse transcriptase
inhibitors and include AZT and stavudine, which are nucleoside analogues. In
addition to killing HIV, these drugs are also toxic to the mitochondria in human
cells and may cause muscle pain, weakness, fatigue, loss of body fat, and lactic
acidosis. Non-nucleoside reverse transcriptase inhibitors, such as etravirine and
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efavirenz, are also available. These may cause rash and liver toxicity. Replication
of human chromosomal DNA does not involve reverse transcription; however,
several reverse transcriptase enzymes are present in humans, including the telom-
erase enzyme that is present in restricted cell types, including stem cells, germinal
cells, and lymphocytes: this enzyme allows sustained cell division. Toxic side
effects of reverse transcriptase inhibitors may be due to their actions on human
reverse transcriptase enzymes.

Protease inhibitors were developed later and include indinivar, squinavir,
and ritonavir. These enzymes block the cleavage of viral polyproteins into their
active constituent proteins. One such polyprotein contains the proteins reverse
transcriptase, protease, and integrase. Protease inhibitors may induce nausea,
bloating, and diarrhea. Newer drugs, such as raltegravir, block the ability of
viral integrase to insert viral DNNA into host chromosomes. Miraviroc and vicri-
viroc are compounds that block HIV from binding to the CCR) coreceptor on
macrophages. These drugs may lead to upper respiratory tract infections, rash,
abdominal pain, and dizziness. Use of intracellular antibodies against CCR)
and RNAI to block CCR)5 transcription is also being explored. Enfuvirtide is a
member of a new class of drugs that act by blocking viral fusion with the host
cell membrane by binding to HIV gp41.

The extremely rapid rate of mutation and replication of HIV allows the
virus to produce offspring resistant to antiviral agents soon after their introduc-
tion into a population or to an individual’s treatment regimen. To forestall drug
resistance, a program of combination therapy is often used. Highly active

Table 16.4 Categories of anti-HIV agents

Class Drugs Adverse Effects

Reverse transcriptase AZT, stavudine Muscle pain, weakness,
inhibitors: Nucleoside fatigue, loss of body fat,
analogues lactic acidosis

Reverse transcriptase Etravirine, efavirenz Rash, liver toxicity
inhibitors:
Non-nucleosides

Protease inhibitors Indinivir, squinavir, Nausea, bloating, diarrhea

ritonavir

Integrase inhibitors Raltegravir None

Inhibitors of coreceptor Miraviroc, vicriviroc Upper respiratory tract
binding infections, rash,

abdominal pain, dizziness
Viral fusion inhibitors Enfuvirtide None
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antiretroviral therapy (HAART) combines the administration of several
reverse transcriptase and protease inhibitors. This extremely effective approach
has greatly extended the life span of HIV-positive individuals. The high cost
of HAART and the strict time schedule required for proper protection present
challenges for its use in areas of the world that have limited economic resources
or poor drug delivery infrastructure. HAART costs $10,000 to 15,000 a year in
the United States and $350 a year in developing countries. The latter areas are
among those with the highest incidence of infection and need. HAART reduces
the numbers of opportunistic infections and hospitalizations and permits many
persons to return to the workforce, increasing productivity and aiding the econ-
omy of these regions. Because widespread use of HAART reduces the overall
cost of care while positively affecting employment, it has a positive impact on
the economy and may be a cost-effective strategy.

Prevention

Preventive measures center on avoiding contact with the body fluids or organs
of infected persons. Safer sexual practices are vital to reducing the risk of AIDS
and other sexually transmitted diseases. These practices reduce or eliminate the
exchange of body fluids during sexual activity and include the proper use of
latex condoms and dental dams. Individuals need to carefully weigh decisions
concerning sexual activities in a clear mental state that is not clouded by the use
of substances that affect good judgment. Safer sex practices are highly effective
in reducing the risk of HIV transmission; however, infection may nevertheless
occur. Abstinence is the only sure way to prevent HIV transmission via the sexual
route. Moreover, infected persons should tell prospective sexual partners about
their HIV-positive status. HIV-positive women should seek counseling concern-
ing the risk to unborn children and to their partners prior to becoming preg-
nant. If the women do decide to have a child, medications that greatly decrease
transmission during pregnancy or delivery are available. HIV-positive mothers
should not breast-feed their babies due to the presence of the virus in breast
milk. Circumecision reduces the risk of HIV infection of males by 50% and also
decreases the risk of acquiring other sexually transmitted diseases.

Because HIV is transmitted via contaminated needles and syringes, the
use of illegal injected drugs should be avoided. If IV drugs are used, however,
needles and syringes should not be shared. Some communities have free needle
exchange programs, which also provide referrals for addiction treatment. Care
should be taken to only receive body piercings or tattoos from businesses that
use new or properly sterilized needles.
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FIGURE 16.7 Proper disposal of a used needle in a
‘sharps” container

Source: CDC/Jim Gathany.

Contact with blood and other body fluids from all persons, regardless of
known HIV status, should be avoided through strict, continuous adherence to
universal precautions practices. These include the use of protective clothing and
gloves by medical personnel and those caring for injured or ill persons. Masks
or goggles may be required in some situations. Materials coming in contact
with human body fluids or other human-derived materials need to be properly
decontaminated before disposal. Special care must be taken when handling and
disposing of “sharps” (objects such as needles, scissors, scalpels, and broken
glass). Persons known to be HIV-positive or at high risk of infection should not
attempt to donate blood, plasma, body organs, or sperm.

Surveillance

To track the course of the pandemic, discover trends, and monitor the effective-
ness of intervention measures, accurate surveillance data were needed. By April
2004, all of the U.S. states had adopted a system for reporting HIV diagnoses
to the CDC in Atlanta. Four years later, all U.S. states, the District of Columbia,



RECENT DEVELOPMENTS

A highly effective, inexpensive HIV vaccine could greatly decrease the occurrence
of new infections and protect large numbers of people, particularly in areas of
high incidence, such as sub-Saharan Africa and Southeast Asia. The extremely
high mutation rate of the virus, however, has hampered production of a useful
vaccine. Most vaccine development efforts have focused on the surface glyco-
protein gp120 or p24. These vaccines have thus far led to incomplete protec-
tion, protection effective only against the vaccine strain, or protection against
a low-dose challenge. Most of these vaccines induced antibody responses but
no activation of CD8" T Kkiller cells, one of the most important components of
antiviral defense.

Some promising results have been obtained using vaccines containing live
SIV strains engineered with large deletions in three virulence genes, including
nef. Monkeys infected with these vaccines were protected against challenge
with unrelated virulent SIV strains. These types of live vaccines have not been
well received by the biomedical community due to the possibility of back-
mutation and fears that insertion of the vaccine strain viruses into host chro-
mosomes might induce cancer. Other vaccine studies have triggered CD8* T
killer cell responses in rhesus macaques by injecting naked HIV DNA followed
by a booster with a recombinant viral vector containing selected HIV genes. In
light of the fact that the majority of infections occur via sexual transmission,
care needs to be taken to ensure production of mucosal immunity.

and five U.S. dependencies (American Samoa, Guam, the Northern Marianas,
Puerto Rico, and the U.S. Virgin Islands) used a similar confidential name-
based reporting system to collect HIV and AIDS data. This system was found
to provide reliable and secure information. The CDC subsequently produced
the HIV/AIDS Surveillance Report for 2006 based on data from 33 states and the
five dependencies. When compiling this report, it was necessary to discrimi-
nate between new HIV infections and older, ongoing infections. The Serologic
Testing Algorithm for Recent HIV Seroconversion (STARHS) was developed
to analyze HIV-positive blood samples and ascertain whether the HIV infection
was recent or ongoing. These surveillance efforts determined that AIDS inci-
dence and deaths decreased in the United States during 1996 for the first time
since the beginning of the epidemic in 1981. The trend is believed to be due to
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the early use of combination antiretroviral therapy, which slows progression
to AIDS and death for HIV-positive persons. Administration of antiretroviral
drugs to pregnant women and their newborns also reduced mother-to-child HIV
transmission.

Another source of surveillance information is the HIV/AIDS Surveillance
Database, a product of the Center for International Research of the U.S. Bureau
of the Census. The data are compiled from information concerning HIV in
developing countries as reported in medical and scientific literature, presented
at international and regional conferences, or published in the press.

Summary

Disease

¢ Acquired immune deficiency syndrome (AIDS)

Causative Agents
e Human immunodeficiency virus-1 (HIV-1) « HIV-2

Agent Type

e Lentivirus group of Retroviridae

Genome

*  Two copies of single-stranded RNA

Vector

¢ None

Common Reservoir

¢  Humans

Modes of Transmission

e Sexual contact ¢ Blood or blood products ¢ Mother-to-child
transmission (transplacentally, during childbirth, via mother’s milk)

Geographical Distribution
e Worldwide

Year of Emergence
« 1981



Key Terms

Acquired immune deficiency syndrome (AIDS) Usually fatal final stage
of infection with the human immunodeficiency virus; characterized by low num-
bers of CD4" T helper cells, wasting, opportunistic infections, malignancies, and
in some cases dementia

AIDS dementia Decreased central nervous system functions due to HIV
infection

Category A HIV infection Asymptomatic infection or swollen lymph nodes
Category B HIV infection Formerly known as AIDS-related complex (ARC);
includes conditions such as thrush, fever or diarrhea persisting for greater than a
month, and shingles

Category C HIV infection Acquired immune deficiency syndrome (AIDS);
includes conditions such as wasting, serious infections with opportunistic patho-
gens, cancers, dementia, and low CD4" T helper cell numbers

Cytopathic effect Formation of syncytia, multinucleated giant cells formed by
tusion of HIV infected and noninfected cells, followed by cell death

gpl20 Envelope glycoprotein that binds to CD4 on human T helper cells prior
to cellular infection; primary target of many HIV vaccines

Highly active antiretroviral therapy (HAART) Anti-HIV treatment
regimen that combines the administration of several reverse transcriptase and
protease inhibitors

Human immunodeficiency virus (HIV) Either of the retroviruses respon-
sible for causing AIDS, known as HIV-1 and HIV-2

Integrase Viral enzyme that catalyzes integration of HIV DNA into host
chromosomes

Lentivirus Retrovirus associated with a slowly progressing disease

Opportunistic infection Pathogenic infection by microorganisms that typi-
cally have a commensal relationship with their human host

Protease Viral enzyme that cleaves HIV polyproteins into their individual
components

Provirus Latent form of HIV that is integrated into the host chromosomes
R5 variants Form of HIV that uses CCR) as a coreceptor; infects primarily
macrophages and may be responsible for the initial infection of new human hosts
Retroviridae Group of viruses that use the enzyme reverse transcriptase
during replication of their single-stranded RNA genome; members that infect
humans include HIV, human T lymphocytic and leukemia viruses 1 and 2, and
simian immunodeficiency virus
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Reverse transcriptase Enzyme responsible for production of viral DNA by
reverse transcription of RINA in retroviruses, including HIV

Wasting syndrome Physical condition characterized by profound weight loss
and severe emaciation

X4 variants Form of HIV that uses CXCR4 as a coreceptor; infects primarily
T helper cells and may be responsible for disease progression

Review Questions

1. What are criteria for the three categories of HIV infection? What major types
of illnesses characterize those in category G?

2. What geographical regions have the greatest numbers of HIV-positive per-
sons? Which groups are at highest risk for infection?

3. What human and nonhuman primate viruses are most closely related to HIV?
What diseases are associated with these?

4. How may HIV kill CD4" T helper cells?

5. What is HAART, and how does it alter the course of HIV infection?

Topics for Further Discussion

1. Programs have been in place for many years in areas such as the Netherlands
and some U.S. cities to distribute clean needles and syringes to intravenous
drug users and provide addiction counseling. Explore the effect of these pro-
grams on the incidence of infection by HIV and hepatitis C virus and the
number of illegal drug users.

2. Educational programs concerning safer sexual practices have targeted the
gay community in the United States and some hard-hit regions of Africa.
Free condom distribution programs have sometimes accompanied the latter.
Explore the immediate effects of these programs on the rate of new infec-
tions, and determine whether these results were sustained over a period of
years. Discuss which educational strategies have succeeded and which have
not. Suggest new means of educating populations at high risk of infection.

3. Sub-Saharan Africa and portions of Southeast Asia have very high rates of
HIV infection and deaths. Many inhabitants of these areas live in extreme
poverty and cannot afford the expensive but effective antiretroviral medi-
cations now available, nor are the affected regions equipped to treat large
numbers of persons with life-threatening opportunistic infections. Sickness
and death of many young men in these parts of the world have severe eco-
nomic consequences, as does the death of mothers, which often leaves young



children as orphans in poverty-stricken areas. Many of these children or their
siblings are themselves HIV-positive. Corporations including those in the
pharmaceutical industry, the governments of developed countries such as
the United States, and individuals have facilitated distribution of antiretro-
viral drugs to developing nations at greatly reduced cost. Explore the effects
of these low-cost drug programs on the HIV/AIDS morbidity and mortality
rates as well as the economic and social consequences of these programs.
Do the drugs reach all populations in need, or do local governments control
access? Discuss other practical means of decreasing HIV infection rates or
increasing life span or quality of life for infected individuals in developing
nations.

4. Examine the literature concerning HIV vaccine development. What setbacks
have occurred? What strategies currently seem promising? Suggest some
mnovative methods of developing an effective vaccine that would provide
long-term protection to large numbers of persons with little risk.
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CHAPTER 17

HUMAN HERPESVIRUS 8
AND KAPOSI'S SARCOMA

LEARNING OBJECTIVES

Define Kaposi’s sarcoma, primary effusion lymphoma, and multi-
centric Castleman’s disease

Describe the herpesvirus responsible for causing these illnesses
Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

Discuss potential methods of treatment

Discuss methods of prevention
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Major Concepts

Diseases

Human herpesvirus 8 (HHV-8) is a gamma-2 herpesvirus that is present in
people presenting with all five forms of Kaposi’s sarcoma (KS). These types are
classic KS, affecting elderly men of Mediterranean or European Jewish ancestry;
endemic RS, affecting younger men, very young children, and women in East
Africa; iatrogenic KS, affecting individuals receiving immunosuppressive therapy;
epidemic RS, affecting HIV-positive persons, especially gay men; and nonepidemic
gay-related RS, found among HIV-negative gay men. KS 1s a cancer of endothelial
cells lining blood vessels and begins as a skin cancer. It may remain confined
to the skin, causing mild disease, or in more aggressive forms, such as epidemic
KS, may travel to mucocutaneous areas or internal organs, resulting in life-
threatening illness. HHV-8 infection appears to also play an important role in
causing primary effusion lymphoma (PEL), a non-Hodgkin’s lymphoma with
poor prognosis, and multicentric Castleman’s disease, a nonmalignant prolifera-
tive disorder of B lymphocytes. Individuals with sarcoidosis, multiple myeloma,
and pemphigus may also be infected with HHV-8.

Infection

HHV-8 is closely related to the oncogenic Herpesvirus saimiri of monkeys and
Epstein-Barr virus, which causes mononucleosis and Burkitt’s lymphoma in
humans. Other herpesviruses cause herpes simplex, chickenpox and shingles,
sixth disease (roseola), and a severe infection of the liver and central nervous
systems of immunosuppressed persons. HHV-8 is a large, enveloped DNA virus
whose genome contains an extensive unique region encompassing approximately
25 genes, many of which appear to have been pirated from human chromosomes.
These viral homologues to cellular genes include viral interleukin-6, viral Bcl-2,
a receptor for vascular endothelial growth factor, and several viral chemokines.
These genes help bring potential viral host cells into the area and trigger their
excessive growth and survival. Other HHV-8 genes aid the virus in escaping death
by CD8™" T killer cells and inhibit the activity of the antiviral cytokine IFN-y.

Immune System

HHV-8 has a complex relationship with the host immune response. Virally
infected cells are killed by CD8" T killer cells and natural killer cells, but
B lymphocyte—derived antibodies are less protective. HHV-8 infects monocytes
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and B lymphocytes, leading to the B cell proliferative disorders, PEL, and multi-
centric Castleman’s disease. Host inflammatory cytokines stimulate the growth
of KS and PEL cells.

Protection

Several antiherpes drugs effectively kill lytic viruses but do not kill latent viruses.
A number of anticancer medications, particularly those used to treat leukemia
and lymphoma, decrease the size of KS lesions and slow disease progression.
These medications are not without their drawbacks—relapses often occur, many
of the drugs are expensive, and some have potentially dangerous side effects,
including damage to the heart and bone marrow, decreased neutrophil numbers,
fever, muscle inflammation, anemia, diarrhea, nausea, and depression.

Introduction

Kaposi’s sarcoma (KS) is one of several diseases definitively linked to infec-
tion by the gamma-2 herpesvirus HHV-8. KS is a cancer of endothelial cells
lining the blood vessels and may present as a mild skin cancer or may be aggres-
sive, spreading to internal organs and causing death. Several other cancers or
proliferative disorders, including those of B lymphocytes, have been linked to
HHV-8 infection. Prior to the early 1980s, the majority of cases of KS were
found among discrete populations, including elderly men of Mediterranean or
Ashkenazi (eastern European) Jewish ancestry, younger men and very young
children in restricted areas of Africa, and immunosuppressed persons. Between
1981 and 1982, an unusual number of cases of life-threatening KS began to
turn up among young homosexual men in California. This population with
aggressive KS was soon found to be HIV-positive, and the discovery of KS in
these men was one of the first indications that a new virus (HIV) was spreading
through the United States and later the world. Persons with all forms of KS
were subsequently found to be infected with HHV-8, discovered in 1994. HHV-8
appears to play a causal role in primary effusion lymphoma and multicentric
Castleman’s disease and perhaps several other diseases. KS in HIV-positive
persons and primary effusion lymphoma are very dangerous diseases, and the
latter usually results in death within 60 days of initial diagnosis. Other gamma
herpesviruses, such as Epstein-Barr virus, are linked to cancers in humans and
monkeys, and the beta herpesvirus, cytomegalovirus, may cause severe pathology
in HIV-positive persons. It is possible that HHV-8 or other presently unknown
herpesviruses may contribute to other malignancies. More widespread screening
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for herpesvirus infection may aid in determining the extent of infection among
different populations and may help define cofactors, such as coinfection with
HIV-1, that may trigger HHV-8 to cause serious disease.

History

In 1872, a Viennese dermatologist, Moritz Kaposi, recognized an unusual pig-
mented skin cancer in elderly men of the area. This disease was later named
classic Kaposi’s sarcoma. Two other forms of KS were subsequently identified:
one is endemic in some regions of Africa and affects younger men and children,
and the other occurs among persons receiving immunosuppressive therapy, often
following organ or bone marrow transplantation. In the early 1980s, an unusu-
ally aggressive form of KS was increasingly reported in young, otherwise healthy
homosexual men from California. Between June 1982 and April 1983, eight
cases of this disease turned up in Los Angeles and Orange Counties. They were
linked to infection of at least 11 other men from eight additional cities. This
new form of the disease spread beyond the skin, affecting internal organs and
often resulting in death. This group of young men was later found to have other
unusual conditions, including life-threatening infections with normally harm-
less commensal microbes. These men were subsequently found to be infected
with a new human retrovirus, later named HIV-1. HIV-positive men with this
aggressive form of KS were later found to be coinfected with a novel gamma
herpesvirus, HHV-8, that is related to the oncogenic Epstein-Barr virus. HHV-8
was first identified in 1994 in KS tissues from an AIDS patient but was later
detected in lesions and other tissues from all types of KS, including those occur-
ring in HIV-negative persons. HHV-8 infection is also associated with many
of the cases of primary effusion lymphoma and one subtype of multicentric
Castleman’s disease.

The Diseases

Infection with the human herpesvirus HHV-8 leads to several cancers of cells lining
blood vessels or malignancies of B lymphocytes. Some of these diseases are mild,
treatable skin malignancies, while others cause progressive illnesses that terminate
in death. The most common of these cancers is Kapost’s sarcoma, but several other
diseases are also linked to HHV-8 infection. Other members of the herpesvirus
group may also cause malignancies, as seen by the link between infection with
Epstein-Barr virus (EBV) and B cell lymphomas and nasopharyngeal carcinoma.
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Table 17.1 Types of Kaposi's sarcoma

Type Individuals Affected Symptoms

Classic Men over 50 years old of Red, purple, or brownish lesions on
Mediterranean or legs and feet
Ashkenazi Jewish ancestry

Endemic Men and young children in  Mild to aggressive cancer, with
East Africa a tendency to metastasize to bone

or internal organs

latrogenic Persons receiving medical Fever, rash, flulike symptoms, marrow
immunosuppressive aplasia, diarrhea; graft rejection in
treatment transplant recipients

Epidemic HIV-positive persons, Very aggressive; begins as skin lesions
especially gay men leading to mucocutaneous and

visceral lesions of lungs and
digestive tract; difficulty in eating
and swallowing, restriction of food
passage, shortness of breath
Nonepidemic HIV-negative gay men Lesions primarily on arms, legs, and
gay-related genitals

FIGURE 17.1 Skin lesions of Kaposi’s sarcoma

Source: National Institutes of Health.
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Kaposi’s Sarcoma

Five forms of Kaposi’s sarcoma have been described. These are commonly found
in the skin, where they appear as flat, painless purple-red spots that do not blanch
when pressure is applied to them. They also occur in the lining of the mouth,
nose, and eyes. More serious or life-threatening disease results when these cells
spread to the lungs, liver, stomach, intestines, or lymph nodes.

Classic KS Classic KS typically occurs primarily in men over the age of 50 years
who are either of Mediterranean (particularly Italian) or Ashkenazi Jewish
ancestry. Corticosteroid usage and infrequent bathing increase the risk of
developing this form of the disease. Classic KS is limited to the skin as one or
more red, purple, or brownish lesions usually on the legs and feet, especially the
ankles and soles. Lesions grow slowly in both size and number but rarely result
in death, although affected persons have an increased risk of developing
lymphomas, and lesions may form internally in areas such as the stomach and
intestines, leading to gastrointestinal bleeding. Approximately 300 to 400 cases
of classic KS are diagnosed each year in the United States. Prior to 1986, this
was the predominant form of KS in the United States.

Endemic KS Endemic KS is the prevalent form found in East Africa, particularly
in northeastern Democratic Republic of Congo, Tanzania, and western Uganda
and was known prior to the advent of HIV infection in the continent. It was
responsible for 8% of all cancers in Ugandan men during the mid-1960s.
Endemic KS is more common in men and very young children than women;
however, it occurs more frequently in women than other forms of KS. The
average age of affected men is 35 years.

Endemic KS presents itself in four clinical forms, one of which has a mild
course similar to that seen in classic KS but affecting younger adults. The other
three forms are more aggressive, particularly in infected Africans as opposed to
Americans or Europeans, with an increased tendency to spread to bone or other
tissues. A variant found in some young African children spreads via the lymphatic
system to internal organs, with rapidly fatal results. In recent years, the incidence
of endemic KS has increased among the HIV-negative population in Africa.

latrogenic KS Iatrogenic KS is found in persons receiving medically related
Immunosuppressive regimens, especially organ or bone marrow transplant recipients.
Renal transplant patients and those receiving cyclosporine (frequently used following
this type of transplantation) are particularly vulnerable. Iatrogenic KS occurs
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equally in females and males. The immunosuppressive regimens required to prevent
rejection may reactivate latent virus, often leading to serious visceral involvement,
which may result in graft rejection and the death of the recipient. In patients
receiving bone marrow transplants, fever, rash, flulike symptoms, marrow aplasia,
diarrhea, and increased viral load have been reported, followed by death.

Epidemic (HIV-Associated) KS This form of KS emerged rapidly in California
at the beginning of the AIDS epidemic, and its appearance was one of the first
indications of a serious condition sweeping the gay community. It is the most
common cancer in HIV-positive men, affecting approximately 20% of HIV-
positive people. The decline in CD4" T helper cell numbers during the
progression of HIV infection increases the chances of developing KS, and
the Thl subset of CD4" lymphocytes appears to protect the host against
HHV-8-associated disease (described later in this chapter). Although HHV-8
infection 1s similar among those coinfected with HIV-1 and HIV-2, epidemic KS
1s almost exclusively restricted to those who test positive for HIV-1.

Epidemic KS is particularly common in the gay population of HIV-positive
men, especially those who have multiple sex partners; it is less common in
individuals who acquired HIV via heterosexual contact, IV drug use, or blood
transfusion; and it is much less common in HIV-positive women or HIV-positive
hemophiliacs. Women who contracted HIV through heterosexual contact with
bisexual men are at higher risk for developing KS. In 1990, the incidence of
KS in the United States was 300 times more common in AIDS patients than in
other immunosuppressed persons and 20,000 times that of the general popula-
tion. In areas of Africa that are severely affected by the AIDS pandemic, such as
Uganda, it is the most common cancer of men and one of the most common in
women. The number of KS cases in that region rose tenfold between the 1950s
and 1991. HIV-positive children are also afflicted with this cancer.

HIV-associated KS is a very aggressive form of cancer that most commonly
begins as small lesions on the face and trunk. The lesions initially appear to be
bruises with discolored edges and later become scaly, brown, and elevated. These
often then develop into mucocutancous and visceral lesions involving the lungs
and digestive tract. If the disease is restricted to the skin, it is not life-threatening;
The prognosis is far worse if the lesions spread to internal organs. These may
lead to difficulty in eating or swallowing if lesions are found in the esophagus,
restriction of food passage if found in the intestines, shortness of breath if found
in the lungs, and lymphadenopathy if found in the lymph nodes. HIV-associated
KS appears to consist of a large number of primary lesions rather than meta-
stases from a single initial lesion.
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FIGURE 17.2 Kaposi’s sarcoma of the hard palate
of an HIV-positive person

Source: CDC/Sol Silverman Jr.

Nonepidemic Gay-Related KS Nonepidemic KS occurs in homosexual men who
are HIV-negative. Its progression is slow, and new lesions appear every few years,
most often on the arms, legs, and genitals, but can form anywhere on the skin.

Primary Effusion Lymphoma

Primary effusion lymphoma (PEL), an AIDS-associated non-Hodgkin’s
lymphoma, contains primary malignant lymphomatous effusions of the pleural,
pericardial, or peritoneal cavities with large-cell immunoblasts or anaplastic
large cells. The morphology of these cells differs from Burkitt’s lymphoma,
although they may contain the Epstein-Barr virus. They do not have oncogenic
rearrangements in ¢-myc, bel-2, or p53 oncogenes but do have clonal immuno-
globulin rearrangements, similar to B lymphocytes. The cells express the CD45
antigen of dividing B cells. No tumor is present, and the lymphoma cells do not
leave the body cavity in which they originated. These cells do not have other B
lymphocyte or T lymphocyte antigens, nor do they rearrange DNA encoding
the T cell antigen receptor. PEL frequently occurs in men, particularly men who
have sex with men (MSM). The prognosis is poor, with a length of survival after
diagnosis of approximately 60 days.
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Multicentric Castleman’s Disease

Multicentric Castleman’s disease (MCD) 1s a rare, polyclonal nonmalig-
nant atypical lymphoproliferative disorder of B lymphocytes in germinal centers.
It is more common in men and is often accompanied by malignancies, such as
KS or non-Hodgkin’s lymphoma. MCD takes two forms, the more common
of which presents as a tumor mass in the mediastinum of the thoracic cavity
or in the retroperitoneum. It is not associated with HHV-8 infection. The less
common form involves infiltrates of plasma cells (B lymphocytes producing
antibody) and is associated with HHV-8 infection. This form is characterized by
immune system dysfunction, generalized lymphadenopathy, autoimmune disor-
ders, rashes, and generalized symptoms. HHV-8-associated MCD is most com-
mon among HIV-positive persons, especially MSM.

Other Diseases Potentially Associated with HHV-8 Infection

Sarcoidosis Sarcoidosis is a multisystem disease of unknown origin that may
affect a number of organs, including the lungs, lymph nodes, and skin. It is
characterized by the presence of noncaseous granulomas in more than one
tissue. Conflicting reports have either found an increased association of HHV-8
infection in persons with sarcoidosis or failed to find such an association.

Multiple Myeloma Multiple myeloma is the most common lymphoid cancer in
persons of African origin and the second most common in persons of European
origin. It is a clonal B cell cancer in which plasma cells secrete monoclonal antibody:
Growth of these cells involves autocrine and paracrine stimulation by cytokines such
as IL-6, TNF-a, and IL-1. As with sarcoidosis, some studies have reported increased
mncidence of HHV-8 in persons with multiple myeloma, while other studies have not.

Pemphigus Pemphigus vulgaris and pemphigus foliaceus are autoimmune
skin diseases in which the epidermal and dermal layers separate. KS is the most
frequent cancer in individuals with pemphigus, and HHV-8 is often detected in
the affected areas.

The Causative Agent

All forms of Kaposi’s sarcoma are caused by the sexually transmitted microbe
human herpesvirus 8 (HHV-8), also known as Kaposi’s sarcoma-—
associated herpesvirus, discovered in 1994. This virus is necessary but not
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sufficient to cause the disease. It is found in spindle cells in almost all KS skin
lesions, in endothelial cells lining the blood vessels, and in B lymphocytes and
monocytes of the immune system. Infection of cultured endothelial cells induces
a transformation from a cobblestone appearance to a spindle-shaped morpho-
logy. The HHV-8 K8.1 envelope glycoprotein binds to heparin sulfate and uses
this cell surface molecule as its receptor prior to entering its target cell. The virus
1s also present in secreted materials, such as saliva, nasal secretions, serum, and
semen. Recently, HHV-8 DNA and latent phase proteins have been detected in
placental cells from infected women. These cells express heparin sulfate on their
surface. Other herpesviruses also infect the placenta, leading to miscarriage,
premature delivery, low birth weight, and major congenital abnormalities.

HHV-8 is transmitted sexually, including via oral sexual practices, through
contact with infectious secretions; it may also be transmitted transplacentally.
Risk factors for infection include having a high number of sexual partners
and history of a previous sexually transmitted disease. HHV-8 seropositivity is
highest in HIV-positive gay men with documented KS (80%), is only 18% in
HIV-positive gay men without KS, and is very low in HIV-positive hemophiliacs
and HIV-negative persons in the United States. An unusually high number of
cases of KS have also been reported in young otherwise healthy HIV-negative
MSM in New York City, suggesting that exposure to fecal material during sexual
contact may increase the risk of developing KS. HHV-8 is much more common
among the general population in Africa, where 50% of the people have anti-
bodies to HHV-8 (correlating with past or present infection), whether or not they
are infected with HIV. Although transmission is primarily via sexual intercourse,
infants born to HIV-positive women may develop KS. Transmission also occurs
through the use of shared equipment by IV drug users.

HHV-8is alarge, enveloped DNA virus thatis amember of the Rhadinovirus
(gamma-2) herpesviruses, as is its close relative, the oncogenic Herpesvirus
sazmare of squirrel monkeys. Rhadinoviruses also infect spider monkeys, African
green monkeys, macaques, chimpanzees, gorillas, drills, and mandrills. These
primates include both Old and New World species. Other pathogenic herpes-
viruses of humans are the alpha human herpesviruses, which include herpes
simplex 1 and 2, which cause genital lesions and cold sores, and human herpesvi-
rus 3 (varicella-zoster virus), which causes chickenpox; human (beta) herpesvirus
5 (human cytomegalovirus), which causes severe infection of the liver and central
nervous system, particularly among immunosuppressed persons; and human
herpesvirus 7, which causes roseola infantum (sixth disease). Human herpesvirus
4 is the Epstein-Barr virus (gamma-1 herpesvirus), which causes mononucleosis
and 1s associated with some cases of Burkitt’s lymphoma. HHV-8 DNA is double-
stranded and 1s found within a capsid in a dark central core. While inside the
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capsid, viral DNA is linear but later becomes circular after being released from
the capsid following infection of the cell. The capsid is icosadeltahedral (having
16 surfaces) with a twofold symmetry and a diameter of 100 to 120 nanometers.
Outside of the capsid is the tegument, an amorphous proteinaceous material
surrounded by the viral envelope, which is studded with short glycoproteins.

HHV-8 has been divided into several major subtypes and at least 13 clades
based on differences in the DNA of the K1 gene. Subtype distribution shows
geographical preferences. A and C variants dominate samples from persons with
epidemic KS in the United States, Europe, Asia, and Saudi Arabia, while the
B variant is most common in samples from Africa. The D subtype is uncom-
mon, being restricted to classic KS patients from the Pacific region. An E
subtype 1s found in Amerindians from Brazil and Ecuador, and the Z subtype
is unique to Zambia. The presence of several viral groups does not appear to
account for differences in disease manifestations in different groups of infected
individuals.

Viral infection of cells may be divided into an initial latent and a later lytic
stage. A small viral RNA transcript is produced during prolonged latent viral
infection that is found in most of the cells present in lesions during all stages
of KS, while a slightly larger RNA transcript is found during lytic infection and
is primarily present in only 10% of the cells in late lesions. During the latent
phase, HHV-8 itself does not reproduce but its genes act to increase division of
host cells, prevent cell death by apoptosis, and aid in viral evasion of the immune
response. All herpesviruses establish latency, although in different types of host
cells. Greater than 99% of the cells from KS tissues are latently infected. This
stage 13 followed by lytic viral infection, which occurs after reactivation of
the virus and results in death of the host cell and release of infectious viral par-
ticles. Virus may be artificially induced to the lytic state by the tumor-promoting
agent phorbol myristol acetate, which activates the cellular protein kinase C
signaling pathway and is involved in normal B lymphocyte functioning;

The genome of HHV-8 contains approximately 95 genes, 25 of which are
located within an extensive region (K region). The K region extends over 100
kilobases and is unique to this virus, being absent from the closely related gamma
herpesvirus, the Epstein-Barr virus. A number of the gene products are believed
to have been originally derived by duplication of parts of host DNA followed by
their transfer into the viral genome. Many of these genes aid in growth or survival
of HHV-8 in B cells or endothelial cells or contribute to outgrowth of infected
cells. Nearby uninfected cells are also stimulated to divide in a paracrine manner
in response to the viral proteins, resulting in cancer. HHV-8’s K2 gene produces a
homologue to the host cytokine I1-6 that is constitutively produced by KS spindle
cells and PEL cells and during MCD. Host IL-6 serves as a B cell growth factor,
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RECENT DEVELOPMENTS

One of the proteins expressed during the latent stage of cellular infection is the
latency-associated nuclear antigen (LANA). LANA prolongs the latent stage by
inhibiting production of a protein required for the switch to the lytic phase. It also
serves as a viral oncogene by cooperating with the Ras oncogene to transform the
cell into a cancerous form while inhibiting the activity of the tumor suppressor
genes p53 and Rb, which inhibit cancer development. The immune cell cytokine
TGF-B protects the host against tumor growth and survival by binding to its
receptor; stimulating pathways that inhibit cancer cell division; and inducing the
cell to undergo apoptosis, programmed cell death. Dysregulation of either TGF-3
or its receptor enables cancer cells to survive and continue to grow.

Some of the effects of LANA result from its ability to prevent transcription of
RNA from the DNA template. The addition of a methyl chemical group to either
DNA of a gene or to the surrounding histone proteins around which that section
of DNA is wrapped often blocks transcription. LANA has recently been found to
stimulate host cell genes that either add methyl groups to DNA or histones or
inhibit the cellular genes that remove methyl groups. The TGF-B receptor gene
is one of those in which LANA increases methylation, blocking production of the
receptor’s RNA and protein during PEL, and allowing the malignant B lympho-
cytes to avoid death by apoptosis and to grow unchecked.

and viral IL-6 acts in a similar manner, stimulating cell division, hematopoiesis,
and angiogenesis of I1.-6-dependent celllines, encouraging growth of PELcells,and
inducing production of vascular endothelial growth factor (VEGF), a key
host molecule that encourages formation of new blood vessels by stimulating
growth of endothelial cells. HHV-8 also encodes a receptor for this growth factor.

Two viral proteins function as chemokines (cytokines that chemically attract
immune cells into an area) and have homology to the host chemokine MIP-1a.
These viral chemokines have both been found to be angiogenic in vitro (increasing
growth of endothelial cells of blood vessels). HHV-8 encodes an interferon regula-
tory factor homologue via the K9 gene (discussed under “Immune Response”™).
The virus also contains a B cell leukemia protein-2 (Bcl-2) homologue. Bel-2 is a
cellular survival factor that inhibits the programmed cell death process of apop-
tosis, which normally eliminates cells with dysregulated growth, including cancer
cells. Unlike its cellular homologue, viral Bcl-2 activity is not down-regulated by



HUMAN HERPESVIRUS 8 AND KAPOSI'S SARCOMA Q&4

proapoptotic proteins. Viral genes also encode a cyclin D homologue similar to
cellular Bcl-1. Cyclins and cyclin-dependent kinases (CDKs) are proteins
that positively regulate passage through the cell cycle, terminating in cell divi-
sion. The viral cyclin homologue activates CDK6 and blocks functioning of the
retinoblastoma (Rb) protein, an important tumor suppressor gene that medi-
ates cell cycle arrest in cells with damaged or abnormal DNA. The Rb protein is
mutated in several types of human cancers. Viral cyclin D induces degradation
of p27"*, an inhibitor of CDKS6, thus blocking the normal feedback mechanisms
that prevent excessive cell growth. HHV-8 also encodes dihydrofolate reductase,
an enzyme that participates in production of folate, which is necessary for nucleic
acid production during cell division.

The HHV-8 K12 gene produces kaposin, a viral protein found in KS and
PEL. This protein induces tumorogenic transformation. This process leads to
the expression of telomerase and allows anchorage-independent growth, both
common features of malignant cells. Telomerase is an enzyme that allows cells
to escape the normal capping of cell growth at 40-60 divisions.

The HHV-8 open reading frame 74 gene encodes a viral G protein-
coupled receptor (VGPCR) that is a homologue of the human IL-8 chemo-
kine receptor. This vGPCR serves as a viral oncogene that transforms endothelial
cells and fibroblasts into a cancerous state by stimulating the mitogen-activated
protein kinase (MAPK) intracellular signaling pathway that is involved in division
of many human cell types. However, vGPCR has also been shown to decrease
division of infected B lymphocytes in PEL. It also appears to either increase
or decrease production of other proteins involved in virally mediated cell lysis,
depending on the stage of viral infection. Thus the functions of vGPCR may
vary during the course of infection of a cell.

KS cells secrete angiogenic growth factors such as VEGE, fibroblast growth
factor, TNF-a, and oncostatin M. The binding of VEGTF to its receptor on an
infected endothelial cell triggers cell division and also reproduction of the virus
within. Using its various gene products, HHV-8 is thus able to encourage the
growth of the B cells and endothelial cells that serve as the virus’s cellular homes
(IL-6, viral chemokines, VEGT receptor, cyclin D). These factors also encourage
their target cells to move to the area of infection (viral chemokines, I1.-8 receptor)
and enable them to survive once there (Bcl-2 homologue).

The HIV tat protein also stimulates KS growth due to its similarity to VEGE.
In vitro, normal endothelial cells are stimulated to divide in the presence of tat
plus the host cellular growth factor, basic fibroblast growth factor; the resulting
cells have the appearance of KS cells (spindle cells). This property of fat plus
the immunosuppression induced by HIV may at least partially explain why the
most aggressive form of KS occurs in HIV-positive persons.
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Table 17.2 HHV-8 proteins that increase viral growth or survival

Viral Protein Action

IL-6 homologue T B cell division, hematopoiesis; induction of
angiogenesis via production of VEGF

MIP-1a homologue Induction of angiogenesis; movement of target
cells to site

Bcl-2 homologue | apoptosis and T target cell survival

Cyclin D homologue T target cell division, | tumor suppressor gene
activity

Dihydrofolate reductase Production of folate required for nucleic acid
synthesis during cell division

Kaposin Tumorogenic transformation; T expression of

telomerase and stimulation of anchorage-
independent cell growth

IL-8 receptor homologue T cell division; movement of target cells to site
of infection
VEGF, fibroblast growth factor, Angiogenic growth factors; T growth of B cells
TNF-a,, oncostatin M and endothelial cells

The Immune Response

HHV-8 infects B lymphocytes, monocytes, and some hematopoietic stem cells
but not CD8" T killer cells. The viral K1 protein activates intracellular tyrosine
kinases, mimicking normal B cell activation by the B cell antigen receptor. These
infected B cells may then proliferate, leading to a B cell cancer such as PEL or
MCD. The growth of KS cells is augmented by the presence of the inflammatory
cytokines IL-1, IL-6, and TNF-a, most of which are produced by the infected
cells themselves and thus serve as autocrine growth factors.

Protective immunity appears to not be related to the levels of neutralizing
antibody but rather to the activity of CD8" T killer cells and NK cells, which are
stimulated in response to several viral proteins. CD4" T helper cell activity
against HHV-8 is lower in infected persons who develop KS than in those who
do not; this activity decreases during infection as antibody production increases.
Levels of the host inflammatory cytokine IFN-v, produced by the Th1 subset of
CD4" T helper cells, rise in KS patients. Production of this cytokine is a double-
edged sword because it stimulates activation of T killer cells and NK cells but
also aids in viral reactivation from the latent to the lytic state in both infected B
lymphocytes and monocytes.

HHV-8 employs several K region genes to escape death by CD8" T killer
cell and NK cells. The K3 and K5 genes encode the viral MIR-1 and MIR-2
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proteins that aid HHV-8 in escaping from CD8" T killer cell activity. MIR-1 and
MIR-2 enhance the endocytosis of MHC class I molecules and their degrada-
tion within lysosomes. MCH I molecules are necessary for the killing of virally
infected cells by CD8" T killer cells. The MIR-2 protein also down-regulates
the expression of cellular ICAM-1 and B7.2. The former is a cellular recogni-
tion molecule used by immune cells, and the latter is a cell surface receptor of
T lymphocytes that is required for their proper stimulation. Viral K13 encodes
the v-FLICE inhibitory protein (VFLIP), which allows escape of infected
cells from apoptosis induced by host NK cells. vI'LIP prevents the formation of
caspase-8, a protein involved in the apoptotic cascade.

The K6, K4, and K4.1 genes encode three HHV-8 chemokines, vCCL1,
vCCL2, and vCCL3, which help activate Th2-type responses through their
respective cellular receptors and are antagonistic to receptors responsible for
the chemotaxis of Thl T helper cells and NK cells. Th2 activity leads to the
production of cytokines that polarize the immune response toward a predomi-
nantly antibody type of immune reaction as opposed to a CD8" T killer cell
and NK cell response induced by Thl T helper cells. The K14 gene encodes
0OX-2, a neural cell adhesion-like protein that stimulates Th2 immune responses
and production of IL-6, which acts as a growth factor for KS and PEL cells.
The K9 gene product interferes with signaling by the Thl cytokine, IFN-vy.
Together these viral products encourage the production of a Th2 cytokine
environment that is favorable to their survival while inhibiting an antiviral Th1
Immune response.

Diagnosis

Accurate, practical methods are needed to detect the presence of HHV-8 in
blood and tissues prior to their use in transfusions or transplantation as well as
to correctly diagnose individuals with KS. HHV-8 may be detected from nodu-
lar skin lesions by polymerase chain reaction (PCR) or nested PCR, in which
virus is detected in 87% to 91% of the samples tested. The rate of detection is
somewhat lower in lesions from the patch and plaque stages and is much lower
in lymph node tissue from KS patients. HHV-8 may also be detected in blood
lymphocytes from about half of HIV-positive KS patients. Routine use of PCR
in screening is hampered by the expense, the time required, and its lack of sen-
sitivity in samples of plasma and peripheral blood cells.

Antibodies to HHV-8 may be detected using IgG or IgM ELISA, indi-
rect fluorescent-antibody assay (IFA), Western blot, or immunohistochemistry.
Detection of HHV-8 antigens may also be performed by IFA in which one may
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FIGURE 17.3 Polymerase chain reaction (PCR)

Source: CDC/Hsi Liu and James Gathany.

assess the presence of latent virus antigens (nuclear antigens such as LANA) or
lytic virus antigens (cytoplasmic antigens). Detection of the latter may be used
to predict the risk of developing KS.

Diagnosis of KS and determination of the extent of the disease includes
several nonspecific tests, such as screening the skin and lymph nodes, biopsies of
these organs, and chest X-rays, bronchoscopy, and endoscopy to ascertain lung,
tracheal, and gastrointestinal involvement.

Treatment

HHV-8 is resistant to killing by acyclovir (a commonly used antiviral agent),
but the lytic form is susceptible to several other antiviral compounds, including
cidofovir (a nucleoside analogue), ganciclovir, and foscarnet (antiherpesvirus
drugs). Because these agents inhibit the viral polymerase used only during viral
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reproduction, they do not affect latent viruses. Antibiotics are ineffective against
HHV-8 because it is a virus.

KS skin lesions may be removed physically using liquid nitrogen, radiation,
or surgery. These lesions may be injected with anticancer drugs, such as vincris-
tine or vinblastin, as well. Intralesional use of human chorionic gonadotropin
(hCG) was found to be successful in the treatment of KS skin lesions after
observing that these lesions disappear during pregnancy due to increased levels
of hCG. Subcutaneous administration of hCG in men also leads to stabilization
or regression of lesion size. KS often flares up again once treatment is stopped,
but in some cases, the remission has persisted for over one year. Therapy with
hCG is rather expensive, and its side effects include increases in weight, energy,
and appetite. Another newer method used in the treatment of KS skin lesions
is topical application of panretin gel (9-cis retionic acid). Up to half of patients
treated noted improvement in lesion size. Panretin is a natural hormone that
interacts with three receptors that stimulate cell growth and three other receptors
that cause apoptosis. Because these treatments do not actually remove HHV-8,
relapses often occur.

For persons with HIV-associated KS, lesions in internal organs may be
treated by combination chemotherapy with the anticancer drugs adriamycin,
bleomycin, and vincristine (ABV). Combination therapy may lead to serious side
effects, including damage to the heart or bone marrow, decreased number of
neutrophils leading to increased vulnerability to bacterial infections, and nerve
damage. Thalidomide, a drug that inhibits the growth of blood vessels, either
halts the growth of lesions or leads to their regression. This drug was notorious
for causing limb deformities in fetuses when given to pregnant women but is
receiving increasing attention for chemotherapy in persons who are not and will
not become pregnant. Its side effects include sedation, rash with fever, muscle
inflammation, and depression.

A newer approach used to treat advanced KS in patients who do not respond
to standard treatments or are unable to tolerate the side effects employs liposomal
drugs. Two standard antileukemia medicines, doxorubicin and daunorubicin, are
encased within fat droplets (liposomes) to form the liposomal drugs Doxil and
DaunoXome. These fat-encapsulated drugs are retained for longer times in the
body, pass more readily through the lipid-rich cell membrane, and result in fewer
side effects. Many patients receiving Doxil report improvement; however, only
2% to 3% achieve a complete response. The major side effect for these liposomal
drugs is neutropenia (decreased neutrophil numbers, which increases the risk
of bacterial infection); this condition may be reversed by administration of the
hematopoietic growth factor, granulocyte colony stimulating factor. Liposomal
drugs do not provide a long-lasting benefit, and the duration of response is
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approximately four months, after which time KS resumes and retreatment is
necessary. These drugs have not been shown to increase survival time in persons
with advanced KS.

Two other drugs are being tested for use in patients with HIV-associated KS
after progression to AIDS. The first of these is IFN-a, which is used for patients
whose CD4" T helper cell count is less than 200 per cubic centimeter. It is used
in combination with nucleoside analogues, such as AZT. Using this combination,
KS regression occurs in 30% of treated individuals but may cause chills and
headaches. IFN-a makes the KS cells better targets for elimination by T killer
cells. The other drug under development is the anticancer drug Taxol. Taxol is
being tested for used in persons with very advanced AIDS (CD4" T helper cell
count of around 16) and KS involving internal organs. Taxol is effective but very
toxic. Side effects include leukopenia (low white blood cell levels), anemia, hair
loss, diarrhea, nausea, muscle pain, and peripheral neuropathy.

For individuals who have the epidemic form of KS, triple drug treatment
with HAART is beneficial. HAART has been successfully used to prolong the
lives of HIV-positive individuals (discussed in Chapter Sixteen).

A new approach to the treatment of PEL focuses on blocking the action of
viral LANA using the drug Nutlin-3a. LANA blocks the activity of the tumor
suppressor pathway triggered by p53. p53 is degraded by the host murine double
minute 2 (MDM2) protein. LANA binds to and forms a complex with p33 and
MDM?2, leading to the destruction of the former and permitting PEL cells to
avoid the host’s antitumor defense system. Nutlin-3a inhibits MDM?2, allowing
the p53 pathway to remain functional and specifically kill the cancerous PEL
cells but not normal B lymphocytes.

FIGURE 17.4 The chemical structure of Taxol
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Prevention

The most severe type of KS is the epidemic form found primarily in HIV-
positive men, particularly those who acquired the disease via sexual contact with
other men. Because transmission of HHV-8 occurs predominantly via homo-
sexual contact between men, avoiding such contact or using safer sex practices
lowers the risk of infection. Women who are the sexual partners of bisexual men
are also at increased risk for developing epidemic KS and should also practice
safer sex. A much lower number of persons acquire infection through illicit IV
drug use. The risk of transmission in this population may be decreased by using
sterile needles and syringes.

Other forms of HHV-8-associated illnesses appear to be due to nonsexual
means in persons living in the Mediterranean region and Africa. Protection
against disease for these persons may include testing any unusual skin lesions to
allow prompt treatment.

Surveillance

Surveys of the prevalence of HHV-8 antigens reveal differing rates of infection
in different areas of the world, with rates higher in areas where KS is more
common and among some indigenous populations in various locales throughout
the world. When detecting either latent or lytic viral antigens, infection rates
were found to be low in US. adults (0% to 1.4% and 20%, respectively). In
Central Africa, where endemic KS is found, latent antigens were detected
in 11% to 53% of the populace and lytic antigens in 32% to 82%. Incidence is
also high in all populations in sub-Saharan Africa. The infection rate in southern
Italy, where classic KS occurs, is approximately 3.5 times that of northern and
central Italy. The rate in Sicily is approximately 10% higher than the rest of
southern Italy. HHV-8 appears at a higher rate among indigenous populations
of South America, with an incidence rate of 53% in Brazilian Amerindians and
36% in Amerindians from Ecuador, while the rate of HHV-8 among Brazilian
blood donors is less than that in the United States. The Uygur people in north-
western China and the indigenous population of New Guinea also have a
higher incidence of infection than the general population of Asia and the Pacific
Islands.

Age, the presence of coinfections, and other factors contribute to the preva-
lence of HHV-8 infection. In U.S. children, lytic antibodies were detected in 2%
of 3- to 3-year olds, 8% in 6- to 10-year olds, 4% in 11- to 15-year olds, and
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18% in persons aged 16 to 20. This trend is also present in Europe, Africa, and
Asia. Individuals infected with hepatitis B or syphilis have increased rates of
HHV-8 coinfection. Infection occurs primarily among sexually active persons,
particularly MSM, whose incidence of infection ranged from 20% to 38%.
Among HIV-positive persons or persons with AIDS in North America, the rate
of infection with HHV-8 was 30% to 48%. IV drug users had a higher rate of
infection than nonusers, which increased with the length of time spent using

these drugs.

Summary

Diseases

¢ Kaposi’s sarcoma ¢ Primary effusion lymphoma
p y ymp

e Multicentric

Castleman’s disease *  Possibly sarcoidosis and multiple myeloma

Causative Agent

e Human herpesvirus 8

Agent Type

e Gamma herpesvirus of the Rhadinovirus genus

Genome
« DNA

Vector

¢ None

Common Reservoir

¢  Humans

Modes of Transmission

e Sexually < Through blood and other secretions

to child

Geographical Distribution
*  Worldwide

Year of Emergence
e 1872 « 1981

e From mother
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Key Terms

Bcl-2 Cellular survival factor that inhibits programmed cell death, apoptosis,
which normally eliminates cells with dysregulated growth, including cancer cells

Cyclins and cyclin-dependent kinases (CDKs) Proteins that positively
regulate passage through the cell cycle, resulting in cell division

Human herpesvirus 8§ (HHV-8) Gamma herpesvirus infecting humans; the
causative agent of Kaposi’s sarcoma, primary effusion lymphoma, and multicen-
tric Castleman’s disease

Kaposin HHV-8 protein that induces tumorogenic transformation

Kaposi’s sarcoma (KS) Cancer associated with infection by human herpes-
virus 8; typically involves skin lesions, which may become internalized, leading to
fatal disease, particularly in HIV-positive individuals

Kaposi’s sarcoma-associated herpesvirus Human herpesvirus 8
Latent viral infection Stage in which a virus coexists with its host cell; may
exist for prolonged periods of time

Lytic viral infection Active stage in which a virus lyses its host cell and is
released to infect other cells

Multicentric Castleman’s disease (MCD) Nonmalignant atypical lym-
phoproliferative disorder, one form of which is associated with infection by
human herpesvirus 8

Multiple myeloma Common cancer of antibody-producing B lymphocytes
Pemphigus vulgaris and pemphigus foliaceus Autoimmune skin dis-
eases in which the epidermal and dermal layers separate

Primary effusion lymphoma (PEL) AIDS-associated non-Hodgkins lym-
phoma induced by infection of B lymphocytes with human herpesvirus-8
Retinoblastoma (Rb) protein Important tumor suppressor gene that arrests
the cell cycle in cells with damaged or abnormal DNA

Rhadinovirus (gamma-2) herpesviruses Genus containing human her-
pesvirus 8, the causative agent of Kaposi’s sarcoma, primary effusion lymphoma,
and multicentric Castleman’s disease, as well as an oncogenic virus of monkeys
Sarcoidosis Multisystem disease that is characterized by the presence of non-
caseous granulomas in a number of organs, including the lungs, lymph nodes,
and skin

Telomerase Enzyme that allows cells to escape the normal capping of cell
growth
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Vascular endothelial growth factor (VEGF) Molecule that encourages
formation of new blood vessels by stimulating growth of endothelial cells that

line the vessels

v-FLICE inhibitory protein (VFLIP) HHV-8 protein that allows virally-
infected cells to escape apoptosis induced by host NK cells by preventing forma-

tion of the apoptotic caspase-8 enzyme

Viral G protein-coupled receptor (VGPCR) Homologue of the human
IL-8 chemokine receptor that functions as a viral oncogene and transforms

endothelial cells and fibroblasts into cancerous cells

Review Questions

L.

What are the five types of Kaposi’s sarcoma? What groups of people are
affected by each?

. What are the characteristics of primary effusion lymphoma (PEL)? What is

the prognosis for this disease?

Which cells and body fluids may contain human herpesvirus 8 (HHV-8)?
Which herpesviruses of humans and nonhuman primates are similar to
HHV-8? With which diseases are they associated?

. What are some of the anticancer drugs used to treat KS? What are other

approaches used to remove skin lesions?

Topics for Further Discussion

l.

Some antiviral drugs are able to kill the lytic forms of viruses like HHV-8
but not the latent form because they target the viral polymerase, which is
expressed only during lytic infection. Suggest how drugs might be formulated
to kill latent viruses and not host cells.

. HHV-8 infection has been linked to several vascular skin cancers or cancers

of B lymphocytes. Could HHV-8 have as yet undetermined links to other
cancers? Research other skin malignancies and B cell cancers that occur
in humans, especially those populations known to be infected with HHV-8
(elderly men of Mediterranean or southern European ancestry, immunosup-
pressed persons, persons from East Africa, gay men).

. Speculate as to why indigenous populations of various, widely separated areas

of the world have an unusually high rate of infection with HHV-8. These
groups include Amerindians, residents of parts of Africa, the Uygur people in
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northwestern China, and the indigenous population of New Guinea. Discuss
why KS has not been detected at a high rate in these populations.

4. Some anticancer drugs have been shown to be effective for the treatment of
KS and PEL. These cancers often relapse over time, perhaps due to contin-
ued activity of HHV-8. Discuss whether combination therapy using antiviral
drugs plus anticancer drugs may be beneficial. What is a potential problem
with this approach?
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CHAPTER 18

LEARNING OBJECTIVES

e Define hepatic and extrahepatic diseases resulting from infec-
tion with hepatitis C virus

Describe the flavivirus responsible for causing these illnesses

Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

Discuss potential methods of treatment

Discuss methods of prevention
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Major Concepts

Diseases

Infection with hepatitis C virus (HCV) is very common throughout the world,
involving 3% of humans, especially those from the western Pacific, Southeast
Asia, and Africa. Chronic infection may result in hepatic or extrahepatic disease
manifestations. The hepatic diseases are primarily cirrhosis of the liver and hepa-
tocellular carcinoma. Liver damage may be intensified by alcohol consumption.
Extrahepatic diseases include essential mixed cryoglobulinemia (a noncancer-
ous lymphoproliferative disease of B cells), porphyria cutanea tarda (abnormal
sensitivity to sun exposure and liver damage due to excessive iron deposition in
the liver), Sjogren’s syndrome (an autoimmune syndrome in which production
of tears and saliva are decreased), lichen planus (an autoimmune disease with
chronic dermal or intraorbital keratinization), rheumatoid arthritis (an autoim-
mune disease in which synovial tissues are damaged), several malignancies, and
renal and myocardial impairments. Most persons infected by the virus, however,
remain asymptomatic.

Infection

Hepatitis C virus is a flavivirus, a small, enveloped, single-stranded RNA virus
that infects primarily liver cells but may also grow in lymphocytes and mono-
cytes. Several genotypes exist that respond differently to treatment. HCV has a
very high mutation rate due to the error-prone nature of its RNA polymerase.
Rapid mutations allow the virus to escape killing by CD8" T killer cells.

Transmission and Populations at Risk

HCV infection usually mvolves intravenous (IV) drug use, blood transfusion,
organ donation, or mother-to-child transmission. The virus survives for long
periods of time outside of the body, even on surfaces in a dried condition. Some
groups of people have higher rates of infection or develop more severe disease
manifestations. These groups include persons of African descent, Hispanics,
Asians, older persons, the obese, and alcoholics. Coinfection with HIV also
increases disease severity. The reasons for these differential effects are complex
and involve socioeconomic factors as well as genetic differences in enzymatic
activity and susceptibility to other diseases.
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Immune Response

CD8" T killer cells and NK cells are the most important components of the
immune response to HCV. The virus’s high mutation rate allows it to escape
killing by T killer cells, which recognize very specific amino acid sequences on
their targets. HCV down-regulates expression of stimulatory receptors on NK
cells while increasing expression of inhibitory receptors on both NK cells and
T killer cells, thus decreasing the cytotoxic activity of both immune cell types. Treg
activity 1s increased in persons infected with HCV. These cells produce TGF-
that blocks activation of other T lymphocytes and inhibit production of the
antiviral agent IFN-y.

Protection

To prevent infection, IV drug use should be avoided, or the injecting supplies
should be decontaminated. Health care workers should carefully follow the
universal precautions guidelines and disinfect work surfaces and biohazard spills
promptly. If infection were to occur, alcohol consumption should be halted.
Patients require plenty of rest and may consider receiving a hepatitis A vaccine
to decrease further liver damage. The most commonly used treatment regimen is
combination therapy with IFN-a and the antiviral agent ribaviran. This regimen
1s associated with several side effects, some which are severe.

Introduction

The number of new infections with hepatitis C virus (HCV) in the United
States has been decreasing. In the 1980s, 240,000 new infections occurred per
year; by 2004, this number had fallen to 26,000. Most HCV infections result
from illegal IV drug use. Of the 4.1 million Americans affected by HCV (1.6%
of population), 3.2 million have chronic infection.

HCV is the second most common chronic viral infection in world, affecting
approximately 3% of the world’s population (180 million people). The areas of
the world that are hardest hit are the western Pacific region, Southeast Asia,
and Africa. In the United States, infection rates vary from 1% to 2%, while in
parts of the developing world, prevalence may reach as high as 7%. This virus
contributes to more than 100,000 deaths per year either directly or in connection
with alcohol abuse or coinfection with HIV or hepatitis B virus. The number of
HCV-related deaths is projected to triple between 2008 and 2020 in the United
States. It is estimated that over half of the individuals infected with HCV are
not aware of their condition and contribute to the spread of the disease.
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In addition to HCV, several other types of hepatitis viruses have been
found—A, B, D, and E. Type A is transmitted by being in close contact with
infected persons or by contaminated food. This infection is often resolved within
six months. Type B is most commonly spread via blood but also via semen or
from mother to child. As with HCV] there is an increased risk of liver disease
and hepatocellular carcinoma. Effective vaccines have been developed for both
type A and type B hepatitis viruses. Hepatitis D virus i3 able to survive and
reproduce only in cells that are coinfected with hepatitis B virus. Approximately
5% of individuals with type B virus also are infected with type D. Hepatitis E
virus is most often contracted by consuming contaminated food or water. This virus
does not cause chronic infection. Type E infection is rare in the United States
and more common in South Asia and North Africa.

History

Initially, HCV was named “non-A, non-B” hepatitis and was seen in IV drug
users and recipients of blood transfusions in the 1970s. The virus was described
by two research groups in the Lancet in 1984. Five years later, the Chiron bio-
tech corporation cloned HCV RNA. A test was developed to screen the blood
supply in 1990, and an improved test was introduced in 1992, vastly increasing
the safety of blood transfusion. The current test detects 95% to 99% of positive
blood samples. It is not as widely available in the developing world, where the
risk of iatrogenic infection is higher.

Several famous Americans have contracted HCV. This virus curtailed the
career of country singer Naomi Judd, who was infected by a needle prick while
she was a nurse. Actress Pamela Anderson was infected via a tattoo needle.
Motorcycle daredevil Evel Knievel acquired hepatitis C, most likely through a
blood transfusion following an accidental spill. He received a liver transplant
to replace his damaged organ. Newsman Irank Reynolds and actor-singer Jim
Nabors also contracted this disease. Baseball great Mickey Mantle is believed
to have been a victim of the unfortunate combination of HCV infection and
cirrhosis of the liver induced by excessive alcohol consumption.

The Diseases

Tor approximately 60% to 85% of persons infected with HCV, infection will
become chronic. The long-term nature of this illness is due to the rapid rate at
which the virus mutates, allowing continual evasion of antibodies directed against
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its components. Spontaneous resolution occurs in 0.5% to 0.7% of those with
chronic disease; death from hepatic or extrahepatic damage occurs in 1% to 5%.

The majority of individuals infected with HCV (80%) are asymptomatic.
For the remaining 20%, symptoms include jaundice, fatigue, dark urine, pain
in the right abdominal quadrant, loss of appetite, nausea, vomiting, low-grade
fever, pale or clay-colored stools, generalized itching, ascites (fluid in abdominal
cavity), and dilated veins in the esophagus. The diseases associated with this
viral infection may be broken down into hepatic diseases (involving the liver)
and extrahepatic diseases (involving other areas of the body).

Hepatic Diseases

Chronic liver diseases affect 70% to 80% of symptomatic persons. Due to the
large number of people affected and the severity of the hepatic damage, HCV
infection is the leading cause of liver transplantation in the United States.

FIGURE 18.1 Primary causes of chronic liver disease
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Note: Based on data for Jefferson County, Alabama.
Source: CDC/NCID.
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FIGURE 18.2 Cirrhosis of the liver

Source: CDC/Edwin P. Ewing Jr.

Following transplantation, however, HCV may infect the new liver and damage it
as well. This has led some researchers to examine the possibility of using baboon
livers instead of human livers for the transplants. Such xenotransplants (trans-
plants using organs from other species) are almost always rapidly rejected, even
when strong immunosuppressive drugs are administered.

Many people with hepatic manifestations (20% to 30%) develop cirrhosis
of the liver (irreversible liver scarring) after 20 to 30 years. Alcohol consump-
tion increases the risk of developing this condition and should be avoided.
Symptoms of cirrhosis include jaundice, weakness, weight loss, nausea and
vomiting, swelling of the legs, bleeding hemorrhoids, the development of small
spiderlike blood vessels in the skin, and impotence and loss of interest in sex.
The damage to the liver cannot be repaired, nor can its functioning be restored.
Liver transplantation may be recommended in life-threatening cases.

Hepatocellular carcinoma, a form of liver cancer, occurs in 1% to 5%
of chronically infected individuals. It is responsible for 80% to 90% of all liver
cancers and is seen more commonly in men than in women. The disease typi-
cally affects persons in their fifties and is present in Africa and Asia to a greater
extent than other areas of the world. If this form of cancer is detected early,
small or slow-growing tumors may be successfully treated by aggressive surgery
or liver transplantation. Early diagnosis is, however, unusual. Chemotherapy and
radiation treatments are not usually curative but may shrink large tumors prior
to surgery. Sorafenib toslate may inhibit tumor growth.
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Extrahepatic Diseases

Areas other than the liver may also be adversely affected by HCV. Chronic
HCV infection has been linked to insulin resistance and can lead to type 2 dia-
betes. The development of insulin resistance is associated with a rapid progres-
sion to fibrosis and cirrhosis, resulting in hepatocellular fibrosis or liver failure.
Individuals with insulin resistance often respond poorly to antiviral therapy.

Some of the pathology of the extrahepatic diseases results from inappropri-
ately stimulated immune responses and involves excessive growth of lymphocytes
or excessive lymphocyte activation. Essential mixed cryoglobulinemia
(EMC) is one such extrahepatic disease associated with HCV infection. This
condition is a noncancerous lymphoproliferative disease characterized by abnor-
mally high levels of B cell growth that may be associated with decreased apop-
tosis resulting from a rearrangement of the antiapoptotic protein bcl-2 and Ig
JH due to a t(14;18) chromosomal translocation, which leads to the constitutive
production of the former. These B cells produce unusual types of antibodies
called cryoglobins due to their tendency to precipitate out of solution at tem-
peratures below that of the human body (37°C or 98.6°F). They are of a mixed
nature in that both polyclonal IgG, monoclonal IgM, or polyclonal IgM with
rheumatoid factor activity antibodies are involved. EMC symptoms include
weakness, arthralgia, kidney disease progressing to renal insufficiency, purpura,
Raynaud’s phenomenon (extremities become whitish-blue when exposed to
cold), peripheral neuropathy, and lung and liver damage. These symptoms are
secondary to systemic vasculitis due to vascular deposition of immune complexes.
Cryoglobins may be detected in 70% of individuals with chronic HCV infection.

Another HCV-related condition is porphyria cutanea tarda, which
results from excessive iron deposits in the liver. Excess iron decreases uropor-
phyrinogen decarboxylase activity and increases urinary excretion of several
porphyrins. Symptoms of this disorder include abnormal sensitivity to sun expo-
sure and liver damage.

Various types of renal impairments are associated with HCV. These include
membranoproliferative glomerulonephritis, membranous nephropathy, mesan-
gial proliferative glomerulonephritis, Henoch-Schénlein purpura nephritis, and
tubulointerstitial nephritis. The underlying cause of these conditions may be the
formation of immune complexes of IgM k chains with rheumatoid factor activ-
ity. These impairments may occur in 2.7 % (membranous nephropathy) to 17.6%
(mesangial proliferative glomerulonephritis) of persons infected with HCV virus
and indicate a poor prognosis.

Several types of cancers are associated with infection with HCV. One of
these involves abnormal growth of infected lymphocytes, B cell non-Hodgkin’s
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lymphoma, which may be found in sites such as the salivary glands and the liver.
Splenic lymphoma, diffuse large B cell lymphoma, and monoclonal gammo-
pathies of uncertain significance are other associated lymphoproliferative disor-
ders. Other malignancies linked with HCV infection include oral and thyroid
cancers and cervical squamous cell carcinoma.

Myocardial impairments may also result from HCV infection. The heart
damage may result from an immune response to HCV, whose RNA has been
detected in cardiac muscle tissue.

HCYV infection has been linked to several autoimmune and inflammatory
diseases. In one of these, Sjogren’s syndrome, production of tears and saliva
1s decreased due to exocrine lymphocytic infiltration. This leads to dryness of
the eyes and mouth and sometimes connective tissue damage. HCV RNA may
be found in salivary glands. Lichen planus, characterized by chronic dermal
or intraorbital keratinization, has been linked to HCV and virus-specific T cell
responses. Early treatment is recommended, as lichen planus is a precancerous
condition.

Development of type 2 diabetes, with its associated insulin resistance and
msulin secretory deficiency, correlates with HCV infection. The cytokine TNF-a,
found in conjunction with hepatic inflammation and fibrillation, increases glu-
cose uptake by tissues and may induce insulin resistance by promoting gluco-
neogenesis. HCV infection is also associated with development of autoimmune

FIGURE 18.3 Lichen planus

Source: CDC/Richard S. Hibbets.
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thyroid disease (hypothyroidism, characterized by lower levels of free thyroxin
and triiodothyronine, decreased metabolism, fatigue, and weight gain), idio-
pathic interstitial pneumonitis, and rheumatoid arthritis (autoimmune dam-
age to synovial tissues lubricating the joints).

The Causative Agent

Hepatitis is an infection caused by several distinct groups of viruses. Hepatitis
C virus (HCV) is a flavivirus. It is a small (50-nanometer), enveloped, single-
stranded positive-sense RINA virus. This virus may be divided into six genotypes,
more than 50 subtypes, and quasispecies, varying in representation in different
areas of the world. Type la is most common in North America, type 1b in
Europe, and types 4 and 5 are restricted to Africa. Correct typing of the viral
population infecting an individual is important for treatment purposes because

FIGURE 18.4 Electron micrograph of hepatitis viruses

Source: CDC/E. H. Cook Jr.
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genotypes 1 and 4 are not as responsive to IFIN therapy as the other genotypes.
The existence of quasispecies increases the difficulty of isolating a purified
viral strain for study and reduces the effectiveness of the immune response.
Furthermore, an individual is not protected against reinfection and hence may
harbor several genotypes.

HCYV replicates quickly; approximately 1 trillion viruses are produced per
day. Similar to HIV, this virus has a very high mutation rate. This results in part
from both viruses’ use of RNA as their genomic material. Viral RNA polymerases
do not proofread and correct mistakes produced during reproduction, as occurs
in human cells. Thus any errors in the production of the viral genome remain
and are passed on to viral progeny. Because the adaptive immune response is
extremely specific, the change of a single amino acid may cause antibodies or T
cell receptors to lose their ability to recognize and respond to the virus.

In humans, HCV inhabits and replicates primarily in liver cells but may
also grow in lymphocytes and monocytes. It binds to CD81, scavenger receptor
class B1, low-density lipoprotein receptor, glycosaminoglycans, and claudin-1 on
human cell membranes and uses these host proteins to gain access to its target
cells. The RNA genome has one open reading frame of 9.6 kilobases flanked
by 5' and 3" untranslated regions. Once inside liver cells, a 3011 amino acid
polyprotein is translated and cleaved by proteases into ten functional proteins.
The structural proteins are C (nucleocapsid) and El and E2 (envelope glyco-
proteins), and the nonstructural proteins are NS1, NS2 (transmembrane), NS3
(serine protease), NS4A (protease cofactor), NS4B, NS5A (IFN-resisting protein),
and NS5B (RNA-dependent RNA polymerase). NS5B synthesizes a negative-
strand RINA to act as a template for positive-strand viral genomic RNA. El
and NS3 proteins down-regulate the immune system by inducing dendritic cells
to decrease secretion of the Thl cell activator IL-12 and increase that of the
immunosuppressive 1L-10.

HCV has a very narrow host range: the only good animal model is the chim-
panzee. This primate is difficult to use in studies of viral pathogenesis because
it reproduces slowly and is an endangered species. Among humans, variation in
infection rate and disease severity is common; this variation appears to be due
to combined biological and socioeconomic differences. Men and obese patients
tend not to respond well to IFN therapy. Racial differences also exist. HCGV
affects older African Americans (over 40 years of age) at twice the level of white
Americans, despite a lower lifetime incidence of IV drug use. This could be
due to increased likelihood of developing chronic infection (95% versus 33% in
whites). This group is less likely to have a sustained virological response follow-
ing treatment and is less likely to receive a liver transplant; among individuals
who do receive a transplant, graft survival is lower than in whites even after
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adjustment for socioeconomic status. This may reflect a higher incidence of
diabetes mellitus among African Americans and the fact that African American
transplant recipients often have more advanced disease. HCV prevalence rate
among Hispanics 1s also high, and disease course more aggressive, with a higher
rate of cirrhosis than in any other ethnic group. The variation in severity of
liver damage may be partly due to inherent differences in liver enzyme levels,
as African Americans and Hispanics normally have higher levels. Alcohol con-
sumption widens the racial gaps in these enzyme levels. Rates of progression to
hepatocellular carcinoma are higher in African Africans, Hispanics, and Asians.
Societal factors also play a role, for the former two groups are less likely to be
referred to specialists for treatment.

HCYV may be acquired by humans through transfusion with infected blood
or by organ transplantation. The risk of infection via the blood supply in the
United States is quite low (less than 1 per 2 million units). Individuals undergo-
ing long-term kidney dialysis are at higher risk, as are health care workers who
have contact with blood samples. Approximately 2% of health workers who are
stuck with a needle contaminated with HCV become infected. Children born
to infected mothers have a 4% rate of infection, which increases to 19% if the
mother is coinfected with HIV. Breast-feeding is not believed to be a risk factor
unless the nipples are cracked or bleeding. Persons involved in IV drug use are
at much greater risk of infection than the general population. HCV may rarely
be transmitted sexually or through use of contaminated razors or toothbrushes.
It is not transmitted by mosquitoes or other blood-sucking insects. Similarly,
HCYV is not spread via food or water, sharing drinking glasses or utensils with
an infected individual, sneezing, hugging, or casual contact. Accordingly, there
1s no need to isolate infected persons from others at work, school, or in day
care centers.

HCV is able to survive outside the body or cells for at least 16 hours and as
long as four days, even in dried blood. This period of infectivity is much longer
than that of HIV. People working with human blood must therefore take great
care to thoroughly disinfect blood spills or any materials or surfaces that may
have becoming contaminated.

The Immune Response

To establish a chronic state of infection, a microbe needs to evade the host’s
immune response. CD8" T killer cells play a vital role in containing viral
infections, including HCV. These cells recognize and are stimulated by a small
specific region of a viral protein. One manner in which viruses escape T killer
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cell activity is by altering the amino acid sequences of their proteins. HCV has
a high mutation rate (1.5-2.0 mutations for each thousand viral replications for
each RNA base in the genome per year: HCV RNA contains over 9,000 bases).
A recent study demonstrated that mutations associated with escaping T killer cell
activity were found at a greater frequency in the early, acute stage of infection
and that the mutation rate in nonenvelope proteins decreased during the course
of infection. Interestingly, many reversion-type mutations (mutations that restore
the RINA to its original form) were also found to occur, perhaps to increase fitness
of the viral population in the face of dysfunctional T cells.

RECENT DEVELOPMENTS

Effective vaccines are now widely available for protection against hepatitis A and
B but not C. Production of a protective vaccine against HCV has the potential
to greatly improve the health of large numbers of people throughout the world.
Antibodies do not appear to be the most critical component of protective immu-
nity against HCV; however, an early vaccine approach attempted to induce neu-
tralizing antibodies using recombinant HCV envelope glycoproteins E1 and E2.
This approach provided only short-term protection and did not protect against
high-dose viral challenge or challenge with other viral genotypes. It did, however,
reduce the risk of developing chronic infection. CD8" T killer cells are an important
part of host immunity to viral infections. Vaccine attempts have incorporated HCV
genes into plasmids or viral vectors, such as adenovirus or vaccinia virus, in order
to stimulate these cells. One such vaccinia virus—based vaccine induced produc-
tion of IFN-y in chimpanzees and effectively stimulated resolution of infection
following challenge with a combination of viral genotypes. In HCV infection, T
killer cells work together with CD4" T helper cells to prevent the development
of chronic disease. The absence of T helper cells tends to promote production of
viral escape mutants. Vaccine strategies thus need to stimulate T killer and T helper
cells in order to be protective. Strong responses from both of these cell types were
induced by a vaccine regimen consisting of priming with nonstructural proteins 3,
4, and 5 given in combination with phospholipid-cholesterol particles containing
purified saponins to stimulate Th1-like responses together with CpG oligonucle-
otides (double-stranded RNA intermediate) to stimulate innate immunity, such
as IFN-a production, followed by boosting with chimeric, defective alphaviral
particles (Sindbis and Venezuelan equine encephalitis viruses) encoding E1 and
E2. This approach also stimulated production of neutralizing antibodies reactive
with several genotypes.




weparims ¢ (CCINN

NK cell functions are also reduced during HCV infection. Persons with
chronic hepatitis C, but not those who had cleared the infection, had a lower
percentage of NK cells expressing the stimulatory receptors NKp46 and NKp30.
Expression of the natural cytotoxicity receptor (NCR) was reduced as well, paral-
leled by decreased NCR-mediated target cell killing. The numbers of NK cells
and CD8" T killer cells expressing the inhibitory NKG2A receptor increased.
These factors combine to decrease antiviral cytotoxic activity of NK cells and
T killer cells.

Treg cells may also protect HCV from the immune response because they
function to suppress responses of many immune system cells, including CD4" T
helper cells, CD8" T killer cells, B cells, NK cells, and dendritic cells. Frequencies
of Treg in the circulation are higher in people with chronic HCV infection
than in those who resolved infection. Treg suppresses growth and production of
the antiviral cytokine IFN-y by HCV-specific T helper and T killer cells, pos-
sibly disabling the functioning of the immune cells best suited to eliminate the
virus. The Treg product TGF-f3 is expressed by hepatocytes of all persons with
chronic HCV infection. Removal of this cytokine returns IFN-vy levels to normal.
Expression of the COX-2 enzyme, which produces leukotrienes and prostaglan-
dins, is increased in persons with chronic infection and is especially high in those
with cirrhosis or hepatocellular carcinoma. Prostaglandins are proinflammatory,
and COX-2 plays a role in the early stages of carcinogenesis in the liver.

Diagnosis

There are two general means of diagnosing an infection with HCV. The first
of these assays detects the immune response to the virus by testing for the pres-
ence of anti-HCV antibodies by EIA or CIA, with confirmation by recombinant
immunoblot assay (RIBA). These antibodies are detectable in 70% of infected
persons at the time when symptoms appear, but the results do not differentiate
between acute, chronic, and past infections. Both false positive and false negative
tests may occur. The second type of tests searches for the presence of the virus
itself by detecting viral RNA by polymerase chain reaction (PCR). A person is
deemed to be infected on the basis of one positive PCR test result. One negative
test, however, does not rule out the possibility of infection, and the result needs
to be confirmed by repeating the test. Viral RNA is detectable within one to two
weeks following infection.

Diagnostic testing is recommended for all people who ever used illegal
IV drugs, received clotting factors before 1987, or had a blood transfusion or
organ transplant before 1992; long-term dialysis patients; anyone having signs
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of liver disease; health care workers following a needle stick or splash to the eye
by infected blood; and children of HCV-positive women. If a person is found
to be infected, often levels of alanine aminotransferase (ALT) liver enzyme are
next determined. Elevated levels of this enzyme occur in 30% of the chronically
infected and may indicate liver inflammation or even chronic liver disease. It is
possible to have chronic disease without elevated ALT levels, so if the levels are
normal, they need to be rechecked several times within 6 to 12 months. A posi-
tive test result for either hepatitis B or hepatitis C prohibits the individual from
ever donating blood again.

Treatment

There is currently no cure for HCV infection; however, two medications are used
therapeutically. Pegylated IFN-a-2a, a longer-lasting form of a cytokine pro-
duced by the immune system to block viral replication, may be used alone if a
person cannot tolerate the other drug, ribavirin. Side effects of this monotherapy
include flulike symptoms and tiredness, hair loss, low blood count, difficulty in
thinking, and depression. More severe problems occur in fewer than 2% of
people, including decreased production of white blood cells and platelets by the
bone marrow, thyroid disease, suicidal ideation, seizures, cardiac or renal failure,
hearing loss, infection of the blood, and the potential to severely worsen the liver
disease. Dosages of this drug eventually need to be reduced in 40% of treated
individuals due to these side effects, and 15% of patients must stop taking IFINN
completely. This treatment is not approved for use in pregnant women.
Combination therapy with IFN and ribavirin may be quite effective. In this
regimen, IFN-a is used in conjunction with the antiviral compound ribavirin to

FIGURE 18.5 The chemical structure of ribavirin
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produce a sustained response in 40% to 80% of patients treated. Response rates
of up to 50% may be seen in individuals infected with genotype 1, and rates may
be as high as 80% in those with genotype 2 or 3. Side effects of combination
therapy, in addition to those listed, are severe anemia and possible kidney failure.
The side effects are generally more problematic if the person has heart or blood
vessel disease. Ribavirin may also cause birth defects.

Some newer anti-HCV drugs inhibit the RNA polymerase, including
nucleoside-based and non-nucleoside-based RINA replicase inhibitors (NRRIs
and NNRRISs, respectively). The former category includes valopicitabine and
2'-methyl- or 4'-fluoro-substituted nucleosides, which interact with the enzyme’s
catalytic site. The latter group interacts with a number of sites and includes struc-
turally different compounds, among them indole-N-acetamine, phenylanlanine,
thiophene, and benzofuran derivatives. Other drugs target the serine protease
(NS3/4A). These include ciluprevir, telaprevir, boceprevir, and SCH446211.
Telaprevir may reduce viral RNA levels by as much as 10,000-fold in cell cul-
tures, and the addition of IFN inhibited the emergence of resistance mutations.
Ciluprevir-resistant mutants remained susceptible to telaprevir as well. Another
drug target is cyclophilin B, a stimulatory regulator of the viral RNA polymerase.
This stimulation is decreased by cyclosporine A and by its nonimmunosuppres-
sant derivative, Debio-025.

Prevention

The best strategy to prevent or reduce the risk of infection is to avoid high-risk
situations. This is particularly true for users of IV drugs. If unable to curtail this
activity, care must be taken to use injecting supplies (including water and spoons)
that are not contaminated. Health care workers are also at substantial risk and
need to carefully follow the universal precaution guidelines when working with
blood or patient samples. This includes the wearing of gloves, proper disposal
of patient samples and contaminated materials, and proper handling of needles
and other sharps, being sure to not recap needles. Surfaces should be cleaned
thoroughly after use, and biohazard spills must be disinfected promptly, prefer-
ably with a 10% bleach solution. This is vital to the safety of anyone using the
work area because HCV remains viable on surfaces for some time, even after
the blood or tissue sample has dried.

Tor people who are infected, in order to prevent liver damage, it is very
important to stop drinking alcohol and not to start using any new prescription
medicines, herbal treatments, vitamins, or over-the-counter medication with-
out first consulting a physician. Regular doctor appointments are important to
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FIGURE 18.6 Disposing of blood-contaminated material

Source: CDC.

monitor disease progression. Patients should get plenty of rest and should con-
sider receiving a hepatitis A vaccine so as to reduce the chances of additional
liver damage.

Surveillance

In many parts of the world, the majority of cases of HCV infection are linked
to IV drug use. Besides reuse of syringes or needles, other paraphernalia used in
drug injection may be contaminated and should be considered during interven-
tion. Surveillance in this demographic group may be challenging but is important
in the identification of transmission practices that pose the greatest risk to aid in
local and nationwide prevention programs. There now exists a valid testing
mstrument with standardized content and construct to measure risk practices
associated with injection, sexual contact, and skin penetration. The Blood Borne
Virus Transmission Risk Assessment Questionnaire has been translated into eight lan-
guages by the World Health Organization and examines hepatitis B virus, HCV,
and HIV risk factors.

HCYV infection has been a nationally notifiable disease in the United States
since 2003. The Centers for Disease Control and Prevention is sponsoring
enhanced surveillance in eight areas, including New York State. This pro-
gram is particularly concerned with identifying recent infections by prioritizing
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follow-up studies with infected individuals under the age of 30 years. For
example, as part of this program, a group of infected individuals was identified
who were IV drug users and attended the same high school. This method may
allow agencies to detect outbreaks and clusters, allowing preventive measures
to be instituted.

Summary

Diseases

e Cirrhosis of the liver ¢ Hepatocellular carcinoma < Essential mixed
cryoglobulinemia ¢ Porphyria cutanea tarda ¢ Renal impairment

* Lymphoproliferative disorders * Cardiomyopathy ¢ Autoimmune
and inflammatory diseases

Causative Agent

* Hepatitis C virus

Agent Type

¢ Flavivirus

Genome

» Single-stranded positive-sense RNA virus

Vector

¢ None

Common Reservoir

¢ None

Modes of Transmission
e IV drug use, blood transfusion, organ transplantation, mother-to-child

* Rarely, transmitted sexually or via contaminated razors or toothbrushes

Geographical Distribution
*  Worldwide

Year of Emergence
e 1970s
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Key Terms

Cirrhosis of the liver Scarring of the liver

Essential mixed cryoglobulinemia (EMC) Noncancerous lymphoprolif-
erative disease characterized by abnormally high levels of B cells; associated with
infection with hepatitis C virus

Flavivirus Small, enveloped, single-stranded positive-sense RNA virus group
to which the hepatitis C virus belongs

Hepatitis C virus (HCV) Flavivirus responsible for hepatitis C disease

Hepatocellular carcinoma Iorm of liver cancer associated with infection
with hepatitis C virus

Lichen planus Autoimmune disease characterized by chronic dermal or
intraorbital keratinization

“Non-A, non-B” hepatitis Former name of hepatitis C

Porphyria cutanea tarda Abnormal sensitivity to sun exposure and liver
damage due to excessive iron deposition in the liver

Raynaud’s phenomenon Extremities become whitish-blue when exposed to
cold

Rheumatoid arthritis Autoimmune condition leading to damage to the
synovial tissues that lubricate joints

Sjogren’s syndrome Autoimmune syndrome characterized by decreased pro-
duction of tears and saliva

Xenotransplants Transplants using organs from other species

Review Questions

1. What are the names and routes of transmission of the agents responsible for
viral hepatitis?

2. What types of liver damage are induced by HCV? Describe several of
the extrahepatic conditions associated with chronic HCV infection.

3. What cells are infected by HCV? What receptors does it use to bind to these cells?

4. What preventive measures might be used to reduce the risk of infection by HCV?

5. What are the most common methods being currently used to treat HCV
infection, and how does viral genotype affect treatment?
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Topics for Further Discussion

1. What are the similarities between the life cycles of HCV and HIV? What
impact might these similarities have in the associated diseases and in potential
therapeutic agents?

2. HCV is one of a number of diseases found at high frequency in individuals
who use IV drugs. How might public health agencies effectively reduce the
incidence of these types of infections without encouraging illegal drug use?

3. Severity of HCV-associated illness differs among genders and racial groups.
Some of the underlying reasons for these differences are biological, and oth-
ers are socioeconomic. How might the scientific and medical community and
health agencies address these differences?

4. Currently, no vaccine is available to prevent infection by HCV. Explore the
effects of HCV on the medical community in terms of numbers of infected
health care workers as well as numbers of fatal infections in developed and
developing nations. Discuss the potential effects of a protective vaccine.
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CHAPTER 19

EPIDEMIC AND PANDEMIC
INFLUENZA

LEARNING OBJECTIVES

Define and contrast the various influenza pandemics that have
occurred

Describe the orthomyxovirus responsible for causing the flu
Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

Discuss potential methods of treatment

Discuss methods of prevention
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Major Concepts

Outbreaks

Influenza infections typically occur as sporadic cases, local outbreaks, and sea-
sonal epidemics resulting from antigenic drift. Pandemics arise by antigenic
shift and are rare but typically much more pathogenic. Four human influenza
pandemics have occurred since 1900. Several regions of the world have recently
experienced sporadic outbreaks of HONI1 avian influenza in humans. H5N1
infection 1s associated with a high mortality rate, especially in Southeast Asia.
Almost all of the human infections resulted from contact with ill or dead birds
or contaminated material from them. Due to differences between the cellular
binding sites of human and avian influenza viruses, avian influenza viruses are
very rarely able to be transmitted between humans. Beginning in 2009, a new
strain of HINT virus spread rapidly throughout the world. This virus contained
genetic information from influenza viruses of swine, birds, and humans and
generated great concern that it would result in death rates similar to those experi-
enced in the devastating 1918 pandemic. Fortunately, this did not occur, and the
2009-2010 HIN1 pandemic resulted in a fatality rate slightly lower than that of
a typical year. The massive mobilization of health care resources and enormous
associated expenses may nevertheless serve to alert the medical profession and
the public to the necessary actions that must be taken when a true public health
emergency does occur.

Symptoms

Influenza is usually self-limiting, with rapid and complete recovery from uncom-
plicated infections. Serious or fatal complications may occur in some populations,
including secondary bacterial pneumonia, Reye syndrome, encephalitis, and
myocarditis. Persons at high risk include the elderly, individuals with chronic
health problems, and the immunosuppressed.

Prevention

Vaccinations are recommended for at-risk populations as well as young children,
health care workers, residents of long-term care facilities, and pregnant women.
Rapid mutation by influenza viruses allows them to escape immune responses
against strains to which an individual was previously exposed via infection or
vaccination. Annual immunization is therefore recommended to defend against
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newly arising viral variants. Other means of preventing infection include per-
sonal hygienic practices.

Infection

Influenza is caused by single-stranded RNA viruses of the Orthomyxoviridae fam-
ily. They are divided into three general types: A, B, and C. A and B types are
responsible for human epidemics and cause more severe disease symptoms than
type C. Type A viruses also infect animals other than humans, including pigs and
birds, and are solely responsible for pandemics. They are divided into subgroups
based on differential expression of the hemagglutinin and neuraminidase surface
glycoproteins.

Protection

Treatment for influenza often entails bed rest, aspirin, and supportive care.
Several types of antiviral compounds may also be used. Adamantanes may
have neurological side effects, and the avian H5NI strains have developed
resistance to them. Most HON1 isolates retain susceptibility to neuraminidase
inhibitors, and these drugs are becoming more widely available.

Introduction

Influenza viruses infect the respiratory tract, causing the familiar symptoms
of fever, cough, sore throat, muscle aches, and general malaise. While most
individuals usually recover in a week or two, some 20,000 to 40,000 deaths
occurred in each of 11 recent epidemics in the United States alone, making this
illness a very important public health care concern. Infection rates are highest
among school-aged children; however, the elderly and individuals with chronic
health problems (including cardiac, pulmonary, renal, and metabolic diseases,
and anemia) and immunosuppressed individuals are particularly susceptible to
severe disease manifestations and death. The most dangerous forms of influenza
outbreaks are the periodic influenza pandemics. In the not-so-distant past,
these have occurred in 1889, 1918, 1957, and 1968. Since then, the H3N2 type
(the same general type prevalent in 1968) has killed 400,000 Americans, 80%
to 90% of whom were over the age of 65 years. HINI type (the general type
prevalent in 1918) reappeared in 1976 and again in 2009, both times promoting
fears of massive loss of life that, fortunately, did not materialize.
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History

Sporadic cases of influenza, localized outbreaks, and epidemics occur frequently,
and individuals with chronic illnesses or compromised immune systems are at
greatest risk. Epidemics are most frequent in the winter months in temperate
climates and in the rainy season in tropical regions. Pandemics recur infrequently,
are more pathogenic, and often strike wider segments of the population. These
require major antigenic changes in viral surface glycoproteins, the ability to sus-
tain high levels of human-to-human transmission, and pathogenicity in humans.
People residing in closed environments, such as nursing homes, mental health
facilities, and boarding schools, generally have higher rates of infection. Ten
pandemics are believed to have occurred in the past 300 years. Several of the
most recent are discussed here.

1918 “Spanish Flu” Pandemic (Type H1N1)

The “Spanish flu” pandemic of 1918 caused the largest numbers of
recorded deaths from an infectious disease in this short of a period of time. It
1s believed to have begun as a viral infection of pigs in the American Midwest.

FIGURE 19.1 Annual mortality rate during
recent influenza pandemics
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A mild form of this disease then occurred in humans in March 1918. The virus
responsible is believed to have arisen as a result of a reassortment of genomic
RNA from human and pig influenza viruses. This form of influenza struck troops
gathered in an American army base in Kansas prior to transport to Irance for
service in World War I. Due to the speed of transportation at the time and to
the state of enhanced travel due to the worldwide military conflict, the infection
was able to circle the globe within four months. By August of that year, major
outbreaks were reported in Irance, Sierra Leone, and Boston.

The loss of life was massive and was most pronounced among young adults.
Half of the soldiers who died during World War I died of influenza. In one
Alaskan village, 85% of the population died within one week. Some South Pacific
islands suffered mortality rates of 20%. More than 675,000 deaths occurred in
the United States and 20 to 50 million more throughout the world.

1957 “Asian Flu” Pandemic (Type H2N2)

This pandemic originated in central China in 1956 or 1957, migrated to Hong
Kong, and then spread to other areas of the world. It entered the United States
in June 1957 with the arrival of naval personnel at Newport, Rhode Island, or
San Diego, California. The first recognized outbreak in the country was during
a conference of high school girls in Davis, California. From there, the flu was
transported to another large conference of students from 43 states in Grinnell,

Iowa. Attendees soon spread the epidemic throughout the country. An estimated
70,000 deaths occurred in the United States.

1968 “Hong Kong Flu” Pandemic (Type H3N2)

This pandemic originated in Hong Kong in early 1968 and reached the United
States later that year. It was responsible for 34,000 deaths in the nation. Variants
of the H3N2 subtype remain in circulation.

1976 “Swine Flu” (Type HINT)

In 1974, a swine influenza virus was found in autopsied lung tissue of a young
farmer after treatment for Hodgkin’s lymphoma. In February 1976, five cases of
human infection with a swine influenza virus were found among army recruits at
Tort Dix, New Jersey. It was apparently transmitted between humans, for about
500 other people in that part of the state were also infected. This particular influ-
enza strain caused a great deal of concern because of its host species of origin
and because it was of the HINI type responsible for the massive destruction
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FIGURE 19.2 Boxes of “swine flu” vaccine, stored in connection
with the National Influenza Immunization Program

Source: CDC.

i 1918. A national movement was initiated in the United States to immunize
all Americans against this variant via the National Influenza Immunization
Program. This program began in October 1976, and 40 million people were
vaccinated before the program was halted in mid-December. The vaccine had
proved to be dangerous, and by January 1977, more than 500 cases of Guillain-
Barré syndrome had been reported, resulting in 25 vaccine-related deaths.
This syndrome is a neurological disorder, potentially resulting from an immu-
nopathological response to the vaccine. Its primary symptom is weakness, with
potential for the involvement of respiratory muscles. Most affected individuals
recover within three months. Fortunately, the feared pandemic did not occur,
confirmed cases during this outbreak being confined to New Jersey.

The Disease

Influenza is typically characterized by fever of 102°F to 104°F and chills,
sore throat, dryness of the nasopharyngeal area, cough that aggravates sub-
sternal pain, headache, retro-orbital pain, severe myalgia (muscle aches) that
may particularly affect the back and limbs, fatigue, prostration, and general
malaise. Gastrointestinal involvement, including nausea, vomiting, and diar-
rhea, is present in up to 25% of infections of schoolchildren. Due to rapid
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antigenic changes in the virus (to be discussed shortly), individuals may be
infected by slightly different influenza variants every year and hence develop
disease repeatedly. In uncomplicated cases, infection 1s usually self-limiting and
resolves completely within one week. In susceptible persons, serious complica-
tions may occur, including infection with bacteria, especially Staphylococcus aureus,
Haemophilus influenzae, Streptococcus pnewmoniae, or Streptococcus pyogenes, resulting in
pneumonia. Encephalitis, with confusion, delirtum, and coma, may occur, as
well as myocarditis.

Much of the danger arising during influenza epidemics results from their
rapidity, the prevalence of morbidity, and the severity of complications. Reye
syndrome, a serious complication affecting the central nervous system and
liver, may occur in children receiving aspirin or other salicylates. It is more com-
mon in those infected with type B influenza. During pandemics of type A influ-
enza, the viral strains may be considerably more pathogenic. In 1918, infected
persons’ lungs filled with blood and body fluids, potentially drowning the person
within two to three days. Dark areas frequently occurred on the skin as well.

The Causative Agent

Viral Types

Influenza results from infection with influenza virus of the Orthomyxoviridae family,
first 1solated in 1933. The virus particles are spherical to ovoid, 80 to 120 nano-
meters in diameter, surrounded by a lipid bilayer outer membrane obtained from
the host cell. Inside of the envelope, the inner matrix surrounds the nucleocapsid
containing single-stranded, negative-sense genomic RNA and several proteins,
including the RNA polymerase needed for replication. The genome consists of
eight single-stranded RNAs encoding ten proteins.

Viruses may be divided into three major categories—A, B, and C—based
on antigenic differences in viral nucleoproteins and matrix proteins. Types A and
B cause winter epidemics; C viruses cause only mild illness. Type A influenza
viruses cause disease in humans, pigs, birds, horses, mink, seals, and whales.
They have been responsible for all of the recorded pandemics. Bird reservoirs
are present for all known A subtypes. Type B viruses affect only humans. They
cause some of the regional epidemics but not pandemics.

Type A viral subtypes are differentiated on the basis of two surface mole-
cules, hemagglutinin (H) and neuraminidase (N). As stated earlier, the
Spanish flu, the Swine flu, and the 2009-2010 flu strains were of the HIN1
type. Several types of hemagglutinin have been reported in humans—HO, HI,
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FIGURE 19.3 H3N2 “Hong Kong flu” virus showing spikes
of hemagglutinin and neuraminidase on the surface

Source: CDC/Fred Murphy.

H2, H3, H5, and H7; H5 and H7 are less common and were derived from avian
viruses. Two types of neuraminidase commonly occur in humans—N1 and N2;
infection with N7 is rare. Influenza variants are named according to their site of
1solation, culture number, year of isolation, and, for A strains, the H and N type.
Several such variants include A/Singapore/1/57 (H2N2), A/Hong Kong/1/68
(H3N2), A/New Jersey/8/76 (HIN1), and B/Yamanashi/166/98.

Life Cycle

Influenza viruses typically enter a host by inhalation, but infection may also
occur by direct contact with infectious material, which may persist in this state
for 48 hours, especially under conditions of low humidity or cold. The viruses
primarily infect tracheobronchial epithelial cells of the upper respiratory tract
and major airways but may also infect the lower respiratory tract. This process
involves several glycoproteins on the viral surface. Trimers of the viral hemag-
glutinin bind to a sugar, sialic (M-acetylneuraminic) acid, found on glycoproteins
and glycolipids of the target cell’s surface, allowing viral entry into the cell. The
virus subsequently travels to the nucleus, where it produces new viral genomic
RNA, mRNA, and proteins. The viral progeny then buds outward from the cell
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membrane, in the process becoming coated with sialic acid, which is cleaved and
removed by neuraminidase. The new viral particles bind to and infect new host
cells to continue their life cycle.

Antigenic Variation

Influenza viruses mutate rapidly, being second only to HIV in the pace of this
activity. This allows them to change frequently the surface antigens that are the
targets of the immune system. Due to the alterations of genetic material resulting
from this process of antigenic variation, a person may be infected annually
because the adaptive immune response is extremely specific and is sensitive to very
small changes in the antigens expressed by microbes. These rapid genetic changes
are accomplished through two mechanisms: antigenic drift and antigenic shift.
Antigenic drift is a gradual, spontaneous production of point mutations (changes
in a single RNA base) over time. It is very common and produces small (less than
1%) changes in amino acid sequence of the resulting proteins. Persons generally
retain some diminished level of immunity to the new viral variants.

Antigenic shift is rare and results in large and rapid changes in either
hemagglutinin or neuraminidase. Shift may result from interspecies transmission
and genetic reassortment of the eight RNA strands of influenza viruses of
different species, frequently viruses originating from birds, pigs, and humans.
If a pig 1s infected with an influenza virus of pig and bird origin, both species
of virus may infect a single cell and exchange parts of their RNA. This occurs
only for type A influenza viruses since type B viruses do not infect animals other
than humans. Subsequent human infection with the hybrid virus may lead to
a pandemic.

Because the virus resulting from genetic reassortment is composed of pro-
teins from viruses of several species, it is very different from previously encoun-
tered influenza strains, and most people have no immunity to it. Due to the lack
of immunity, the infections may be unusually severe, resulting in a higher than
normal mortality rate. These shifts often occur rapidly and originate most often
in regions in which fowl (domestic chickens and geese) are in close contact with
pigs and humans. In some parts of Asia and Africa, all three species may be
housed in a single building. Tor this reason, pandemic strains often originate in
the Far East. The 1957 and 1968 pandemics resulted from genetic reassortment
between low-pathogenicity avian and human influenza viruses.

Another means of producing antigenic shift is the entry of an influenza
virus from another animal species directly infecting humans. This occurred in
1918 and again in 1997 and 2003-2006, leading to the human cases of avian
influenza (“bird flu”).
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Avian Influenza and Human Disease

The H5N1 avian influenza was first detected in terns in South Africa in
1961 and later became widespread in other species of domestic or wild birds,
such as ducks and other waterfowl, which served only as carriers, and chickens
and pigeons in which it caused a fatal illness. In May 1997, H5NI influenza A
was reported in a small number of humans. No cases were detected from May
to November, when 18 cases occurred in Hong Kong. The patients ranged in
age from 1 to 60 years, with half of the individuals under the age of 12. The
mortality rate was unusually high—6 of the 18 died, and mortality was higher
in adults (57%) than in children (18%). The age spread of the persons with fatal
disease was also unusual—3, 13, 25, 34, 54, and 60 years old, rather than the
elderly, who are generally most susceptible to severe influenza. The symptoms
included persistent fever above 39°C (102.2°F), malaise, myalgia, sore throat, and
cough, sometimes evolving into viral pneumonia, respiratory distress syndrome,
and multiorgan failure. This strain was sensitive to the antiviral compounds
amantadine and rimantadine, but such treatment was often associated with seri-
ous neurological side effects.

Humans were primarily infected by contact with contaminated chickens or
their feces, and human-to-human transmission was very inefficient. People did not
become infected by contact with raw or frozen meat. Due to the strong association
of human disease with infected birds, a massive program to eliminate infected or
potentially infected birds was undertaken in Hong Kong, On three days in
December 1997, a total of 1.6 million chickens, ducks, and geese were killed
in that territory; 19% of the chickens had influenza prior to the slaughter. This
effort halted the epidemic.

Another wave of avian influenza struck humans beginning in 2003. The
influenza-related deaths of domestic poultry throughout the East Asia spread
to the human communities in Cambodia, China, Hong Kong, Japan, Laos,
South Korea, Thailand, and Vietnam. A total of 143 cases of human H5N1
influenza occurred during the next three years, with 76 deaths (53% fatality rate).
As in the previous outbreak, the disease initially presented as typical influenza,
and patients often later developed pneumonia or respiratory failure requiring
intubation. Some infections resulted in cardiac or renal impairment. This epi-
demic was not associated with secondary bacterial infections or gastrointestinal
involvement.

The 2003 strain differed genetically and antigenically from that found in
1997. The viral species responsible for the human infections appeared to be
solely of avian origin, since all of the genes were from influenza viruses of
birds and not a result of genetic reassortment associated with pandemics. Few,
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if any, human cases appear to have resulted from human-to-human contact.
Avian HSNI1 viruses preferentially attach to type II pneumocytes, alveolar
macrophages, and ciliated cuboidal epithelial cells with -2,6-linked sialic acids
found in the terminal bronchioles of the human lower respiratory tract. Human
H3N2 viruses, in contrast, prefer nonciliated cells whose sialic acid residues use
-2,3 linkages. The highly pathogenic H5N1 viruses do not attach to cells of
the human upper respiratory tract, which may limit their direct spread between
humans. The poor transmissibility among humans has been a critical factor in
preventing the development of an H5NIpandemic in humans. Should this viral
strain acquire that ability, widespread human infection and death could occur.
The virus has shown no tendency to gain such a characteristic during the years
since its first infection of humans.

During the 2003 influenza outbreak, many of the cases of influenza in birds
resulted from infections of migratory birds spreading to domestic species, such
as chickens, ducks, and geese. These animals play vital roles in the lives of many
families living in developing countries, both economically and as a much needed
source of protein in the form of meat and eggs. One of the preferred means of
preventing human disease is to kill domestic fowl en masse. This is very effective
at halting epidemic disease spread, but it is a great hardship in terms of the loss
of so many animals. The new avian influenza strain is susceptible to killing by
oseltamir but resistant to amantadine and rimantadine.

In 2006, human infections with H5IN1 influenza were first detected outside of
Southeast Asia. In Turkey, four deaths were reported in children, several
of whom had used the head of a deceased ill chicken as a soccer ball. A total of
12 cases were eventually found in that country. Outside of Southeast Asia, 32
other cases and 17 deaths (53% mortality rate) occurred in 2006 in Azerbaijan,
Djibouti, Egypt, and Iraq. Within Southeast Asia in 2006, 73 cases and 58 deaths
(79%) occurred. From 2007 until January 24, 2008, 27 cases and 11 deaths (41%)
were found in Egypt, Nigeria, and Pakistan and 63 cases and 53 deaths (84%) in
Southeast Asia. From 2003 to 2008, the majority of infections and deaths have
occurred in Southeast Asia, in the countries of Cambodia, China, Indonesia,
Laos, Myanmar, Thailand, and Vietnam. Overall mortality rates are highest in
this region as well. In the avian influenza epidemic, a total of 387 confirmed
human cases and 245 deaths (63%) occurred throughout the world, restricted
to portions of Eurasia, the Middle East, and Africa, as of September 2008.
The two countries most affected were Indonesia (137 cases, 112 deaths) and
Vietnam (106 cases, 53 deaths). Members of the feline family, including zoo ani-
mals and domestic cats, have also died of avian influenza. Some of these animals
were infected by consuming infected poultry, but intraspecies transmission has
occurred among tigers. Infections in pigs are asymptomatic.
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Other highly pathogenic strains of avian influenza have infected humans and
some have resulted in illness. In the Netherlands in 2003, H7N7 viruses infected
poultry, which shed viruses in their saliva, nasal secretions, and feces. Pigs and later
humans became infected. Eighty-nine people became ill, 79 with conjunctivitis and
6 with flulike illnesses; a veterinarian died. Three of the cases of human infections
may have resulted from poultry workers transmitting disease to family members. In
2004, two mdividuals in Canada developed a mild illness associated with infection
by an avian H7IN3 variant after having close contact with infected birds. In January
2008, 77 human infections with H5N2 avian influenza occurred among poultry
workers in Japan. None of those infected developed any symptoms of disease.

The Immune Response

Following infection with influenza viruses, the host rapidly mounts a humoral
immune response, producing antibodies recognizing viral hemagglutinin, parti-
cularly the areas surrounding the sialic acid-binding cleft. These antibodies
provide protection by blocking viral binding to its target cells and subsequent
cell entry. Antibody titers peak within several days of infection and decline over
the following six months. Antibodies are not essential for protection, because
individuals lacking them still recover from infection. Their major role may be in
preventing reinfection with the same viral strain. Cell-mediated immunity may
also be protective due to the action of CD8" cytotoxic T cells.

The adoptive immune response is highly specific, meaning that the emer-
gence of new viral variants by antigenic drift may greatly reduce immune recogni-
tion, depending on the extent of change involved. Both children and individuals
previously infected with other viral subtypes are affected to a differing degree.
Antigenic shift occurring during pandemics produces novel viral antigens that
are not responsive to people’s preexisting immunity. These strains are accord-
ingly highly pathogenic and strike wide segments of the population. The immune
system may contribute to pathology during human infection with the avian
H5NT influenza virus by inducing higher levels of proinflammatory cytokines and
chemokines than are normally produced in response to human HINT viruses.

Diagnosis

Confirmation of influenza infection may entail isolation of the virus from nasal
or pharyngeal secretions or washings by intra-amniotic inoculation of chick
embryos or in primary cultures of mammalian cells, including those from monkey
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kidneys. Immunological assays, such as immunofluorescent analysis (IFA) or
ELISA, may identify viral antigens in exfoliated nasopharyngeal epithelial cells
or fluids or detect at least a fourfold increase in titer of specific antibodies in
paired or convalescent serum samples. Polymerase chain reaction (PCR) may be
used to amplify viral RNA. The microneutralization assay uses live viruses and
should be confirmed by Western blotting. All tests that involve live H5NT1 virus
need to be performed in enhanced BioSafety Level 3 conditions.

Treatment

In uncomplicated cases of influenza, treatment is often restricted to supportive
care and alleviation of symptoms. Bed rest is important and usually desired by
the affected individual. Pain relievers, such as aspirin, are useful in fever reduc-
tion and to decrease the discomfort caused by headache and muscle aches.
Codeine may be used to combat dry cough and substernal pain. For those with
severe respiratory complications, oxygen therapy and artificial ventilation may
be used.

Because influenza is a viral disease, it i3 not directly treatable by antibiot-
ics, although these may be prescribed to prevent complications from secondary
bacterial infections. Recently, a number of effective antiviral compounds have
been developed. Several of these that are used in the treatment of type A influ-
enza include adamantanes (amantadine and rimantadine) and neuraminidase
inhibitors (oseltamir and zanamivir). Amantadine use may lead to side effects of
central nervous system in 5% to 10% of recipients that can be particularly severe
for the elderly and individuals with kidney disorders. Rimantadine poses less risk
to the nervous system. Neuraminidase inhibitors are safe and partially effective for
influenza prevention and treatment. These are becoming more widely available
and are commended for treatment of H5N1 infections.

Prevention

Vaccines are available to either prevent infection or reduce disease severity to
defined strains of influenza by inducing strain-specific antibody production.
These are typically grown in eggs or bird cell cultures.

The typical vaccine contains two or three killed viral strains predicted to
be most problematic in the coming flu season. These vaccines are administered
by subcutaneous or intramuscular injection. Protective immunity is achieved in
65% to 70% of vaccinated individuals and persists for three to six months. Due
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FIGURE 19.4 Inoculating a chick embryo with influenza
virus during vaccine preparation

Source: CDC.

to the ability of influenza strains to rapidly vary their antigens and to the highly
specific mechanisms used by the immune system to recognize pathogens, vac-
cines are altered yearly and persons need to be immunized annually. Successful
vaccines are produced against defined viral strains; unknown viral variants are
not good vaccine candidates, as researchers would not be able to predict the
structure of unknown antigens for inclusion in a vaccine. For this reason, it would
be extremely difficult to produce a useful vaccine against a future pandemic
influenza strain or against mutants of existing strains before their emergence.
This includes potential future strains of avian or pandemic influenza viruses,
which may at some point mutate to become readily transmissible among humans
or cause significant morbidity or mortality. While vast amounts of money have
been poured into vaccine development, efforts to produce antiviral agents that
are effective against most, if not all, viral subtypes and do not lead to serious
side effects may prove to be more profitable.

Several groups of people are urged to be vaccinated. These are children
aged 6 to 24 months, adults over the age of 65 years, and persons residing in
nursing homes or who have chronic disorders of pulmonary or cardiovascular
systems or other chronic conditions, the immunosuppressed, health care workers,
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RECENT DEVELOPMENTS

A recent live attenuated influenza vaccine has been licensed as FluMist. The vac-
cine strain is adapted to the cold, living at lower than human body temperatures.
It is administered intranasally and transiently infects cells of the upper respiratory
tract, eliciting a vigorous nasal mucosal IgA immune response. This is desirable
because the typical injected vaccines often do not induce large amounts of this
type of immunity that specifically targets microbes infecting mucosal tissues.
This vaccine-strain virus cannot colonize the lower respiratory tract due to the
higher temperature in this locale, greatly reducing the potential for pathogenicity.

FIGURE 19.5 Administration of a live attenuated
intranasal HIN1 vaccine

Source: CDC/Bill Atkinson.

and women who are more than three months pregnant. This vaccine may be
combined with that against pneumococcal pneumonia although multiple vac-
cinations with the latter are not recommended. Decreases in hospitalization
rates of 30% to 50% have been seen among immunized adults over age 65.
Vaccination may also be recommended for children taking long-term aspirin
therapy to decrease the risk of developing Reye syndrome. Individuals with
hypersensitivity (allergic) reactions to egg proteins or other vaccine components
should not receive this vaccine.
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More general means of preventing infection involve public education con-
cerning personal hygiene. Infected individuals should be urged to avoid unpro-
tected coughs and sneezes. Following hand contact with mucous secretions, one
should wash one’s hands to avoid infecting others by shaking hands or touching
surfaces such as doorknobs, radios, or phones. Uninfected persons should practice
frequent hand-washing, particularly before eating food or touching their faces and
especially after potential contact with infected individuals or their nasopharyngeal
secretions.

To decrease the risk of human acquisition of avian influenza, people are
mnstructed to avoid contact with ill or dead birds in areas in which H5N1 is infect-
ing wild or domestic species of birds. Farmers should report any suspected cases
of avian influenza among their flocks and should not butcher the animals or take
them to market. Many governments have chosen to slaughter and incinerate mas-
sive numbers of both ill and healthy fowl in affected areas by personnel wearing
protective clothing in an attempt to eliminate disease reservoirs and potential
hosts, halting the spread of infection. This may be followed by disinfection of
the environment. Other efforts include vaccinating domestic birds with H5N1
vaccines and improving sanitary conditions in the live-poultry markets and pro-
hibiting the mixing of different bird species there. These measures have stretched
the resources of governments of the affected countries, especially if the poultry
owners are partially compensated for their losses. Extensive surveillance programs
are also required for this effort.

Surveillance

Following the outbreak of avian influenza among humans in Hong Kong in
1997, surveillance programs were instituted to detect similar infections in birds
and humans to allow rapid institution of protective measures and to track
shifts in viral constitution and behavior. To be considered a confirmed case of
avian influenza in Vietnam in 2004, laboratory testing by the World Health
Organization was required to demonstrate at least one of the following condi-
tions: a positive culture for H3N1, positive PCR findings, a positive IFA test, or
a fourfold rise in H5N1-specific antibody titer using paired serum samples. The
WHO discovered that human infection with avian HIN2 viruses had occurred
i 1999 and 2003. Additional outbreaks of H5N1 among poultry were found
sporadically that enabled prompt action by authorities to prevent its spread to
humans by culling poultry and closing markets. H3N1 was found to have
emerged in China in 1996 and led to outbreaks among domestic birds in other
countries, including Indonesia, Vietnam, and Thailand, which were unreported
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until December 2003, when South Korea notified the WHO of the presence of
H5NI in poultry farms. In 2004, other Asian countries reported similar infec-
tions among farm birds. In 2005, Asian migratory birds were also discovered to
be infected, and by 2006, avian infections had been noted in Africa, the Middle
East, and Europe. The spread of avian influenza among birds is believed to have
involved migratory waterfowl and movement of poultry. Hong Kong, South
Korea, and Japan have subsequently controlled poultry outbreaks of highly
pathogenic avian influenza. Continuing surveillance has revealed that H5N1
infection of birds increases during cooler months with low humidity:

H5NI1 viruses have evolved since emerging in humans in 1997 and dif-
fer in their antigenic profile. Genetic analysis of avian influenza isolates has
further revealed that human infections from 1997 to 2005 were from clades 1,
', and 3 of the Z genotype. In 2005, humans cases caused by clade 2 viruses
were detected in Indonesia and China. Similar careful viral typing of persons
infected with pandemic or suspected pandemic influenza viruses would be useful
in identifying which strains are the most pathogenic, tracking their prevalence
and spread, and detecting the emergence of more pathogenic viral mutants.
Such typing may allow an accurate assessment of the true risk of the poten-
tial advent of a large-scale infection with a highly pathogenic influenza strain.
A case-control study of the 1997 outbreak indicated that the major risk factor for
human acquisition of avian influenza was visiting a live-poultry market and found
no association with eating poultry or preparing it at home, exposure to other
bird species, contacting individuals with respiratory illness, or traveling. A 10%
seroprevalance rate was found among workers in Hong Kong poultry markets.
Very limited human-to-human transmission has been confirmed.

Summary

Disease

¢ Influenza

Causative Agent

e Influenza virus

Agent Type

e Virus in the Orthomyxoviridae family

Genome

* Single-stranded RNA
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Vector

¢ None

Common Reservoirs

*  Wild aquatic waterfowl and humans (normal outbreaks and epidemics)

e Birds and swine (pandemics)

Modes of Transmission

e Primarily airborne ¢ Direct contact with infectious secretions

* Contact with sick or dead birds

Geographical Distribution

*  Worldwide (normal outbreaks and epidemics) ¢ Asia and Africa (human
cases of avian influenza)

Year of Emergence

e Present throughout history ¢ Pandemics emerge periodically

Key Terms

Antigenic drift Minor, frequent changes in the amino acid sequence of pro-
teins recognized by the immune system as a result of point mutations

Antigenic shift Large, rare changes in the amino acid sequence of proteins
recognized by the immune system as a result of genetic reassortment; major factor
in influenza pandemics

Antigenic variation Changes in the amino acid sequence of proteins recog-
nized by the immune system

Avian influenza Influenza of birds that rarely infects humans; high fatality
rate in both species

Genetic reassortment Lxchange of portions of genomic RNA between influ-
enza viruses, including viruses originating in different host species

Guillain-Barré syndrome Serious neurological complications associated
with the 1976 swine flu vaccination program

Hemagglutinin Viral surface glycoprotein that binds to sialic acid; one of the
major viral antigens recognized by the immune system

Influenza pandemics Worldwide outbreaks of type A influenza

Neuraminidase Viral surface glycoprotein that cleaves sialic acid; one of the
major viral antigens recognized by the immune system
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Reye syndrome Disease of the central nervous system and liver that occasion-
ally affects children infected with type B influenza when using aspirin

“Spanish flu” pandemic of 1918 Pandemic resulting in the largest loss of
human lives (20 to 50 million deaths) from an infectious disease in a very short
period of time

Review Questions

1. What were the three major pandemics of the twentieth century? What are
four differences between influenza pandemics and seasonal epidemics? What
populations are typically at highest risk for developing severe disease mani-
festations in each?

2. What are the symptoms of uncomplicated influenza? What are Reye syn-
drome and Guillain-Barré syndrome, and what causes each?

3. What are the three major types of influenza virus? What are the disease sever-
ity, susceptible animal species, and relationship to epidemics and pandemics
for each? How are isolates of type A virus classified?

4. What viral surface molecules are the principal targets of the immune response?
What is the role of each in the viral life cycle? What makes up the viral genetic
material?

5. What are antigenic drift and antigenic shift? How does each arise? What are
their contributions to the emergence of influenza pandemics?

Topics for Further Discussion

1. Compare current and potential future health impacts of human seasonal
influenza epidemics and a possible human avian influenza pandemic, taking
into account current numbers of human and bird infections and deaths and
the mortality rates of each. How might this affect the level of government
funding for research and public education for each?

2. Discuss why H5N1 viruses have not currently been able to cause a human
pandemic or sustained epidemic. What are several methods by which a highly
pathogenic human pandemic of H5NI1 avian or HINI type of influenza
might be averted?

3. Discuss past and current methods to decrease the spread of highly pathogenic
strains of avian influenza to domestic birds in affected regions and prevent its
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emergence in other areas. How might these affect local and national econo-
mies and the livelihoods of residents? Discuss other methods that might be

developed which have less impact on people’s lives.
4. Discuss the role of World War I in the 1918 Spanish flu pandemic. How did
the pandemic affect the course of the war and human history?
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CHAPTER 20

HANTAVIRUS PULMONARY
SYNDROME

LEARNING OBJECTIVES

® Define hantavirus pulmonary syndrome and hemorrhagic fever
with renal syndrome

Describe the viruses responsible for causing these illnesses

Discuss modes of infection

Discuss the host’s response to infection

Describe symptomatology and diagnosis

Discuss methods of treatment

Discuss methods of prevention
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Major Concepts

Diseases and Symptoms

Hantaviruses cause two major types of disease in humans: hemorrhagic fever
with renal syndrome (HFRS) and hantavirus pulmonary syndrome (HPS).
Severe cases of HFRS result from infection with the Hantaan virus in Asia
and Europe or the Dobrava virus in the Balkans. HFRS is characterized by the
abrupt onset of high fever, severe abdominal or lower back pain, hemorrhagic
symptoms, and renal dysfunction that severely diminishes the ability of the
kidneys to produce urine. Fluid accumulates in the lungs, particularly if large
volumes of water are consumed. The hemorrhagic manifestations include
petechiae, severe hemorrhaging, and disseminated intravascular coagulation.
The mortality rate is 5% to 15%, and between 40,000 and 100,000 persons are
afflicted annually. HPS is caused by the Sin Nombre virus in North America
and the Andes and the Laguna Negra, HU39694, Lechiguanas, Oran, and
Juquitiba viruses in South America. Kidney involvement is limited, and hem-
orrhagic symptoms are uncommon. The early symptoms of this disease are
fever, chills, fatigue, myalgia, headache, malaise, and dizziness, accompanied
by gastrointestinal symptoms. The cardiorespiratory phase follows with leak-
age of high-protein-content fluid into the alveoli of the lungs and hypoxia,
tachypnea, tachycardia, and mild hypotension. Later, respiratory symptoms
such as coughing and shortness of breath develop in all patients. In many
cases, death occurs rapidly after fluid enters the lungs and may be attributable
to hypoxia or circulatory collapse due to low cardiac output and high systemic
vascular resistance, hypotension, or shock. Overall mortality rate ranges from
20% to 40%.

Infection

Hantaviruses are spheroid to oval, enveloped negative-sense single-stranded
RNA viruses of the Bunyaviridae family. They infect primarily endothelial cells.
Other hantaviruses causing less severe HFRS-like pathology in humans are
the Seoul virus (worldwide), the Puumala virus (Scandinavia), and the Bayou,
Black Creek Canal, Monongahela, and New York viruses (North America).
Hantaviruses are transmitted through dried, aerosolized excreta of rodents:
Sin Nombre virus uses the deer mouse as its vector. A major outbreak of HPS
occurred in 1993 due to increased deer mouse populations resulting from
more plentiful food sources and mild weather produced by El Nifio climatic
conditions.
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Immune Response

The immune system’s response to hantavirus infection is often pathogenic.
Atypical T lymphocytes induce capillary leakage during HPS. CD4" Thl T
helper cells secrete interferon-y, activating macrophages that are present in high
numbers in the alveoli of the lungs. These cells produce additional cytokines,
stimulating inflammatory responses that accentuate lung pathology. IFN-a and
IFN-B, by contrast, appear to play protective roles in HFRS. Differences occur
in the immune responses to nonpathogenic versus pathogenic hantaviruses. The
former induce expression of a number of interferon-stimulated genes that are not
activated by the latter. The Hantaan virus, for its part, stimulates expression of
some genes involved in the pathology of HFRS, including hematopoietic growth
factors, chemokines, cell adhesion molecules, and the complement system.

Treatment and Prevention

Treatment for HPS is supportive and requires hospitalization to maintain fluid
balance and blood oxygenation levels and to avoid hypoxia and shock. Preventive
measures may be taken to decrease contact with infectious rodent excreta.
Infrequently inhabited cabins or vacation homes should be carefully cleaned
to avoid inhaling dried urine, feces, or saliva. Areas such as floors, walls, and
shelving that contain rodent droppings should be sprayed or liberally wetted with
disinfectants to kill viruses prior to sweeping or dusting. Gloves and a respiratory
mask should be worn during this process. Persons working with rodents need to
take special precautions during contact with rodents or their excretions.

Introduction

In the early 1990s, a highly pathogenic outbreak of respiratory illness began
in portions of the southwestern United States. Its route of transmission was
unknown, and it appeared to be caused by a novel infectious organism. This
agent was soon discovered to be a close relative of the Hantaan virus, which
causes a hemorrhagic disease with renal manifestations, primarily in Asia. By
June 2002, a total of 318 cases of the new disease, designated as hantavirus
pulmonary syndrome (HPS), were confirmed, with a mortality rate of 37%.
By tracing Native American legends, however, it appears that periodic outbreaks
of this disease have occurred for a much longer period of time and are related
to changes in rodent populations in response to climatic conditions. Native
Americans were affected at a disproportionately high rate: 22% of infected
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individuals belonged to that group, while 76% were white Americans. At least
31 U.S. states, parts of western Canada, and a number of countries in South
America have reported cases of this respiratory syndrome. Infection in the east-
ern United States is uncommon, particularly in the American South. The largest
numbers have occurred in Arizona, New Mexico, California, and Washington.
HPS is rare or absent in Mexico, Central America, and the Caribbean, despite
the presence of infected sigmodontine rodents in the continental areas. (Many
of the native rodents in the Caribbean have been displaced by Old World rats
and mice.)

Some segments of the population are at higher risk of acquiring HPS than
others. Fully 75% of the cases were reported in rural locales with increased
exposure to the rodent reservoirs and vectors. Males tend to have a higher rate
of infection than females, perhaps due to their increased exposure to infectious
material in cabins or through agricultural pursuits.

FIGURE 20.1 Hantavirus pulmonary syndrome (HPS) cases,
by reporting states
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History

Hemorrhagic fever with renal syndrome was described by Soviets and Japanese
in Manchuria near the Amur River; 12,000 Japanese troops stationed in the area
were affected by this disease in the 1930s. Similar symptoms were described in a
Chinese medical book written in A.D. 960. The disease was later noted in other
areas of Asia as well in 1951 during the Korean War, when more than 3,200
United Nations troops came down with a hemorrhagic fever associated with
greatly reduced urine production. This disease was found to be caused by infec-
tion with the Hantaan virus and is currently a major health threat in China and
South Korea. Several other hantaviruses were later detected in various areas of
the world, and some of these were associated with similar or differing illnesses.

Although several species of hantavirus were found in North America, these
were not known to be pathogenic until 1993. At that time, an epidemic of adult
respiratory distress syndrome began in the Navaho population of the American
Southwest, particularly in the Four Corners area where the states of Colorado,
Utah, New Mexico, and Arizona meet. The high numbers of Navahos in the
mitial outbreak led some observers to call this illness the “Navaho disease” and
to avoid contact with Native Americans in that region. The affected persons
were screened against a large panel of infectious agents and were eventually
found to produce antibodies that were cross-reactive with the types of hantavirus
occurring in Asia. The disease was subsequently named hantavirus pulmonary
syndrome. The causative agent was initially dubbed the Muerto (Death) Canyon
virus, but because it differed from previously identified hantaviruses, it was later
designated the Sin Nombre (“without a name”) virus (SNV). An earlier con-
firmed case of HPS in the United States was later backdated to 1959 in Utah.

Prior to 1993, two species of hantavirus were recognized in the Americas.
The Prospect Hill virus from meadow voles caused no human illness in the
United States, and the Seoul virus of Old World rats rarely caused disease in
humans in the Western Hemisphere. The Seoul virus is found throughout the
country, as well as on other continents, and is associated with hemorrhagic fever
with renal syndrome in some locations.

The Diseases

Hantavirus infection leads to two distinct and serious illnesses. These diseases
are caused by different species of virus and occur largely in different parts of the
world, although some overlap exists in the ranges of the appropriate reservoir
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and viral species. The bulk of this chapter is devoted to hantavirus pulmonary
syndrome and its vectors, which are found in the Americas.

Hemorrhagic Fever with Renal Syndrome (HFRS)

Individuals with hemorrhagic fever with renal syndrome (HFRS), also
known as Korean hemorrhagic fever, experience an abrupt onset of high fever,
severe abdominal or lower back pain, hemorrhagic symptoms, and renal dysfunc-
tion. The kidneys have greatly diminished ability to produce urine. Fluid accu-
mulates in the lungs, a condition that may be worsened if the person consumes
large volumes of water to stimulate urination. As its name suggests, HFRS induces
hemorrhagic manifestations, such as petechiae, severe hemorrhaging, and dis-
seminated intravascular coagulation. Cellular damage occurs in the kidneys, the
anterior pituitary gland, and the right atrium of the heart. Symptoms may include
hypotension and shock, headache, nausea, and vomiting. Other laboratory find-
ings include thrombocytopenia and increased serum creatinine and blood urea
nitrogen levels. Although the majority of patients recover in weeks or months,
others are more severely affected, and the mortality rate is 1% to 15%.

HFIRS is caused primarily by two hantaviruses, the Hantaan and Dobrava
viruses. Approximately 40,000 to 100,000 cases of HFRS due to the Hantaan virus
are reported annually in Asia, with greater than half that number from China.
Several hundred cases due to the Dobrava virus are also reported in the Balkans
each year. The Seoul virus may also cause HFRS. It thrives in rats in major cities
throughout the world but is regularly linked to disease only in Asia. A generally
milder disease called nephropathia epidemica results from infection with another
hantavirus, the Puumala virus. This form of the disease occurs in most European
countries, including the Balkans and Russia west of the Ural Mountains.

Hantavirus Pulmonary Syndrome (HPS)

The early symptoms of HPS include fever, chills, fatigue, muscle aches, head-
ache, malaise, and dizziness, which typically last four to six days. These may
be accompanied by gastrointestinal symptoms, including nausea, vomiting, and
abdominal pain, but not by cough during the initial stages of infection. The
later-occurring cardiorespiratory phase begins with the leakage of high-protein-
content fluid into the alveoli (terminal air sacs) of the lungs, causing hypoxia (low
blood oxygen levels), tachypnea (rapid breathing), tachycardia (rapid heart rate),
and mild hypotension. Blood profiles include thrombocytopenia (low platelet lev-
els) in almost all patients. Decreased platelet numbers generally inhibit the blood-
clotting process, but hemorrhage is uncommon during HPS. These findings are
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often accompanied by hemoconcentration and an elevated hematocrit due to loss
of fluid from the blood into the lungs and pleural cavity, resulting in pulmonary
edema. Circulatory abnormalities include a “left shift”—the presence of imma-
ture white blood cells (myelocytes) in the circulation; circulating immunoblasts;
hypoalbuminemia; and metabolic or lactic acidosis in the late stages of disease.
Elevated levels of aspartate aminotransferase and lactate dehydrogenase are
also frequently seen. Radiography of the chest is useful in diagnosis, and the
disease progresses to frank bilateral alveolar edema (accumulation of fluid in
the air sacs of the lungs). Late respiratory symptoms in all patients are cough-
ing and shortness of breath. Unlike HFRS caused by a similar virus, HPS has a
limited involvement of the kidneys, although proteinuria and abnormal urinary
sediment are often found. The hemorrhagic manifestations of HFRS, such
as overt bleeding or disseminated intravascular coagulation, are not common.
The differential diagnosis needs to consider leptospirosis, rickettsial infection,
American hemorrhagic fevers, and acute respiratory distress syndrome resulting
from influenza A, mycoplasmosis, pneumonic plague, or pulmonary anthrax.
In many cases, progression to death occurs rapidly upon the entry of fluid
into the lungs, often within 24 to 48 hours after hospital admission, and is gen-
erally attributable to hypoxia or circulatory collapse, commonly associated with
low cardiac output and high systemic vascular resistance. Hypotension and shock
may also occur. The mortality rate is high—in the 1993 outbreak, more than
50% of infected individuals died. The rate was 40% between 1994 and 1996 and

FIGURE 20.2 Bilateral pulmonary effusion during HPS

Source: CDC/D. Loren Ketai.
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FIGURE 20.3 Interstitial pneumonitis and intra-alveolar edema

Source: CDC/Sherif R. Zaki.

20% in 1997. Mild disease is not the normal outcome of SNV infection; most
infections progress to HPS. Young children are exceptions to this generalization,
small numbers of them being infected with milder courses of disease.

The viruses themselves are not directly destructive to infected cells; rather,
the damage appears to result from actions of the immune system. The lungs
are a major entry site for microbes and therefore contain a large number of T
lymphocytes, particularly the CD8" T killer cells that kill infected cells as well
as uninfected cells in the vicinity. Pathogenesis is also due to the production of
cytokines by CD4" T helper cells, activating further injury by other leukocytes
(discussed later in this chapter).

The Causative Agents

Hantaviruses belong to the family Bunyaviridae, of which at least 20 spe-
cies occur in the Americas. These are enveloped negative-sense single-stranded
RNA viruses containing three RNA segments, large, medium, and small. They
encode a number of viral proteins, such as RNA-dependent RNA transcriptase
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Table 20.2 Pathogenic members of the genus Hantavirus,
family Bunyaviridae

Species Disease Virus Distribution
Hantaan HFRS China, Russia, Korea
Dobrava-Belgrade HFRS Balkans

Seoul HFRS Worldwide

Puumala HFRS Europe, Russia, Scandinavia
Sin Nombre HPS United States, Canada, northern Mexico
New York HPS United States

Black Creek Canal HPS United States

Monongahela virus HPS Eastern United States

Bayou HPS United States

Laguna Negra virus HPS Paraguay and Bolivia
HU39694 HPS Argentina

Lechiguanas virus HPS Central Argentina

Oran virus HPS Northwestern Argentina
Andes virus HPS Argentina and Chile

Juquitiba virus HPS Brazil

Source: CDC.

(responsible for transcription of RNA), the envelope glycoproteins, and the
nucleocapsid protein. These viruses are spheroid to oval with a diameter of
95 to 110 nanometers. They primarily infect endothelial cells, which line the
vasculature. Pathogenic, but not nonpathogenic, hantaviruses utilize the av33
integrin during entry into the cells. This integrin interacts with vascular endo-
thelial growth factor receptor-2 (VEGFR-2). Alterations in vascular permeability
occur in both HFRS and HPS.

Four groups of hantaviruses are defined on the basis of their vectors, several
subfamilies of Muridae, Arvicolinae (voles), Murinae (Old World mice and rats),
and Sigmodontinae (New World mice and rats).

Hantaan Virus and Other Hantaviruses Causing HFRS

The causative agent of HFRS was isolated in 1976 and named the Hantaan virus.
It is present throughout Asia and sometimes in Europe. Its vector is the striped
field mouse. The other hantavirus responsible for the severe form of HIFRS
is the Dobrava virus from the Balkans. Viruses associated with less serious
pathology are the Seoul virus of brown and Norway rats, with worldwide dis-
tribution, and the Puumala virus of bank voles, found in Scandinavia. Other
nonpathogenic hantaviruses are the Thailand, Khabarousk, Thottapalayam, and
Tula viruses of Thailand, Russia, India, and Europe, respectively.
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Sin Nombre Virus and Other Hantaviruses Causing HPS

The hantaviruses that cause HPS are found in rodents. They do not affect these
animals’ survival or reproductive fitness, although minor histological changes
have been seen in the rodents’ lungs and livers. Infection of these viral hosts is
lifelong; however, hantaviruses do not persist in the circulating blood due to the
presence of neutralizing IgA antibodies. It is not known how the viruses escape
elimination from the rodents by either these antibodies or the hostss CD8" T
killer cells.

Sin Nombre virus (SNV) is responsible for the majority of the cases of
HPS in North America and occurs in the United States and western Canada.
The deer mouse (grassland form) serves as the disease reservoir and vector.
In some areas and under certain conditions, the proportion of infected mice
is quite high, while in other areas, it is much lower: on some of the Channel
Islands off the coast of California, this number ranges from 58% to 71%, while
on some of the other islands, no infected mice are found. The normal rate

FIGURE 20.4 Electron micrograph of the Sin Nombre virus