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Preface to the Series

The mechanisms of disease production by infectious agents are presently the
focus of an unprecedented flowering of studies. The field has undoubtedly
received impetus from the considerable advances recently made in the under-
standing of the structure, biochemistry, and biology of viruses, bacteria, fungi,
and other parasites. Another contributing factor is our improved knowledge of
immune responses and other adaptive or constitutive mechanisms by which
hosts react to infection. Furthermore, recombinant DNA technology, mono-
clonal antibodies, and other newer methodologies have provided the technical
tools for examining questions previously considered too complex to be success-
fully tackled. The most important incentive of all is probably the regenerated
idea that infection might be the initiating event in many clinical entities pres-
ently classified as idiopathic or of uncertain origin.

Infectious pathogenesis research holds great promise. As more informa-
tion is uncovered, it is becoming increasingly apparent that our present knowl-
edge of the pathogenic potential of infectious agents is often limited to the
most noticeable effects, which sometimes represent only the tip of the iceberg.
For example, it is now well appreciated that pathologic processes caused by
infectious agents may emerge clinically after an incubation of decades and may
result from genetic, immunologic, and other indirect routes more than from
the infecting agent in itself. Thus, there is a general expectation that continued
investigation will lead to the isolation of new agents of infection, the identifica-
tion of hitherto unsuspected etiologic correlations, and, eventually, more effec-
tive approaches to prevention and therapy.

Studies on the mechanisms of disease caused by infectious agents demand
a breadth of understanding across many specialized areas, as well as much co-
operation between clinicians and experimentalists. The series Infectious Agents
and Pathogenesis is intended not only to document the state of the art in this
fascinating and challenging field but also to help lay bridges among diverse

areas and people.
M. Bendinelli

H. Friedman
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Preface

Itis now widely acknowledged that at the beginning of this century Claude von
Pirquet first pointed out that a viral disease, i.e., measles, resulted in an anergy
or depression of preexisting immune response, namely, delayed continuous
hypersensitivity to PPD derived from Mycobacterium tuberculosis. Thereafter ob-
servations that viral infections may result in immunosuppression have been
recorded by many clinicians and infectious disease investigators for six or seven
decades. Nevertheless, despite sporadic reports that infectious diseases caused
by viruses may result in either transient or prolonged immunodepression,
investigation of this phenomenon languished until the mid-1960s, when it was
pointed out that a number of experimental retroviral infections of mice with
tumor viruses may result in marked immunosuppression. However, it was not
until the recognition of the new epidemic of acquired immunodeficiency syn-
drome (AIDS) caused by the human immunodeficiency virus and related vi-
ruses that acquired immunodeficiencies associated with virus infection became
general knowledge among biomedical investigators as well as the lay public.

A number of reviews published during the past decade or so pointed out
that numerous viruses may affect humoral and cellular immune responses.
Furthermore, expanding knowledge about the nature and mechanisms of both
humoral and cellular immunity and pathogenesis of viral infections has pro-
vided clinical and experimental models for investigating in depth how and why
viruses of man and animals profoundly affect immune responses.

The realization that viruses, including both those which obviously infect
lymphoid cells and those which have nonlymphoid cells as their primary target
tissues, may either directly or indirectly influence host immune responses has
led to many investigations concerning the mechanisms of these host—parasite
relationships. This volume, therefore, presents reviews of major human patho-
genic viruses as well as several animal viruses which influence immunity, main-
ly in a negative manner.

Virus-induced immune suppression is accomplished by a wide variety of
mechanisms. Some viruses may induce dysregulation of immune responses,

xi



xii PREFACE

including an increase in one arm of the response and a decrease in another
arm, or a hyporeactivity of both arms of the immune system. More common is a
transient immunosuppression associated with virus infection. This can be seen
from the wide variety of viruses reviewed herein.

There is now sufficient information pertaining to the mechanisms in-
volved in virus-induced immune suppression that rational approaches to thera-
py for viral infection and controlling immunoderegulation induced by such
viruses can be undertaken. A number of laboratories and clinical investigators
are in the process of developing such therapeutic strategies. Thus, the AIDS
problem has not only electrified the biomedical community to study the mecha-
nisms whereby viruses affect immunity and how such immunodeficiencies can
be reversed, but also reminded the biomedical community that many viruses
other than retroviruses can affect the immune system. It is anticipated by the
editors of this volume that publication of these reviews will provide a founda-
tion of established and newer information which can be utilized, through both
experimental and clinical investigation, to determine precisely how viruses af-
fect immunity and cause immunosuppression.

S. Specter
H. Friedman
M. Bendinelli
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Viruses and
Immunosuppression

General Comments

STEVEN SPECTER, MAURO BENDINELLI,
and HERMAN FRIEDMAN

1. HISTORY

The recognition that viruses are able to compromise immunity dates back to
the observation by von Pirquet in 1908 that measles infection resulted in a
reduced delayed hypersensitivity response in patients who would normally
respond to tubercle bacillus antigens. Thus, von Pirquet was the first to suggest
an immunologic explanation for the increased susceptibility to superinfection
observed in patients with viral diseases. This was followed a decade later by a
report in 1919 that influenza virus could also suppress tuberculin reactivity.
The investigation of viruses and their effects on immunity then went unre-
ported for 40 years. Beginning about 1960, oncogenic viruses were given se-
rious consideration as immunosuppressive agents. This was first alluded to by
Old and colleagues, and a few years later, Good and co-workers presented the
first systematic evaluation of suppression of antibody responses by murine
leukemia viruses.(1.2) During the late 1960s and early 1970s, there was a flurry
of activity in this field. Numerous reports supported the concept that on-
cogenic viruses suppress immunity. Both humoral and cellular immunity were
shown to be depressed. Concomitant to studies with oncogenic viruses, similar
studies with many nononcogenic viruses also resulted in findings of immu-
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nosuppressive activity.(3.9 Many investigators considered virus-induced immu-
nosuppression important to the establishment of persistent infections that lead
to chronic diseases or tumor formation. However, during the mid-1970s, the
emphasis in virus biology moved away from this field and the number of
studies in this area decreased. These studies have been revived again during
the 1980s. Most recent studies have focused on understanding the molecular
mechanisms involved in virus-induced immunosuppression. Thus, the “sci-
ence” of interactions between viruses and immunity is not recent, albeit activity
in this field has been generated to a frenzied pace during the past half-decade.

The outbreak of acquired immune deficiency syndrome (AIDS) in the
United States and elsewhere is the obvious cause for these research efforts. The
need to control AIDS has been a powerful force in generating support for
research that will lead to a “cure for AIDS.” A major prerequisite to achieving a
cure is to gain a full understanding of the mechanism(s) of the virus interac-
tions with host defenses, especially virus-induced immunosuppression. In this
regard, a strong interest has been generated for understanding immune sup-
pression induced by all viruses, as any one may serve as a model to help us
delineate some of the underlying mechanisms involved in AIDS. Obviously, the
discovery of the etiologic agent has been a major breakthrough in the under-
standing of AIDS. This virus has been designated human immunodeficiency
virus (HIV), both to describe it in the proper taxonomic manner and to quiet
the dispute about the original names for the virus®), i.e., human T lympho-
tropic virus 1II (HTLV-III), lymphadenopathy-associated virus (LAV), and
AIDS-related virus (ARV). Once the virus was described and demonstrated to
affect the helper T lymphocyte (Th), a better understanding of pathogenesis
was established.®) Yet we are far from solving the problems of HIV infection
and the development of AIDS. In fact, the recent description of a second virus,
HIV2, that causes AIDS or a similar disease, presents an additional threat to
control of infectious disease. Although HIV can be cytopathic for T lympho-
cytes in vitro, the mechanisms whereby immune alterations are induced by this
virus in vivo are not fully understood. The long latency and other aspects of the
disease have repeatedly led to suggestions of modes of action more complex
than direct cytotoxicity.

It has been estimated that upward of one million people in the United
States alone have been exposed to HIV, yet “only” about 60,000 cases of full-
blown AIDS have been reported to date. While many of those infected will
develop AIDS over the next several years, it is likely that a large percentage of
these individuals will not, even though judging from pathology observed in
retrovirus-infected animals, other forms of disease (e.g., autoimmune, neo-
plastic) caused by HIV persistence are likely to occur. This is not a unique
property of HIV. Most viruses capable of causing severe life-threatening dis-
ease usually do so only in a relatively small percentage of infected persons.
Most of these infections are self-limiting. For example, before the advent of
vaccination, the proportion of poliovirus-infected persons in whom paralytic
poliomyelitis developed was on the order of 0.1-1%, and many fewer suc-
cumbed to the disease. The (co)factors that determine the difference in the
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outcome of poliovirus infection have never been clearly understood. Thus, it is
not surprising that we still do not know those cofactors that influence HIV
infection. It is reasonable, however, to suppose that, if the outcome of infec-
tions in general is influenced by factors, this is certainly more likely for long
latency diseases such as AIDS.

Attention is frequently focused on the immunosuppressive effects of
human retroviruses. However, as discussed in the chapters of this volume, a
variable degree of immunodeficiency is associated with most, if not all, viral
infections. Interestingly, even those viruses that are capable of causing severe
depression of host immune responses, at least by the criteria presently avail-
able, seem to do so only transiently. In certain cases, the clinical importance of
such effects is well appreciated. In others, the immunosuppressive action does
not appear to contribute significantly to the clinical features of the infection.
The field warrants more intense consideration, however. The proportion of
subjects who, for varied reasons (e.g., old age, cancer, iatrogenic immunosup-
pression), have a reduced level of immune competence has considerably in-
creased in recent years and will likely grow steadily in the future. It seems likely
that viral infections, which do not cause clinically relevant immunodepression
in normal subjects, may do so and worsen the immunologic status in such
subjects.

2. ANTIVIRAL DEFENSES

When viruses interact with an animal host, a variety of specific and non-
specific components are involved in the defense against the virus. Similarly, the
virus acts to subvert one or more of these components to prolong its survival.
This volume is filled with numerous examples of these interactions. This chap-
ter briefly introduces the major elements of host-immune defenses against
viruses.

2.1. Antibodies

Generally, during viral infections antibodies are generated by plasma cells,
the end stage of the B lymphocyte lineage, to viral antigens (usually proteins).
A variety of antibodies specific for different viral antigens are produced and
can be measured by a number of immune assays.(7.8) However, only those
antibodies effective in the neutralization test provide protective immunity di-
rectly. Antibody to viral antigens can also contribute to host defenses by facili-
tating viral clearance due to virion opsonization and agglutination and by
participating in complement- and cell-mediated lysis of virus-infected cells. An
inhibition of viral synthesis by antibodies interacting with viral antigens on the
cell surface has also been described in certain models of viral infection in vitro.

In some cases, the production of non-neutralizing and noncytotoxic anti-
viral antibody may lead to the formation of immune complexes, which may
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become involved in damage to host tissues. This is most notable when such
complexes are deposited on the glomerular basement membrane, resulting in
glomerulonephritis.(©)

The role of antibodies in recovery from a primary infection is often uncer-
tain, although there is no doubt that they provide protection from reinfection
with the same or antigenically related viruses. In fact, when one looks at per-
sistent viral infection, either with active virus replication or latency, antibody is
often detected in host serum, sometimes in excess amounts. Thus, this antibody
does not appear to be sufficient to clear the host of the infecting virus. This has
contributed to the emphasis on the function of cell-mediated immune re-
sponses as the critical factor in controlling many primary viral infections. It is
clear, however, that antibodies are frequently crucial in containing viral spread
to critical target tissues during acute infection. They may also be a key element
in determining the latent state of many persistent infections.

2.2. Cellular Immunity
2.2.1. T Lymphocytes

The thymus-derived (T) lymphocytes are effectors of important specific
antiviral responses. At least three subclasses of T cells are involved. These are
defined as Th, which provide for the expansion of both humoral and cellular
responses; cytotoxic T cells (T'c or CTL), which are involved in the destruction
of virus-infected cells; and suppressor cells (Ts), which downregulate immune
responses and are often implicated as being responsible for virus-induced im-
munosuppression. Numerous experiments with many of the major pathogenic
viruses for humans and animals have demonstrated the need for T cells for
recovery from virus infections.(10)

An important function of T lymphocytes is the ability of CTL to destroy
virus-infected cells. Not only do they remove effete cells and virus but often
they may have a detrimental effect, causing immunopathologic damage, de-
stroying tissues vital to the host. In this context, Ts and other suppressor cells
may provide an important contribution, by limiting such damaging responses.
All these lymphocyte functions are under genetic restriction controlled within
the major histocompatibility (MHC) locus. This implies that viral antigens are
seen by T cells only when expressed on the cell surface.(10)

2.2.2. Monocytes/Macrophages

The blood monocytes and tissue macrophages are another vital cell in host
defenses. They function in several manners in antiviral immunity.(1) These
cells are among the first to encounter foreign particles and thus are often the
initial cells to interact with an infecting virus. The virus may be digested and
destroyed by the macrophages, or it may replicate and be transmitted to other
cells and tissues. Under both circumstances, especially the former, virus anti-
genic components may be presented on the surface of the macrophage
(accessory cells), which may be instrumental in triggering T and/or B lympho-
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cytes, leading to an immune response against the virus. In addition, macro-
phages can be stimulated to produce interleukin-1 (IL-1) and additional solu-
ble factors that can recruit and activate other cells, especially resting T cells.(12)
Thus, the macrophages may act as effector cells, antigen-processing/
presenting cells, or helper cells. A fourth function of the macrophages is that of
a nonspecific suppressor cell, regulating a variety of lymphocyte functions.(13)

2.2.3. Natural Killer Cells

Natural killer (NK) cells were first described as antitumor cells that could
kill their target cells without prior sensitization, as required for CTL.(14) How-
ever, there is a specificity to this killing, since only certain targets are lysed by
the NK cell. While this is a much broader specificity than we consider for B and
T lymphocytes, it is a controlled response. The basis of selectivity is not known
but is most probably related to recognition structures on the surface of the
effector and target cells.

Subsequently, it was recognized that this heterogeneous cell population of
large granular lymphocytes (LGL) was also capable of lysing virus-infected
cells.(15) NK activity is enhanced within the first days of many viral infections,
an effect mediated by interferon (IFN) or directly by viral molecules. Thus, NK
cells may also be considered a first line of defense against viruses.

2.2.4. Antibody-Dependent Cellular Cytotoxicity

Antibody-dependent cellular cytotoxicity (ADCC) is a combination of hu-
moral and cellular immunity. It requires both an effector cell and an antibody of
the immunoglobulin G (IgG) class, acting as a ligand between the effector and
target cell. This response may be carried out by a few cell types, including
macrophages, polymorphonuclear leukocytes, and non-T, non-B lymphocytes.
Classically, it is killing due to a cell in the LGL population (K cell) that we speak
about in ADCC. The precise relationship between the K and NK cells is uncer-
tain, as is the in vivo function of K cells.(16) However, in vitro studies demonstrate
that K cells can destroy virus-infected cells in the presence of virus-specific
antibodies. This process is considerably more effective than complement-medi-
ated cytolysis.

2.3. Nonspecific Soluble Factors
Antiviral defense mechanisms are also mediated or amplified by soluble
factors produced by cells of the immune system or other tissues.

2.3.1. Complement

Antibody responses are often aided by the lytic or opsonic components of
the complement system. Complement may therefore be involved with cytotoxic
antibody in virus particle lysis or the lysis of virus-infected cells as well as virus
neutralization.(10) These effects may be due to complement activation by the
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classic pathway, triggered by the binding of specific antibody to target antigens.
Enveloped viruses and cells infected with these viruses may also activate the
alternative complement pathway. This may cause lysis of virions or of infected
cells, before antiviral antibody has been produced. In addition, complement
component C3b may be involved in the destruction of virus particles by poly-
morphs in the absence of antibody.(10.17) It has also been suggested that bind-
ing of complement may be involved in clumping of virions, which may facilitate
their clearance by a nonimmune mechanism.(18) Complement activation also
leads to inflammation and accumulation of leukocytes at the site of viral
replication.

2.3.2. Interleukins

Soluble substances that facilitate communication between leukocytes are
called interleukins. Several of these substances are described in the literature,
but only a few are fully accepted.(12.19.20) IL-1 is produced by macrophages
and other cells and activates resting T lymphocytes.(12) This also generates a
second interleukin, designated IL-2. IL-2 has been demonstrated to enhance
both T-cell growth(19 and T-cell differentiation.(21.22) While the importance of
IL-2 has not been fully recognized, its participation in antiviral and antitumor
immunity has been clearly established.(23.24) [L-1 is also pyrogenic, and high
body temperatures may hamper viral replication. Several additional factors,
designated IL-3—IL-6, have been added to the growing list of substances in-
volved in regulating leukocyte growth and differentiation.

2.3.3. Interferons

Interferon was first described in 1957 by Isaacs and Lindenmann as an
antiviral substance produced by many types of cells in response to viral infec-
tion. Its function was described as being directed against viral replication,
mainly at the translational level. While this early observation was correct, we
have learned that this was only the tip of the iceberg. Three classes of IFNs are
described: leukocyte (IFN,,), produced in response to infections by viruses and
bacteria; fibroblast (IFNg), generated by viral infections of other cell types; and
immune (IFN,),produced by T lymphocytes in response to antigen or mitogen
stimulation. The IFNs not only have direct antiviral effects but immunomod-
ulatory activities as well. They may enhance or depress T lymphocyte, mac-
rophage, and NK cell antiviral functions, depending on timing, dose, and route
of administration. Thus, their production by leukocytes, as well as by other
cells, 1s vital to host-immune defenses.(25)

3. MECHANISMS OF IMMUNE SUPPRESSION BY VIRUSES

While we have indicated that virtually all viruses are capable of suppress-
ing immune functions, the extent to which they do so and the means by which
this is accomplished are quite varied. This will be apparent in the chapters that
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follow. To provide a general framework, we outline below the various mecha-
nisms that may be involved.

3.1. Infection of Lymphoid Cells

The most obvious way that a virus may suppress immune function is by
replicating in the cells which carry out that function (Tables I and I1; Fig. 1). This
mechanism has been suggested for a number of viruses capable of invading B
lymphocytes, T lymphocytes, and/or macrophages. Infection of lymphoid or
monocytic cells may lead to the direct destruction of such cells. Beyond a certain
threshold, the reduced number of immune cells will ultimately lead to decreased
immune function. Even if only one subpopulation of cells is selectively infected,
as Th cells appear to be in HIV infection, this may cause an imbalance in
immunity. When Th cells are destroyed, this might also lead to a relative excess
of Ts cells and suppression; when Ts cells are infected, the result may be
overactive B cells or T effector cells, and this might exacerbate immu-
nopathologic processes.

In the absence of overt lytic infection, the invasion of lymphoid cells may
result in the establishment of a persistent infection, thereby permitting viral
replication without acute destruction of the host cell. Actually the lymphoid
system seems to be one of the preferential sites for viral persistence. Viruses
that have been shown to replicate in lymphocytes and macrophages are numer-
ous. Also, highly cytopathic viruses, such as adenoviruses and enteroviruses
appear to be able to persist in these cells by establishing a carrier-culture
equilibrium with the cell population. The consequences of these persistent
infections may be normally functioning infected cells, cells that cease to func-
tion, or cells that function abnormally. One such abnormal function could be
the enhanced expression of suppressor cell activity. In addition, the infection
of lymphocytes may alter their ability to migrate normally. This may result in a
selective increase or decrease of a lymphoid cell population or subpopulation in
lymphoid organs or the bloodstream. Selective depletion of specific lymphoid
zones has been observed in certain viral infections. The relative change in the
microenvironment of the organ affected due to a defect in homing may con-
tribute to immunodepression. Whether similar mechanisms are responsible for
the generalized involution of lymphoid organs observed in a number of viral
infections of animals and humans, most notably Lassa fever, remains to be
established.

3.2. Activation of Suppressor Cells

Enhanced suppressor cell activity can be generated during viral infections,
most commonly with retroviruses. Infecting viruses, unlike most antigens used
experimentally, are self-replicating immunogens. In addition, they not only
express their antigens on the surface of many different cell types but also
induce the neoexpression of cellular antigens. If neoantigens are MHC anti-
gens, this may create the conditions for antigen presentation by cells that do
not usually do so. Thus, viruses are bound to overload the immune system and
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to activate it through improper pathways. It is therefore likely that excess
stimulation of immunoregulatory circuits contributes to the generation of sup-
pressor cell activation and/or recruitment. Most suppressor cells described in
viral infections are either Ts or macrophages, although B cells and NK cells are
known to exhibit suppressor activity. The suppressor cells may exert their
activity through either direct cellular interactions or suppressor factors.

3.3. Suppressor Factors
3.3.1. Host Derived

Suppressor factors may be elaborated by lymphocytes, macrophages, or
infected cells other than those of the immune system. A wide spectrum of
factors has been described from lymphoid cells and macrophages displaying a
broad range of molecular weights and activities. These factors may act specifi-
cally to inhibit only antiviral responses or they may have nonspecific activity. In
some infections, several factors may be detected with both specific and non-
specific components present. Suppressor factors are also frequently produced
by virus-transformed tumor cells. Frequently when suppression is due to a
soluble factor produced by macrophages, this can be attributed to prostaglan-
din E, (PGE,). This suggests that infection may lead to an overproduction of
normal host factors, resulting in immunodepression. Whether this is the case
for many of the factors thought to participate in virus-induced immune sup-
pression remains to be determined. Another example of a natural factor that
can inhibit immune function during infection is IFN. While IFN has already
been mentioned as immunostimulatory and directly antiviral, under the appro-
priate circumstances it also can be immunosuppressive.

3.3.2. Virion Components

The virion per se may be immunosuppressive due to components that are
toxic to lymphocytes and have the ability to turn off cell functions or to induce
suppressor cells. By using inactivated virus or purified viral components, it is
sometimes possible to suppress immunity in the absence of viral replication.
Under such circumstances, any attempt at reversing immune suppression may
prove fruitless, unless one is also successful in removing viral proteins as well as
in neutralizing infectious virus.

3.4. Other Mechanisms Effecting Virus-Induced Immune Suppression

The damage of nonlymphoid tissue by viruses can also lead to suppression
of the immune response by indirect means. For example, infection of mouse
viruses that damage pancreatic tissue results in an influx of excess enzymes into
the circulation, which might ultimately cause immune suppression. Likewise,
viral attack on the adrenal cortex can cause corticosteroid imbalances that
result in immune suppression. While it is difficult to assess the effect of virus-
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induced stress on the establishment of immunosuppression, it has been shown
to be important. In a few instances, adrenalectomy prior to viral infection has
prevented or alleviated the development of immune abnormalities, but in oth-
ers has not. The extent to which other physiopathologic changes may alter the
host’s immunity in viral infections is still being investigated.

4. FACTORS THAT MIGHT INFLUENCE VIRUS-INDUCED
IMMUNE SUPPRESSION

A variety of host factors may influence the development of viral infections,
directly or more often through an action on the immune system. It seems
reasonable that such factors may also influence the occurrence and degree of
immune suppression. Most notable among these are the host’s age, genetics,
presence of other infections or diseases, and the environment. Furthermore,
hosts whose immune system is already functionally defective for physiologic or
pathologic reasons could be affected by virus-induced immunosuppression
more severely than hosts with a fully functioning immune system.

4.1. Age

It has been clearly established that very young animals are often more
susceptible to infection than are adults. This has been linked to the immune
competence of the host, especially T-cell function. Likewise, elderly persons
are more susceptible to serious viral infections that can also be linked to their
immune status. That young subjects are more susceptible to the immuno-
depressive properties of most viruses has clearly been shown in several systems,
including retroviruses. However, if the pathologic processes induced by the
virus are immunologically mediated, their reduced immune competence may
be advantageous. This is exemplified by infection with lymphocytic
choriomeningitis virus (LCMV) in the mouse. The lethal effects of the virus are
dependent on functioning T lymphocytes. In the newborn mouse, in which
these cells are not yet fully developed, the virus replicates to high titer, but no
acute disease is observed. These mice can be shown to have developed a T-cell
tolerance to LCMV. This virus also induces manifestations of generalized
immunodepression.

4.2. Genetics

Resistance to viral infection has repeatedly been demonstrated to be con-
trolled at the genetic level. These genes may be associated with the MHC or
may be located elsewhere in the genome. In some cases, this genetic control
may require the concomitant action of multiple genes, with loci within the
MHC and outside involved. This genetic effect has frequently been demon-
strated to involve control of macrophage or NK cell functions. Regardless of
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the cells affected, one can demonstrate that virus-resistant mice often exhibit
little or no suppression of immune reactivity during the aborted infection.

4.3. Presence of Other Infections and Diseases

Immunocompromised individuals have no greater likelihood of being in-
fected by a virus than do normal individuals but, once infected, they have a
higher morbidity and mortality. This may be the key factor as to why only
certain HIV-infected people develop AIDS. More than 95% of AIDS victims
are either homosexual, drug addicts, hemophiliacs, transfusion recipients, or a
combination of these. None of these persons is truly in a normal state of health.
For example, each has a much higher than average incidence of other viral
infections, most notably the hepatitis and herpes group viruses. These agents
are capable of severely altering the functioning of the immune system, which
may leave these persons susceptible to the most severe consequences of HIV
infection.

Alternatively, these viral infections may stimulate immunocompetent cells
so that they become better host cells for HIV. It has been reported that HIV
replicates well in activated Th cells, but not in resting cells. Thus, any immu-
nologic stimulus may increase susceptibility to infection. While these two theo-
ries seem contradictory, they are actually complementary. In most viral infec-
tions in which there is transient suppression, this is usually followed by an
active, often heightened immune response. Thus, the immunosuppressed state
of the host attributable to other causes may permit replication of the virus in a
small percentage of cells when the host is incapable of combating a small
number of infecting particles. The enhanced proliferation phase may then
provide an abundance of host cells for the virus before the development of
protective immunity. By this time, the virus could provide its own suppressive
activity to prevent maturation of a response to the virus.

4.4. Environment

Environment may be defined as the environment in which the host lives or
the microenvironment for the virus within the host. In the former, we refer to
environmental factors that may affect infectivity of the virus, immune status of
the host or other undefined phenomena. It is still unclear why Epstein—Barr
virus (EBV) infection causes a self-limiting disease (infectious mononucleosis)
in the Western world but progressive neoplastic diseases in Equatorial Africa
(Burkitt lymphoma) and China (nasopharyngeal carcinoma). However, there
seem to be contributions by environmental factors, age, and perhaps genetics
(see Chapter 7). In addition, life-style factors have been implicated as determi-
nants of progression in HIV-infected hosts.

The microenvironment affecting the virus may depend on the route of
infection. In experimental models, in which the route can be readily controlled,
both the ability to modulate immune responses and the outcome of infection
can be shown to depend on this factor.
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5. VIRUS-SPECIFIC VERSUS GENERALIZED
IMMUNOSUPPRESSION

Regardless of the mechanism by which suppression is induced, the nature
and extent of the decrease in immunity may vary, depending on the inducing
virus. This may include viruses that suppress only one aspect of immunity,
most commonly cell-mediated immunity, or those that selectively suppress sev-
eral but not all responses. Occasionally, a virus may cause a generalized immu-
nosuppression in which virtually all immune function decreases. This can be
observed during the later stages of many retrovirus infections.

Interestingly, one may see a decrease in responses to mitogens or nonviral
antigens, while antiviral responses seem to be quite normal. The reasons for this
are not clear but are possibly related to a selective effect on a particular lymphoid
cell subpopulation. The inverse situation, in which antiviral responses are de-
pressed but nonviral responses seem to be intact, is also reported. In this case,
cells previously committed immunologically may be unaffected, whereas anti-
viral effector cells or their precursors might be suppressed. In this regard,
Nash(26) recently reviewed the concepts of virus-induced immunologic tolerance
and suppression as mechanisms by which viruses can alter immune reactivity.
The induction of tolerance generally affects only immune responses to viral
antigens; it may be T-cell specific (class I MHC antigen specific), or both B and
T cell responses may be suppressed. By contrast, in infections in which sup-
pressor cells are induced suppression also affects heterologous antigens and/or
mitogen responses. In any case, the relationships of viral specific to generalized
immunosuppression are not clear. For example, it seems possible that the latter is
essential for the former to become established.

6. HOW IMMUNOSUPPRESSION CAN AFFECT PATHOGENESIS

The complexity of the interactions between viruses and the immune sys-
tem is only beginning to be understood. However, there are some areas in
which we have developed a reasonable understanding of how these rela-
tionships help tip the balance to favor either host or virus. Clearly, this is most
apparent in infections in which the virus can cause the destruction of large
numbers of immunocompetent cells. Ultimately, a generalized immunodefi-
ciency develops that enhances the probability that the host will develop oppor-
tunistic infections of neoplastic disease. In the compromised state of the host,
these secondary infections are usually fatal. This seems to be the story of HIV,
a vicious catch-22. Immunosuppressive superinfections, viral or otherwise, may
be cofactors that enhance susceptibility to AIDS in HIV-infected individuals;
HIV in turn further suppresses the system, allowing even more severe conse-
quences attributable to opportunistic infections, which would normally not be
pathogenic.

In certain circumstances, the ability of the virus to compromise the im-
mune system appears to have little effect on the pathogenesis of the virus. This
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is most evident with some live attenuated virus vaccines that transiently sup-
press immunity with no apparent consequence in immunocompetent indi-
viduals. In the immunocompromised host, however, these vaccines can have
devastating effects. The failure of immune suppression to generate severe
pathology is somewhat puzzling but is most likely related to the fact that the
immune functions affected do not include important effectors of antimicrobial
defenses, such as CTL. Alternatively, it may be that the suppressive effects
induced by the virus are too short-lived to cause problems for the host.

Finally, there may be the positive aspect of immune suppression, from the
point of view of the host. Virus-specific immune responses can have pathologic
consequences. By suppressing these responses, such consequences can be
avoided. One must be wary that the loss of these immune reactions that prevent
acute pathogenesis may contribute to the establishment of viral persistence;
this may have severe consequences for the host in the form of chronic diseases.

Thus, the balance of immune responsiveness and virus-induced immune
suppression is a delicate state. We must be guided by this realization when
trying to develop effective therapies to counteract viral infections by manipula-
tion of the immune responsiveness (see Chapter 21). Strong immune reactivity,
if not properly balanced, is not necessarily a benefit.

This volume is dedicated to the studies of all the major pathogenic virus
groups and their ability to downregulate the immune response in their natural
host and/or experimental models; it also examines the consequences of the
immunosuppressive activity. These studies provide examples of virtually all the
possible modes by which the immune response can be suppressed.
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Immunomodulation by
Hepatitis B and Related
Viruses

MARIO R. ESCOBAR

1. INTRODUCTION

Immunodeficiency disorders may occur as a result of one or more defects
within the immune system spanning stem cell deficiencies, through immu-
noregulatory dysfunction, to a restricted failure to recognize or mount an
immune response against certain antigens. The identification of these defects is
complicated by their secondary effects, or by opportunistic infections in the
immunocompromised host. Although the extent to which viral infections can
initiate these deficits remains to be evaluated in most cases, the active role of
many viruses in inducing immunosuppression is well established.

The conventional view held for many years, that hepatitis B virus (HBV)
was strictly hepatotrophic has recently been re-evaluated. A number of reports
have been published documenting the presence of hepadnaviral genomes in
extrahepatic sites, particularly T and B lymphocytes from humans, chim-
panzees, Peking ducks, and woodchucks.(1=7) The infection of cells of the
immune system by HBV is of special relevance to the subject of viral immu-
nomodulation because this is how HBV may exert an effect on their functions.

The recent finding that the basic replication cycle of hepadnaviruses in-
volves the synthesis of viral DNA by reverse transcription of an RNA template,
a step previously thought to be unique to retroviruses, is also crucial.(® Accord-
ingly, viral replication appears to be indicated only when RNA : DNA hybrid
molecules are present in the productively infected cell. In addition to duck
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HBV (DHBV), hepadnavirus infection of peripheral blood lymphocytes of
chimpanzees and woodchucks in vivo has also been demonstrated.(®)

Despite the remarkable paucity of data available in the literature dealing
with the immunosuppressive role of HBV, this review focuses on related im-
munologic events and potential mechanisms of HBV immunosuppression.
Studies of the effects of HBV on the immune system mostly have been limited
to investigations of the immunopathogenesis of chronic viral hepatitis. Never-
theless, there is already adequate justification for delving further into this
exciting area.

2. BASIC PROPERTIES OF HUMAN HEPATITIS B
AND RELATED VIRUSES

Human HBV has the distinction of being the prototype member of a
relatively new and expanding family of animal viruses known as the Hepad-
naviridae.(10-11) The other members of this family are viruses closely related to
HBV, which infect woodchucks (WHYV),(12) beechy ground squirrels
(GSHV),(13) and Peking ducks (DHBV).(14) These viruses have several basic
properties in common, including morphology, antigenic composition (except
for DHBV), DNA size and structure, DNA polymerase, a tropism for the liver
and an association with persistent infection and, for WHV and HBV, primary
hepatocellular carcinoma. With the use of monoclonal antibodies, hepatitis B
surface antigen (HBsAg) and the surface antigens of WHV and GSHV have
been demonstrated to be antigenically related via a common determinant.(15)

The Dane particle, which is the infectious noncytopathic form of HBV, is a
42-nm spherical virus consisting of a 7-nm outer shell and 27-nm inner core
that encloses the viral DNA and DNA polymerase.(16) The outer surface com-
ponent contains HBsAg and the inner core component contains hepatitis B
core antigen (HBcAg). In addition to Dane particles, numerous HBsAg 22-nm
spherical particles and tubular structures of the same diameter and variable
length circulate in the blood of HBV-infected individuals accumulating to high
levels (1013/m).(17) Four major subtypes have been reported (adw, adr, ayw, and
ayr) based on the presence of the common group-reactive determinant a and
the mutually exclusive antigenic subspecificities d or y(18) and w or 7.(19)

The HBcAg consists of a major polypeptide, p25, and its glycosylated
form, gp28. Additional polypeptides of high molecular weight (p39/gp42 and
p33/gp36) have been associated preferentially with the intact virion and the
filamentous form of 22-nm particles.(20.21) The p25 polypeptide is encoded by
the S gene beginning from the third possible translational initiation site of a
larger open reading frame (ORF) and is preceded in phase by 174 codons (adw
subtype) designated the pre-S region.(22 The large ORF for HBsAg terminates
in a single stop codon but can initiate at three possible translational start
codons, which define the pre-S(1), pre-S(2), and S regions, yielding p39, p33,
and p25, respectively. All three polypeptides share the 226 amino acid residues
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of the S region (p25): p33 consists of the p25 sequence plus an amino-terminal
55 residues [pre-S(2)],23.24) and p39 consists of the p33 sequence plus an
amino-terminal 119 residues [pre-S(1)].20 Consequently, three different enve-
lope polypeptides are expressed by the variable use of initiation codons in one
ORF, and HBsAg-containing virions or particles may vary in composition rela-
tive to these polypeptides. It should be noted, therefore, that HBsAg/p39
particles contain all three polypeptides.

HBcAg, in contrast to HBsAg, is not readily detectable in the serum, but
removal of the outer HBsAg component of the Dane particle with nonionic
detergents results in the release of serologically reactive HBcAg.(16) Solubiliza-
tion of either the inner HBcAg component of Dane particles or core compo-
nents from infected liver with sodium dodecyl sulfate (SDS) and 2-mercap-
toethanol results in the appearance of hepatitis e antigen (HBeAg) and the
disappearance of HBcAg reactivity, suggesting that HBeAg is a structural com-
ponent of the inner core of the Dane particle.(25.26) HBeAg can also be de-
tected as a soluble protein in the serum of many HBV-infected individuals.
Three subspecificities of HBeAg, termed e}, ey, and e, have been identified
using immunodiffusion,27.28) and two HBeAg determinants have been dem-
onstrated more recently using monoclonal antibodies.(29 During HBV infec-
tion, HBsAg, HBcAg, and HBeAg can induce an antibody response in the host
with the development of anti-HBs, anti-HBc, and anti-HBe, respectively. The
inner core component of the Dane particle consists of an endogenous DNA
polymerase and a unique viral genome, ~3000 nucleotides in length, is circular
and partly single stranded, containing an incomplete plus (+) strand. The
incomplete plus strand is complexed with the DNA polymerase in the virion.
Under appropriate conditions, the polymerase can elongate the plus strand,
using the complete minus (—) strand as the template. These morphologic and
structural features distinguish HBV from all known classes of DNA-containing
viruses. The replication cycle of HBV is strikingly different from other DNA-
containing viruses and suggests a possible relationship with the RNA-contain-
ing retroviruses.(30)

3. IMMUNOPATHOLOGIC SEQUELAE OF HEPATITIS B VIRUS
INFECTION

The natural course and immunopathologic sequelae of HBV infection are
illustrated diagrammatically in Fig. 1. They may be influenced by pathogenetic
determinants, which include both viral and host factors (e.g., HBV subtype,
dose, mode of transmission, and host age, sex, physiologic state). The per-
sistence of viral synthesis in patients without liver injury (i.e., silent carriers of
HBsAg) suggests that HBV itself is not directly cytopathic for hepatocytes.
Nonetheless, viral persistence is frequently incriminated in chronic hepatitis
indicating that the virus is at least necessary, if not a causative factor, in the
disease process.(31)
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Blumberg(32) postulated that HBV has the characteristics of a genetic poly-
morphic trait on its surface (similar to those of inherited erythrocyte antigens
and enzymes, serum proteins, and others) and that putative hosts are also
polymorphic for related antigens that may or may not match the antigens
present on the virus. Thus, the fate of the virus in the host as well as the clinical
sequelae of infection and the host’s immunologic responses may be determined
by the nature of the match between the virus and the putative host. On the
other hand, genetic factors may potentially control the immune response to
HBYV which determines who recovers from HBV infection and who is left with
either persistent infection or chronic liver disease, or both. Although no HLA
markers have been associated conclusively with chronicity of HBV infection,
nonresponders to hepatitis B vaccine have a high frequency of HLA-D7 and
lack HLA-D1.633) Similarly, H-2 loci appear to control T-dependent humoral
immune responsiveness to HBsAg in inbred strains of mice.(34—36) Paradox-
ically, however, nonresponse of humans to the HBsAg in hepatitis B vaccine
does not correlate with an altered clinical response to HBV. Among nonres-
ponders to hepatitis B vaccine, the likelihood of remaining chronically infected
after natural HBV infection remains unchanged.®? Although there is evi-
dence that the level of HBV replication correlates inversely with the degree of
HLA protein expression on hepatocytes,(38) to date no role for genetic influ-
ences has been documented in chronic active hepatitis B.(39)

Since males have a greater likelihood of remaining chronically infected
than do females, the influence of sex-linked factors on immune responsiveness
to HBV is possible. It has been observed that renal transplant recipients who
are anti-HBs positive are more likely than anti-HBs-negative recipients to re-
ject a male than a female donor kidney. This also suggests that the immune
response to HBV antigens is affected differently by gene products of males
versus females. Nonimmune clearance of HBsAg was found to be diminished
in male mice compared with female mice, and male mice with diminished
clearance of HBsAg also mounted lower anti-HBs responses.(40) However, a
clear effect of gender on measurable indicators of immunologic responsiveness
to HBV antigens has not been demonstrated.(39)

There are numerous reports of clinical observations, in vitro investigations,
and hypotheses to suggest that cell-mediated immunity (CMI) plays a causative
role in the production of liver damage in hepatitis B. This follows directly from
the belief that HBV is not a cytopathic agent and that the mononuclear cells
adjacent to dying hepatocytes in hepatic infiltrates are responsible for the
death of those cells. Furthermore, there are many clinical studies that indicate
that CMI mechanisms are responsible for the liver injury observed in patients
with chronic active hepatis.(4) Nevertheless, despite this abundance of data to
support the major role of CMI in liver damage and the apparent liver specifici-
ty of CMI responses demonstrated by Smith and co-workers in vitro, these
responses may be the results of the liver injury and not to have triggered its
pathogenesis.(42:43) Therefore, even the best in vitro assay of CMI cannot dis-
criminate between primary pathologic events and epiphenomena.*l
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4. INTERACTION OF HEPATITIS B VIRUS WITH THE
IMMUNE SYSTEM

4.1. Antibody Production

Most persons infected with HBV develop acute hepatitis followed by clear-
ance of the virus and resolution of their disease, as indicated by disappearance
of HBsAg from their blood and, ultimately, the development of anti-HBc and
anti-HBs. However, a small percentage of adults infected with HBV are unable
to eliminate the virus. Their serum remains positive for HBsAg and frequently
HBeAg, thus becoming chronic HBV carriers. These carriers do not develop
detectable anti-HBs, although they do produce high titers of anti-HBc and
anti-HBe when HBeAg is lost. The persistence of HBsAg in the absence of
anti-HBs is strong evidence that these individuals have a specific immunologic
nonresponsiveness to this antigen, therefore, explaining their inability to eradi-
cate HBV. The chronic carrier state is particularly common among individuals
with conditions or disease associated with significant immunologic hyporespon-
siveness, such as newborns, patients who are iatrogenically immunosuppressed,
or those who are undergoing renal dialysis and patients with Down syndrome,
Hodgkin disease, acute leukemia, and lepromatous leprosy.(44—46) Since the
vast majority of chronic HBsAg carriers are otherwise normal with no gener-
alized perceptible immunologic deficiency,(#?) one would have to expect that
the carrier state is due to a specific immune defect, such as a deficiency in
recognition, processing, or response to one of the HBV antigens.(48) A very
elegant transgenic mouse model of the chronic HBsAg carrier state has been
described by Chisari and his group,9 which along with numerous human in
vitro experiments,(48,50—53) have attempted to address this important issue.

Investigation of the murine humoral and cellular immune response to the
S region of HBsAg has revealed the influence of at least two H-2-linked im-
mune response (Ir) genes and identified HBsAg/p25 high-responder (H-2d
and H-249) and nonresponder (H-2f and H-2s) phenotypes.(3%) Later, studies
from the same laboratory showed that (1) the pre-S(2) region was significantly
more immunogenic than the S region of HBsAg; (2) the immune responses to
the pre-S(2) region are regulated by H-2 linked genes distinct from those that
regulate the response to the S region; and (3) immunization of an S-region
nonresponder strain with HBV envelope particles that contain both the pre-
S(2) and the S regions can circumvent nonresponsiveness to the S region.(5%)
More recently, this analysis has been extended to the pre-S(1) region indicating
that (1) it is immunogenic at the T and B cell levels; (2) specific antibody
production is regulated by H-2-linked genes and can be independent of anti-S
and anti-pre-S(2) antibody production; (3) immunization of H-2f strains with
HBsAg/p39 particles containing the pre-S(1) region can bypass nonrespon-
siveness to the S and pre-S(2) regions in terms of antibody production; (4) two
synthetic peptides, p32-53 and p94-117, define murine and human antibody
binding sites on the pre-S(1) region, and pl-21 and p12-32 define additional
human antibody binding sites; (5) pre-S(1)-specific T cells can be elicited in S
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and pre S(2) region nonresponder mice (H-2f) and provide functional T cell
help for S-pre-S(2)-, and pre-S(1)-specific antibody production; and (6) a T-cell
recognition site in the pre-S(1) region, p12-32, was identified. These findings
were considered of importance to HBV vaccine development, and possibly to
viral clearance mechanisms, since the higher-molecular-weight polypeptides
are preferentially expressed on intact virions.(55)

It is quite clear that the immune response to HBsAg in patients who
recover from HBYV infection and in vaccinees has a major function in the
immunity against HBV infection.(21.56)=58) There is evidence from in vitro and
animal experiments that, as with most soluble and particulate antigens, syn-
thesis of anti-HBs is regulated by T cells59=61) and that T cells appear to be
involved both in the immunity and immunopathology of hepatitis B.(39.58)

The mechanisms underlying the inability of chronic HBs carriers to pro-
duce anti-HBs antibodies have yet to be identified with certainty. Actually,
approximately one third of these carriers do have low titers of serum anti-HBs.
Studies have shown, however, that this anti-HBs is heterotypic; i.e., it is directed
against subdeterminants of HBsAg that are not present in that serum.(62) It has
been postulated by Kerlin and co-workers that the persistence of HBsAgin these
individuals may be related to a defect in T-cell function promoting continuous in
vivo production of injurious autoantibodies, or deficient suppressor T-cell (T's)
function with insufficient modulation of the antibody response.(52) These inves-
tigators found that T-cell regulation of pokeweed mitogen (PWM)-stimulated
total IgG and IgM synthesis in vitro failed to distinguish between chronic HBV-
infected patients and controls with circulating anti-HBs. Alternatively, a lack of
helper T-cell (Th) function or excessive T’ activity in patients with chronic HBV
infection could explain the inability to mounta primary antibody response to the
virus. In this regard, studies of greater relevance to our understanding of
immunoregulation of anti-HBs synthesis during HBV infection were carried out
by Dusheiko et al.(48) These workers demonstrated that 33% of carriers in their
study appeared to have a defect in Th augmentation of anti-HBs antibody
production, and 41% of carriers had enhanced Ts activity that decreased such
production. The presence of these abnormalities did not correlate with the
clinical status or degree of chronic hepatitis in their patients. Although these
experiments, in contrast to those by Kerlin et al.(52) measured anti-HBs antibody
specifically, Th activation was assessed by PWM stimulation rather than by
HBsAg. It would have been more valuable to have used specific antigen, since it
has been reported that PWM activates B cells in a nonspecific manner.(®3) These
studies may have been potentially flawed by allogeneic differences and the
independent effect of suppressor monocytes in the co-culture experiments.
They were able, however, to demonstrate an absence of circulating B cells
capable of producing anti-HBs antibody despite the elimination of Ts activity
and under conditions of maximal Th function.

The number of anti-HBs antibody-producing lymphocytes in the circula-
tion or their state of activity has not been measured. This information would
help determine whether these cells are still present in the body, but at different
sites (e.g., liver and spleen). The possibility remains also that these cells may
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have been tolerized or that their in vitro proliferation and ability to synthesize
anti-HBs (up to 500 pg/ml) also may quickly absorb available homotypic anti-
HBs present in chronic HBsAg carriers. This possibility is consistent with the
presence of immune complexes of HBsAg/anti-HBs in the serum and tissues of
these individuals. However, this explanation for the lack of detectable serum
anti-HBs antibody in chronic HBV carriers has been questioned8) because of
the technical limitation of the tests employed in these studies.

A more recent and particularly attractive hypothesis to explain the failure of
chronic HBsAg carriers to develop anti-HBs antibody is based on the earlier
finding that HBV as well as HBsAg can interact with host serum albumin (HSA).
The recruitment of HSA is achieved by the presence of receptor structures for
polymerized HSA (pHSA) on the outer coat of HBV, coded for by the pre-S
region of the HBV genome.(64.65) The extraordinary capacity of HBV to bind
this “self” component and its relation to tolerance induction is an important
immunological aspect, which needs to be further investigated. Recent studies(66)
have shown that antibodies against the receptor for pHSA, determined by
radioimmunoassay (RIA), were present in 1% (4 of 358 sera) of asymptomatic
carriers of HBsAg containing antibodies to HBeAg; in none of 67 sera contain-
ing HBeAg; in 74% (111 of 150 sera) of blood donors, who presumably had
acquired anti-HBs following natural infection; and in none of 77 successful
vaccinees against hepatitis B. These observations may be relevant to our under-
standing of the immune mechanisms of HBV infection. All these studies are
based on the observation that the pre-S(2) sequences of HBV and HBsAg react
with glutaraldehyde-polymerized HSA (GA-HSA). However, naturally occur-
ring pHSA, unlike GA-HSA, does not bind significantly to HBsAg, 67 casting
doubt on the validity of the postulate. More recently, Neurath et al.(68) located
within the HBV envelope proteins a sequence mediating the attachment of HBV
to human hepatoma HepG2 cells. A synthetic peptide analogue is recognized by
both cell receptors and anti-HBV antibodies and elicits antibodies reacting with
native HBV.

Anti-HBs antibody produced after exposure to HBV has been reported to
consist primarily of anti-a specificity.(69 The development of antibody to the
common a determinant appears to confer protection against reinfection with
HBV, regardless of the subtype.(56.70) However, up to 2.8% of HBV-infected
individuals fail to develop antibodies to such antigen.(69 This situation was
illustrated by the report of a case in a patient in whom acute hepatitis B
developed despite the presence of pre-existent anti-HBs, which was detected
during an episode of acute non-A, non-B (NANB) hepatitis. This marker
persisted up to the onset of acute hepatitis B, disappeared for about 1 month,
and subsequently reappeared. Since this patient had no clinical history of viral
hepatitis before the acute NANB hepatitis, it was presumed that the anti-HBs
antibody present during the acute phase of NANB hepatitis was a residuum
from a previous subclinical HBV infection. The HBsAg antibody present dur-
ing this patient’s second HBV infection was subtyped as ayw by a blocking RIA
procedure. Using a similar technique, the anti-HBs antibody detected before
the period of HBs antigenemia appeared to be almost exclusively of anti-d
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specificity, since only HBsAg subtypes with d specificity blocked the anti-HBs
activity significantly, while that detected after HBsAg positivity appeared to
have both anti-d and anti-y specificity. A later serum sample collected 7 months
after onset of acute hepatitis B clearly demonstrated an increase in the anti-y
activity with the anti-d activity remaining constant. The source of this patient’s
second HBV infection may have been a known sexual partner whose anti-HBs
antibody was broadly reactive with blocking by all eight subtypes. However, the
sexual contact appeared to have significantly more anti-y than anti-d activity,
consistent with the hypothesis that he was the source of the patient’s HBV
infection.(7D

A rather novel hypothesis to explain the suppression of production of anti-
HBs antibody and the maintenance of the carrier state of HBsAg has been
based on the idiotype-antiidiotype network.(72) An IgM-specific anti [anti-HBs]
antibody was found only in sera of HBV-infected patients, both acute and
chronic. However, not all HBsAg-positive patients exhibited this reaction, and
activity was correlated with the presence of HBeAg. Approximately 93% of the
sera with antiidiotype activity also contained HBeAg. Conversely, 70% of the
sera positive for HBeAg reacted in the IgM assay. No correlation was observed
between the presence of antiidiotype and rheumatoid factor or elevated serum
alanine aminotransferase (ALT; formerly SGPT) levels.

Despite the early appearance of anti-HBc antibody in acute viral hepatitis
B, it is the anti-HBs that has been considered protective against reinfection,
hence the use of purified HBsAg in vaccination. It is important to re-evaluate
this concept in view of two recent reports. Tabor and Gerety(?® found that
chimpanzees immunized with purified HBcAg became resistant to virus chal-
lenge. This observation may clarify the immune status of individuals who are
anti-HBc positive alone. Goudeau and Dubois(7%) obtained some unexpected
results when immunizing anti-HBc-positive volunteers during a clinical trial of
hepatitis B vaccine in hospital personnel. Of these, 14 who were anti-HBc
positive alone received three doses of 5 ug HBsAg alum vaccine (Hevac B,
Institut Pasteur) spaced 1 month apart. The anti-HBs seroconversion rate was
85%, significantly lower than the 96% observed in seronegative staff in the
same settings.(75) A true anamnestic response (rapid increase in anti-HBs after
the first injection) was observed in only one subject, all the others having a
primary type of response. There was no obvious relationship between this
relatively low response and either increasing (two cases), decreasing (three
cases), or stable anti-HBc titers, or the presence of anti-HBc IgM. These inves-
tigators suggested that a degree of anergy to HBsAg may be one characteristic
of individuals who do not acquire anti-HBs after HBV infection or who lose it
quickly. Some of them remain chronically infected, with low-level synthesis of
HBsAg undetectable by conventional procedures.(76.77)

There is usually no difficulty in detecting antibodies to other HBV anti-
gens (e.g., anti-HBc and anti-HBe antibodies) by conventional assays. It is
interesting to note that in patients with chronic active hepatitis B and in silent
HBsAg carriers, whose immunologic tolerance to HBsAg may be induced and
maintained by the HBsAg-HSA complex, sensitization of immunocompetent
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cells and establishment of etfector-cell functions toward HBcAg is altered.(78)
That is, monomeric (7-8S) anti-HBc IgM is produced, in contrast to the 195
anti-HBc IgM detected during acute viral hepatitis B.(79.80) Membrane-bound
IgG antibodies with specificity for HBcAg have been demonstrated on liver
cells from these patients. Eluates obtained after urea treatment of isolated
hepatocytes contained HSA, HBsAg, and IgG, when analyzed for protein con-
tent.(81) These antibodies may participate in the maintenance of immunologic
tolerance to HBV-infected hepatocytes by local activation of Ts(82) or by anti-
gen-receptor blockade through cross-reactivity with HSA in association with
HBYV antigens expressed on the hepatocyte, or steric hindrance.(78) It should
be reiterated that although numerous studies have been reported in favor of
the role of HBcAg in hepatocellular injury, playing down the importance of
HBsAg in this connection, there are both clinical and laboratory observations
that cannot be reconciled with this hypothesis. Nevertheless, this hypothesis is
still viable and merits further consideration. If indeed HBcAg is the target for
cytolytic T cells (CTL), other factors (e.g., target cell properties and immu-
noregulatory function) may explain differences in outcomes among individuals
infected with HBV.(4D

4.2. T Lymphocytes

Lymphocyte subpopulations in patients with acute and chronic hepatitis
have been investigated in an effort to elucidate their regulatory and effector
functions in liver damage. Early studies involved the enumeration of circulat-
ing B and T lymphocytes and yielded conflicting findings from which no
conclusions could be drawn. Nouri-aria et al.(83) recently investigated the rela-
tionship between histologic classification and the control of B-cell differentia-
tion in HBV infection, including 68 patients with HBs antigenemia and a
spectrum of liver damage in addition to 25 controls. Spontaneous immu-
noglobulin G (IgG) production was related to the degree of inflammation with
significantly elevated IgG levels only in patients with chronic active hepatitis.
Concanavalin A (Con A)-induced suppressor cell regulation of IgG producing
cells was also impaired in these patients. The degree of impairment was directly
proportional to the severity of portal tract inflammation. These abnormalities
were also found in patients with acute viral hepatitis, however, but were tran-
sient in those with self-limited disease. The advent of monoclonal antibodies
against helper-inducer (T4) and cytotoxic-suppressor (T8) T-cell subsets led to
the analysis of T-cell subpopulations. In acute hepatitis B, the T4/T8 ratio was
found to be minimally®4 or significantly(85) reduced, whereas in chronic active
hepatitis B the ratio was variable(®4) or low.(85) The decreased ratio in acute
hepatitis B returns to normal upon resolution of the disease. This finding is
similar to what has been reported for other viral infections, such as Epstein—
Barr virus (EBV) and cytomegalovirus (CMV).(86)

Of great interest, however, was the fact that the T4/T8 ratio in silent
carriers of HBsAg was consistently subnormal and independent of viral rep-
lication,®4 perhaps reflecting an increase in the suppressive immunoregulato-
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ry forces limiting immunologic attack on infected hepatocytes.(39.86) In contrast
to these findings in certain aspects were those of Thomas et al.(85) These work-
ers found that in chronic active hepatitis B, T4/T8 ratios depended on the level
of viral replication, independent of disease activity. That is, patients with
HBeAg and DNA polymerase had low T4/T8 ratios, while those with anti-HBe
actually had mild increases. They also found that silent carriers of HBsAg had
normal T4/T8 ratios.

Additional disagreements in this area have also been reported by oth-
ers,(87.:88) including the lack of correlation between Ts phenotype and function.
Barnaba et al.(87) investigated the relationship between T-cell subsets, as de-
fined by monoclonal antibodies, and suppressor activity, using a short-lived
suppressor cell assay. Their studies showed that patients with chronic HBV
infection had an absolute reduction in the T4-positive subset and a significantly
decreased T4/T8 ratio, as compared with healthy controls. Conversely, Pignata
et al.(89) reported that in children with HBsAg-positive chronic active hepatitis
the T4/T8 ratio was lower than in age-matched controls, which was mainly due
to an increase of T8-positive cells. The number of T4-positive cells was even
lower in severe chronic hepatitis patients, thereby reducing still further the
T4/T8 ratio.

Alexander et al.(90) recently investigated the relationship of suppressor cell
activity, viral replication, and the histologic type of disease to T-cell cytotoxicity
against autologous hepatocytes in 42 consecutive HBsAg carriers undergoing a
liver biopsy. The proportion of suppressor/cytotoxic lymphocytes directly cor-
related with T-cell cytotoxicity to autologous hepatocytes, and both were high-
er in those with HBeAg in serum than in those with anti-HBe antibody or in
patients on corticosteroid therapy. There was no relationship to underlying
histologic classification. By contrast, suppressor cell regulation of IgG-produc-
ing cells was unrelated to the proportion of suppressor/cytotoxic lymphocytes
in peripheral blood or HBeAg status, but impaired function was associated
with chronic hepatitis, particularly chronic active hepatitis. These investigators
suggest that the increased proportion of suppressor/cytotoxic lymphocytes in
these patients represents an increase in the cytotoxic and not the suppressor
cell subset.

One of the problems in cell analysis is the inability to distinguish between
Ts and CTL, owing to the lack of specific monoclonal antibodies needed to
characterize the components of these lymphocyte subsets. Complicating this
already major problem is the detection of T4-positive lymphocytes that can be
induced to suppress the function of other Th.(86) It is also possible that the
current methodology for evaluation of immunoregulatory phenotypes or func-
tion is not sufficiently sensitive to detect changes in minor antigen-specific
regulatory or effector cell subpopulations. In addition, it is impossible at this
time to determine whether these changes represent primary pathogenetically
important events, or secondary phenomena. In this regard, it is known that
infection with a variety of viruses, even in the absence of abnormal protracted
clinical outcomes, leads to altered T4/T8 ratios,®!) suggesting that the immu-
nosuppression observed results from viral infection and does not necessarily
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contribute to chronicity. Furthermore, since a substantial number of patients
with hepatitis B being studied are homosexual men, some of the abnormalities
in T4/T8 ratios may reflect an underlying immunosuppressed state, possibly
associated with multiple frequent infections, rather than HBV infection alone.
In the final analysis, these studies of immunoregulatory T-cell subsets, like
studies of immunoregulatory and effector function, have not yet provided us
with definitive information to identify the immunologic abnormalities involved
with HBV infection.

4.3. Macrophages

The role of macrophages in murine viral hepatitis is relatively well de-
fined.(®2) By contrast, their role in HBV infection has yet to be determined.
The extrahepatic sites in humans and chimpanzees where HBV DNA, either
alone or as an RNA : DNA hybrid, has been detected include T and B lympho-
cytes.(9 Although HBV DNA could not be found in macrophages by these
investigators, the protective function of the cells of the reticuloendothelial
system cannot be ruled out; i.e., HBV might persist in these cells for only short
periods of time. It is possible that these cells are responsible for the removal of
infectious virus particles from the circulation before they can gain access into
the hepatocyte. Whether this function is achieved may depend on the size of
the virus inoculum. The reticuloendothelial system might be overwhelmed by
too large a virus inoculum, which could render the macrophages unable to
process the virus adequately, thus paving the way to hepatocyte infection and
disease.3) Macrophage functions other than phagocytosis may also be in-
volved in the immunopathology of hepatitis B infection, but to date no perti-
nent studies have been reported.

4.4. Natural Killer Cells

The cytotoxic capacity of peripheral blood mononuclear cells (PBMC)
from patients with acute and chronic hepatitis has been assessed in vitro against
a variety of target cell lines that do not express known liver and HBV antigens.
In other studies, defined liver or HBV antigens such as liver-specific protein or
HBsAg were bound artificially to red blood cells (RBGs) or cultured cells and
were used as targets for cell-mediated cytotoxicity by PBMC from patients with
acute and chronic hepatitis B. Although many of the results from these in vitro
studies were interpreted as reflecting the mechanism of liver cell damage in
hepatitis B, the experiments were often flawed by the lack of appropriate
controls or by technical pitfalls.(39) In addition, the literature is replete with
conflicting reports of investigations using the same target cell line, PLC/PRF/5.
Thus, even when relatively similar methodologies and the identical cell line
were employed by different investigators, divergent observations emerged. In
short, the role of natural killer (NK) cells in the pathogenesis of liver injury
associated with HBV infection remains obscure.(39)
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4.5. Soluble Factors

Several reviews(39.47.49,86,93,94) have dealt with the immunomodulatory role
of factors found in the serum of patients with viral hepatitis. In addition to the
products of impaired catabolism by the damaged liver, serum proteins, such as
very-low-density lipoproteins (VLDL), two classes of immunoregulatory pro-
teins synthesized in patients with viral hepatitis have been described. One is an
abnormal low-density lipoprotein that inhibits the ability of T cells to form
rosettes with sheep RBCs and has been named rosette inhibitory factor (RIF);“9)
the other inhibits lymphocyte proliferation and proliferation-dependent func-
tions and is termed serum inhibitory or immunosuppressive factor (SIF).(95.96)
Although these serum factors had both been proposed to contribute to the
immunopathogenesis of HBV-induced liver injury, evidence now indicates that
RIF, and even more frequently, SIF, are also associated with nonviral liver
diseases. In any case, RIF has been shown to inhibit primarily the rosetting
activity of T cells expressing Fc receptors for IgM, a property that has been
associated with Th.®?) It has been postulated that RIF exerts an immu-
nomodulatory effect by interfering with the cellular—humoral interactions re-
quired for the production of anti-HBs antibody. Several findings support this
concept: (1) RIF levels are higher in HBsAg carriers without anti-HBs antibody;
(2) RIF appears to interfere with Th; and (3) RIF inhibits the Ig secretory
response of lymphocytes to stimulation with PWM.®8)

The biochemical properties of SIF are different from those of RIF and
other liver-derived immunoregulatory factors; it is a low-molecular-weight al-
bumin-associated lipid or lipophilic peptide, which can even be detected, at low
levels of activity, in albumin fractions of normal serum.(¥9 In the latter investi-
gation, SIF did not appear to correlate as well with liver cell injury as RIF, a
finding at odds with the detection by others of RIF in asymptomatic HBsAg
carriers.(98)

The role of interferon (IFN), which has both antiviral and immunoregula-
tory functions, has also been investigated, as it relates to the immu-
nopathogenesis of hepatitis B. It has been found, however, that HBV is not an
efficient IFN inducer and that the PBMC of patients produce less, not more,
IFN than controls.(100-103) Several studies have recently dealt with IFN,
(virus-induced, a product predominantly of macrophages and NK cells but also
of lymphocytes) and INF, (immune IFN, a product of T cells). In contrast to
earlier reports, Levin and Hahn found normal IFN,, and IFN, in the serum of
patients with uncomplicated acute viral hepatitis (A, B, and NANB), but de-
pressed levels in those with fulminant viral hepatitis.(101) This study suggested
that the short-term outcome of acute viral hepatitis might essentially be deter-
mined by the endogenous IFN production. That is, in self-limited acute viral
hepatitis there was a rising IFN serum level and the mononuclear cells were in
an antiviral state, whereas in patients with fulminant disease, the IFN system
appeared grossly defective. It was speculated that this deficiency shown by the
failure to detect IFN in the serum might be the cause of the fulminant course;
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treatment with IFN_ was followed by rapid activation of the IFN system and an
uncomplicated recovery in some of these patients. These data(101) have far-
reaching implications with regard to our understanding of the different forms
of outcome and a potential treatment for acute viral hepatitis but they await
confirmation.

More recently, Pirovino et al.(199 measured IFN activity in the serum of
patients with acute and chronic viral hepatitis B and compared the results with
those in patients with nonviral liver disease, in patients with influenza, and in
healthy controls. In all patients with acute and chronic viral hepatitis, no serum
IFN could be detected, confirming data from earlier studies of acute viral
hepatitis in which no circulating IFN was found. These investigators concluded
that their results disprove the view that the amounts of serum IFN, detected at
the time of the acute clinical illness, may be a determinant of outcome.

Kato et al.(195) found that peripheral lymphocytes produced normal
amounts of IFN, and IFNg (type I) in asymptomatic HBsAg carriers but de-
creased levels in patients with chronic active hepatitis. This report agrees with
that by Davis et al.,(106) which showed that the ability of lymphocytes from
patients with chronic hepatitis B, NANB, and delta (D) to produce INF_ was
diminished but that IFN_, production was normal. This finding was interpreted
as reflecting a defect of B-lymphocyte function. Finally, Yousefi et al.(103) evalu-
ated the IFN, response of peripheral lymphocytes from patients with acute
and chronic hepatitis following incubation with partially purified HBsAg.
Whole lymphocytes from patients with acute hepatitis B, resolved hepatitis B,
and chronic hepatitis B responded by producing IFN,, while lymphocytes
from asymptomatic healthy carriers did not. The significance of these observa-
tions remains to be elucidated.

5. SIGNIFICANCE OF HEPATITIS B VIRUS-INDUCED
IMMUNOMODULATION IN PATHOGENESIS

The mechanisms by which viruses in general induce immunosuppression
are slowly being unraveled. Evidence accumulated over many years suggests
that virus-induced immunomodulation may often be, as expected, the result of
infection of cells directly involved in the immune response. Cytolysis of these
target cells may be produced by certain viruses but, for HBV, this is most likely
not the case because HBV is not a cytopathic virus. Destruction of the hepato-
cytes occurs instead, according to most experts in the field, by CMI directed
against viral antigens expressed on the surface of the infected hepatocyte. The
liver is the source of a number of immunoregulatory molecules; therefore,
liver injury may, directly or indirectly, alter the overall immunocompetency of
the host. Although this should be an important consideration, the notion that
HBV is not strictly a hepatotropic agent has opened new avenues of
investigation.

There is now enough evidence to show that the HBV genome can be
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detected in other tissues, particularly T and B cells, but not in macrophages.(107—
109) Frequently, most cells involved in the immune response are poorly per-
missive for viral replication; however, the virus may persist in a latent form or
integrated into their genome. Both replicative (HBV RNA : DNA hybrids) and
nonreplicative (HBV DNA alone) forms of HBV have been found in lympho-
cytes. Obviously, these observations are important to the tenet that HBV can
exert a functional influence on cells participating in the immune response.

Another noteworthy aspect is the role of HBV in the acquired immune
deficiency syndrome (AIDS). Before the discovery of the etiologic role of the
human T lymphotropic virus II1I/lymphadenopathy virus (HTLV-11I/LAV) in
AIDS, a number of other agents were incriminated as the etiologic agents of this
syndrome, including HBV. It is interesting that the possible role of HBV as a
cofactor in AIDS is being re-evaluated in the laboratory of the investigators who
discovered HTLV-III/LAV.® DNA sequences of HBV were found in fresh and
cultured lymphocytes from patients with AIDS or pre-AIDS, even in the absence
of conventional HBV serologic markers. Furthermore, the restriction DNA
pattern was consistent with the integration of the HBV DNA. Two recent
studies(110.111) have shown that HBV-infected individuals (e.g., homosexuals,
drug users) are more prone to become HBV carriers with liver disease if they are
anti-HIV positive. However, anti-HIV positive individuals with past or current
HBYV infection were not more likely to progress to AIDS than those who had no
evidence of HBV infection.

REFERENCES

1. Blum, H. E,, L. Stowring, A. Figus, C. K. Montgomery, A. T. Haase, and G. N. Vyas.
Detection of hepatitis B virus DNA in hepatocytes, bile duct epithelium, and vascular
elements by n situ hybridization, Proc. Natl. Acad. Sci. USA 80:6682—6685 (1983).

2. Chong-Jin, O. and D. Jenk-Ling, Hepatitis B virus in lymphocytes of seronegative car-
riers, Lancet 1:395-396 (1984).

3. Laure, F., D. Zagury, A. G. Saimot, R. C. Gallo, B. H. Hahn, and C. Brechot, Hepatitis B
virus DNA sequences in lymphoid cells from patients with AIDS and AIDS-related
complex, Science 229:561-563 (1985).

4. Lie-Injo, L. E., M. Balasegaram, C. G. Lopez, and A. R. Herrera, Hepatitis B viral DNA
in liver and white blood cells of patients with hepatoma, DNA 2:301-308 (1983).

5. Pontisso, P., M. C. Poon, P. Tiollais, and C. Brechot, Detection of hepatitis B virus DNA
in mononuclear blood cells, Br. Med. J. 288:1563—1566 (1984).

6. Romet-Lemonne, J. L., E. Elfassi, W. Haseltine, and M. Essex, Infection of bone marrow
cells by hepatitis B virus, Lancet 2:732 (1983).

7. Romet-Lemonne, J. L., M. F. McLane, E. Elfassi, W. Haseltine, J. Azocar, and M. Essex,
Hepatitis B virus infection in cultured human lymphoblastoid cells, Science 221:667—669
(1983).

8. Summers, J. and W. Mason, Replication of the genome of a hepatitis B-like virus by
reverse transcriptase of an RNA intermediate, Cell 29:403—415 (1982).

9. Korba, B. E,, F. Wells, B. C. Tennat, G. H. Yoakum, R. H. Purcell and J. L. Gerin,
Hepadnavirus infection of peripheral blood lymphocytes in vivo: Woodchuck and chim-
panzee models of viral hepatitis, J. Virol. 58:1-8 (1986).



34

10

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

MARIO R. ESCOBAR

. Melnick, J. L., Classification of hepatitis A virus as enterovirus type 72 and hepatitis B as
a hepadnavirus type 1, Intervirology 18:105—106 (1982).

Robinson, W. S., P. Marion, M. Feitelson, and A. Siddiqui, The hepadnavirus group:
Hepatitis B and related viruses, in: Viral Hepatitis, 1981 International Symposium (W.
Szmuness, H. J. Alter, and J. E. Maynard, eds.), pp. 57-68, Franklin Institute Press,
Philadelphia (1982).

Summers, J., J. Smolec, and R. Snyder, A virus similar to hepatitis B associated with
hepatitis and hepatoma in woodchucks, Proc. Natl. Acad. Sci. USA 75:4523—-4537 (1978).
. Marion, P. L., L. S. Oshiro, D. C. Regnery, G. H. Scullard, and W. S. Robinson, A virus
in Beechy ground squirrels that is related to hepatitis B virus of humans, Proc. Natl.
Acad. Sci. USA 77:2941-2945 (1980).

Mason, W. S., G. Seal, and J. Summers, Virus of Pekin ducks with structural and
biological relatedness to human hepatitis B virus, J. Virol. 35:829-836 (1980).

Cote, P. ], Jr., G. M. Dapolito, J. W-K. Shin, and J. L. Gerin, Surface antigenic determi-
nants of mammalian “hepadnavirus” defined by group and class-specific monoclonal
antibodies, J. Virol. 3:135—142 (1982).

Howard, C. R., The nature of the hepatitis B virus and its mode of replication, Springer
Semin. Immunopathol. 3:397—419 (1981).

Chernesky, M. A., M. R. Escobar, P. D. Swenson, and S. Specter, Laboratory diagnosis of
hepatitis viruses, Cumitech 18:1-12 (1984).

LeBouvier, G. L., The heterogeneity of Australia antigen, J. Infect. Dis. 123:671-675
(1971).

Bancroft, W. A., F. F. Mundon, and P. K. Russel, Detection of additional antigenic
determinants of hepatitis B antigen, J. Immunol. 109:842-848 (1972).

Heermann, K. H., U. Goldman, W. Schwartz, T. Seyffarth, H. Baumgarten, and W. H.
Gerlich, Large surface proteins of hepatitis B virus containing the pre-S sequence, J.
Virol. 52:396—401 (1984).

Stibbe, W. and W. H. Gerlich, Variable protein composition of hepatitis B surface
antigen from different donors, Virology 123:436-442 (1982).

Tiollais, P, P. Charnay, and G. N. Vyas, Biology of hepatitis B virus, Science 213:406—411
(1981).

Machida, A., S. Kishimoto, H. Ohnuma, K. Baba, Y. Ito, H. Miyamoto, G. Funatsu, K.
Oda, S. Usuda, S. Togami, T. Nakamura, M. Miyakawa, and M. Mayumi, A polypeptide
containing 55 amino acid residues coded by the pre-S region of hepatitis B virus deox-
yribonucleic acid bears the receptor for polymerized human as well as chimpanzee
albumins, Gas*roenterology 86:910-918 (1984).

Stibbe, W. and W. H. Gerlich, Structural relationships between minor and major pro-
teins of hepatitis B surface antigen, J. Virol. 46:626—-628 (1983).

Takahashi, K., Y. Akahane, T. Gotanda, T. Mishiro, M. Imai, Y. Miyakawa, and N.
Mayumi, Demonstration of hepatitis B e antigen in the core of Dane particles, J. Immu-
nol. 122:275-279 (1979).

Yoshizawa, H., Y. Itoh, J. P. Simonetti, T. Takahashi, A. Machida, Y. Miyakawa, and M.
Mayumi, Demonstration of hepatitis B e antigen in hepatitis B core particles obtained
from the nucleus of hepatocytes infected with hepatitis B virus, J. Gen. Virol. 42:513-519
(1979).

Murphy, B., E. Tabor, V. McAuliffe, A. Williams, J. Maynard, R. Gerety, and R. Purcell,
Third component, HBeAg/3, of hepatitis B e antigen system identified by the different
double diffusion techniques, J. Clin. Microbiol. 8:349—-350 (1978).

Williams, A. and G. L. LeBouvier, Heterogeneity and thermolability of “e” antigen, Bubl.
Haematol. 42:71-75 (1976).

Imai, M., M. Nomura, T. Gotanda, T. Sano, K. Tachibana, H. Miyamoto, K. Takahashi,
S. Toyama, Y. Miyakawa, and M. Mayumi, Demonstration of two distinct antigenic



IMMUNOMODULATION BY HBV 35

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

determinants on hepatitis B e antigen by monoclonal antibodies, J. Immunol. 128:69-72
(1982).

Summers, J., Replication of hepatitis B viruses, in Viral Hepatitis and Liver Disease (G. N.
Vyas, J. L. Dienstag, and J. H. Hoofnagle, eds.), pp. 87-96, Grune & Stratton, Orlando,
Florida (1984).

Escobar, M. R. and P. D. Swenson, Mechanisms of viral immunopathology with special
reference to viral hepatitis, in Immunomodulation by Microbwal Products and Related Synthetic
Compounds (Y. Yamamura, S. Kotani, [. Azuma, A. Koda, and T. Shiba, eds.), pp- 134-
147, Excerpta Medica, Amsterdam (1982).

Blumberg, B. S., Comments on the biology of HBV, in Viral Hepatitis (G. N. Vyas, S. N.
Cohen, and R. Schmid, eds.), pp. 591-592, The Franklin Institute Press, Philadelphia
(1978).

Walker, M. E., W. Szmuness, C. Stevens, and P. Rubenstein, Genetics of anti-HBs
responsiveness. I. HLA-DR7 and nonresponsiveness to hepatitis vaccination, Transfusion
21:601 (1981) (abst.).

Milich, D. R., H. Alexander, and F. V. Chisari, Genetic regulation of the immune
response to hepatitis B surface antigen (HBsAg). III. Circumvention of nonrespon-
siveness in mice bearing HBsAg nonresponder haplotypes, J. Immunol. 130:1401—-1407
(1983).

Milich, D. R. and F. V. Chisari, Genetic regulation of the immune response to hepatitis B
surface antigen (HBsAg). I. H-2 restriction of the murine humoral immune response to
a and d determinants of HBsAg, J. Immunol. 129:320—325 (1982).

Milich, D. R., G. G. Leroux-Roels, and F. V. Chisari, Genetic regulation of the immune
response to hepatitis B surface antigen (HBsAg). II. Qualitative characteristics of the
humoral immune response to the a, d, and y determinants of HBsAg, J. Immunol.
130:1395-1400 (1983).

Szmuness, W., C. E. Stevens, E. A. Zang, E. ]J. Harley, and A. Kellner. A control clinical
trial of the efficacy of the hepatitis B vaccine (Heptavax B): A final report, Hepatology
1:377-385 (1981).

Montano, L., G. C. Miescher, A. H. Goodall, K. H. Wiedmann, G. Janossy, and H. C.
Thomas, Hepatitis B virus and HLA antigen display in the liver during chronic hepatitis
B virus infection, Hepatology 2:557-561 (1982).

Dienstag, J. L., Immunologic mechanisms in chronic viral hepatitis, in Viral Hepatitis and
Liver Disease (G. N. Vyas, J. L. Dienstag, and J. H. Hoofnagle, eds.), pp. 135—-166, Grune
& Stratton, Orlando (1984).

Craxi, A., L. Montano, A. Goodall, and H. C. Thomas, Genetic and sex-linked factors
influencing HBs antigen clearance. I. Nonimmune clearance in inbred strains of mice, J.
Med. Virol. 9:117—-123 (1982).

Klingenstein, R. J. and J. L. Dienstag, Immunopathogenesis of acute and chronic hepati-
tis B, in Hepatitis B (R. J. Gerety, ed.), pp. 221-245, Academic, Orlando (1985).
Smith, C. I., W. G. E. Cooksley, and L. W. Powell, Cell-mediated immunity to liver
antigen in toxic liver injury. I. Occurrence and specificity, Chin. Exp. Immunol. 39:607—
617 (1980).

Smith, C. I., W. G. E. Cooksley, and L. W. Powell, Cell-mediated immunity to liver
antigen in toxic liver injury. I1. Role in pathogenesis of liver damage, Clin. Exp. Immunol.
39:618-625 (1980).

Blumberg, B. S., H. I. Sutnick, and W. T. London, Australia antigen as a hepatitis virus.
Variation in host response. Am. J. Med. 48:1-8 (1970).

. Dudley, F. J., R. A. Fox, and S. Sherlock, Cellular immunity and hepatitis-associated

Australia antigen in liver disease, Lancet 1:723-726 (1972).
Serjeantson, S., and D. G. Woodfield, Immune response of leprosy patients to hepatitis
B virus, Am. J. Epudemiol. 107:321-327 (1978).



36

47

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

MARIO R. ESCOBAR

. Chisari, F. V., J. A. Routenberg, D. S. Anderson, and T. S. Edgington, Cellular immune
reactivity in HBV-induced disease, in: Viral Hepatitis (G. N. Vyas, S. N. Cohen, and R.
Schmid, eds.), pp. 245—266, Franklin Institute Press, Philadelphia (1978).

Dusheiko, G. M., J. H. Hoofnagle, W. G. Cooksley, S. P. James, and E. A. Jones,
Synthesis of antibodies to hepatitis B virus by cultured lymphocytes from chronic hepati-
tis B surface antigen carriers, J. Clin. Invest. 71:1104—1113 (1983).

Chisari, F. V., and T. S. Edgington, Lymphocyte E rosette inhibitory factor: A regulato-
ry serum lipoprotein, J. Exp. Med. 142:1092—-1107 (1975).

Celis, E., P. C. Kung, and T. W. Chang, Hepatitis B virus-reactive human T lymphocyte
clones: Antigen specificity and helper function for antibody synthesis, J. Immunol.
132:1511-1516 (1984).

Hellstrom, U., and S. Sylvan, Regulation of the immune response to hepatitis B virus
and human serum albumin. I. Hepatitis B surface antigen-induced secretion of anti-
bodies with specificity for human serum albumin in hepatitis B-immune donors in vitro,
Scand. J. Immunol. 23:545-553 (1986).

Kerlin, P., K. M. Nies, and M. J. Tong, Unimpaired B-cell function and T-cell regulation
of immunoglobulin synthesis in patients with chronic hepatitis B virus infection, Clin.
Immunol. Immunopathol. 25:149—156 (1982).

Vento, S., J. E. Hegarty, A. Alberti, C. J. O’Brien, G. J. M. Alexander, A. L. W. F.
Eddleston, and R. Williams, T-lymphocyte sensitization to HBcAg and T-cell mediated
unresponsiveness to HBsAg in hepatitis B virus-related chronic liver disease, Hepatology
5:192—-197 (1985).

Milich, D. R., G. B. Thornton, A. R. Neurath, S. B. Kent, M -L. Michel, P. Tiollais, and F.
V. Chisari, Enhanced immunogenicity of the pre-S region of hepatitis B surface antigen,
Science 228:1195—1198 (1985).

Milich, D. R., A. McLachlan, F. V. Chisari, S. B. H. Kent, and G. B. Thornton, Immune
response to the pre-S(1) region of the hepatitis B surface antigen (HBsAg): A pre-S(1)
specific T cell response can bypass nonresponsiveness to the pre-S(2) and S regions of
HBsAg, J. Immunol. 137:315-322 (1986).

McAuliffe, V. J., R. H. Purcell, and J. L. Gerin, Type B hepatitis: A review of current
prospects for a safe and effective vaccine, Rev. Infect. Dis. 2:470—-492 (1980).

Melnick, J. L., G. R. Dreesman, and F. B. Hollinger, Approaching the control of viral
hepatitis type B, J. Infect. Dis. 133:210—-229 (1976).

Thomas, H. C., and D. P. Jewell, Acute and chronic viral hepatitis, in: Clinical Gastroin-
testinal Immunology (H. C. Thomas and D. P. Jewell, eds.), pp. 164—210, Blackwell Scien-
tific Publications, London (1979).

Fathman, C. G., and F. W. Fitch (eds.), Isolation, Characterization and Utihization of T
Lymphocyte Clones, Academic, New York (1982).

Pernis, B. and H. J. Vogel, Regulatory T. Lymphocytes, Academic, New York (1980).
Roberts, I. M., C. C. Bernard, G. N. Vyas, and I. R. MacKay, T-cell dependence of
immune response to hepatitis B antigen in mice, Nature (Lond.) 254:606—-607 (1975).
Tabor, E., R. J. Gerety, L. A. Smallwood, and L. F. Barker, Coincident hepatitis B
surface antigen and antibodies of different subtypes in human serum, J. Immunol.
118:369-370 (1977).

Lane, H. C., G. Whalen, and A. S. Fauci, Dichotomy between antigen and mitogen-
induced T cell help in human B cell activation, Clin. Res. 30:252 (1982) (abst.).
Machida, A., S. Kishimoto, H. Ohnuma, H. Miyamoto, K. Baba, K. Oda, T. Nakamura,
Y. Miyakawa, and M. Mayumi, A hepatitis B surface antigen polypeptide (p31) with the
receptor for polymerized human as well as chimpanzee albumins, Gastroenterology
85:268—274 (1983).

Okamoto, H., M. Imai, S. Usuda, E. Tanaka, K. Tachibana, S. Mishiro, A. Machida, T.
Nakamura, Y. Miyakawa, and M. Mayumi, Hemagglutination assay of polypeptide
coded by the pre-S region of hepatitis B virus DNA with monoclonal antibody: Correla-



IMMUNOMODULATION BY HBV 37

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

tion of pre-S polypeptide with the receptor for polymerized human albumin in serums
containing hepatitis B antigens, J. Immunol. 134:1212—1216 (1985).

Okamoto, H. S. Usuda, M. Imai, K. Tachibana, E. Tanaka, T. Kumakura, M. Itabashi,
E. Takai, F. Tsuda, T. Nakamura, Y. Miyakawa, and M. Mayumi, Antibody to the
receptor for polymerized human serum albumin in acute and persistent infection with
hepatitis B virus, Hepatology 6:354—-359 (1986).

Yu, M. W, J. S. Finlayson, and J. W-K. Shih, Interaction between various polymerized
human albumins and hepatitis B surface antigen, J. Virol. 55:736—743 (1985).
Neurath, A. R., S. B. H. Kent, N. Strick, and K. Parker, Identification and chemical
synthesis of a host cell receptor binding site on hepatitis B virus, Cell 46:429—436 (1986).
Gold, J. W. M., H. J. Alter, P. V. Holland, J. L. Gerin, and R. H. Purcell, Passive
hemagglutination assay for antibody to subtypes of hepatitis B surface antigen, J. Immu-
nol. 112:1100—1106 (1974).

Markenson, J. A, R. J. Gerety, J. H. Hoofnagle, and L. F. Barker, Effect of a cyclophos-
phamide on hepatitis B virus infection and challenge on chimpanzees, J. Infect. Dss.
131:79-87 (1975).

Swenson, P. D., M. R. Escobar, R. L. Carithers, and T. J. Sobieski I1I, Failure of pre-
existent antibody against hepatitis B surface antigen to prevent subsequent hepatitis B
infection, J. Clin. Microbiol. 18:305-309 (1983).

Troisi, C. L. and F. B. Hollinger, Detection of an IgM antiidiotype directed against anti-
HBs in hepatitis B patients, Hepatology 5:758—762 (1985).

Tabor, E. and R. J. Gerety, Possible role of immune responses to hepatitis B core antigen
in protection against hepatitis B infection. (Letter.), Lancet 1:172 (1984).

Goudeau, A. and F. Dubois, Immune status of anti-HBc positive individuals, Lancet
1:396 (1984).

Goudeau, A., F. Dubois, F. Barin, M. D. Dubois, and P. Coursaget, Hepatitis B vaccine:
Clinical trials in high-risk settings in France. (September 1975—September 1982), Dev.
Buol. Std. 54:267-284 (1983).

Brechot, C., M. Hadchouel, J. Scotto, M. Fonck, F. Potet, G. N. Vyas, and P. Tiollais,
State of hepatitis B virus DNA in hepatocytes of patients with hepatitis B surface anti-
gen-positive and -negative liver diseases, Proc. Natl. Acad. Sci. USA 78:3906—-3910 (1981).
Katchaki, J. N., R. Brouwer, and T. H. Siem, Anti-HBc and blood, N. Engl. J. Med.,
298:1421-1422 (1978).

Hellstrom, U. and S. Sylvan, Editorial Reviews: Human serum albumin and the enigma
of chronic hepatitis type B, Scand. J. Immunol. 23:523-527 (1986).

Fakunle, Y. M., F. Aranguibel, D. De Villiers, H. C. Thomas, and S. Sherlock, Mono-
meric (7S) IgM in chronic liver disease, Clin. Exp. Immunol. 38:204—210 (1979).
Sjogren, M. and J. H. Hoofnagle, Immunoglobulin M antibody to hepatitis B core
antigen in patients with chronic type B hepatitis, Gastroenterology 89:252—258 (1985).
Trevisan, A., G. Realdi, A. Alberti, G. Ongaro, E. Pornaro, and R. Meliconi, Core
antigen-specific immunoglobulin G bound to the liver cell membrane in chronic hepati-
tis B, Gastroenterology 82:218—222 (1982).

Pape, G. R, E. P. Rieber, J. Eisenburg, R. Hoffman, C. M. Balch, G. Baumgartner, and
G. Riethmuller, Involvement of the cytotoxic/suppressor T-cell subset in liver diseases,
Gastroenterology 85:657—662 (1983).

Nouri-Aria, K. T., G. J. M. Alexander, B. Portmann, D. Vergani, A. L. W. F. Eddleston,
and R. Williams, In vitro study of IgG production and concanavalin A induced sup-
pressor cell function in acute and chronic hepatitis B virus infection, Clin. Exp. Immunol.
64:50—58 (1986).

Klingenstein, R. J., A. M. Savarese, J. L. Dienstag, R. H. Rubin, and A. K. Bahn,
Immunoregulatory T cell subsets in acute and chronic hepatitis, Hepatology 1:523 (1981)
(abst.).

Thomas, H. C., D. Brown, G. Routhier, G. Janossy, P. C. Kung, G. Goldstein, and S.



38

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

MARIO R. ESCOBAR

Sherlock, Inducer and suppressor T-cells in hepatitis B virus-induced liver disease,
Hepatology 2:202—-204 (1982).

Dienstag, J. L. Immunopathogenesis of acute and chronic hepatitis B, in: Hepatitis B (R.
J. Gerety, ed.), pp. 221-245, Academic, Orlando, Florida (1985).

Barnaba, V., A. Musca, C. Cordova, M. Levrero, G. Ruocco, V. Albertini-Petroni, and F.
Balsano, Relationship between T cell subsets and suppressor cell activity in chronic
hepatitis B virus (HBV) infection, Clin. Exp. Immunol. 53:281-288 (1983).

Hodgson, H. J. F., J. R. Wands, and K. ]J. Isselbacher, Alteration in suppressor cell
activity in chronic active hepatitis, Proc. Natl. Acad. Sci. USA 75:1549—1553 (1978).
Pignata, C., P. Vajro, R. Troncone, G. Monaco, and M. Ciriaco, Immunoregulatory T
subsets in chronic active viral hepatitis: Characterization by monoclonal antibodies, J.
Pediatr. Gastroenterol. Nutr. 2:229-233 (1983).

Alexander, G. J. M., M. Mondelli, N. V. Naumov, K. T. Nouri-Aria, D. Vergani, D.
Lowe, A. L. W. F. Eddleston, and R. Williams, Functional characterization of peripheral
blood lymphocytes in chronic HBsAg carriers, Clin. Exp. Immunol. 63:498—507 (1986).
Rubin, R. H., W. P. Carney, R. T. Schooley, R. B. Colbin, R. C. Burton, R. A. Hoffman,
W. P. Harrsen, A. B. Cosimi, P. S. Russell, and M. S. Hirsch, The effect of infection on
T-lymphocyte subpopulations: A preliminary report, Int. J. Immunopharmacol. 3:307—
312 (1981).

Mallucci, L. and B. Edwards, Influence of the cytoskeleton on the expression of a mouse
hepatitis virus (MHV-3) in peritoneal macrophages: Acute and persistent infection, J.
Gen. Virol. 63:217-221 (1982).

Chisari, F. V. Regulation of lymphocyte function and viral transformation by hepatic
bioregulatory molecules, Hepatology 2:97—106s (1982).

Levy, G. A., and F. V. Chisari, The immunopathogenesis of chronic HBV induced liver
disease, Springer Semin. Immunopathol. 3:439-459 (1981).

Berg, P. A,, N. W. Brattig, and W. Grauer, Immunoregulatory serum factors in acute
and chronic hepatitis, Liver 2:275-278 (1982).

Brattig, N. W., and P. A. Berg, Serum inhibitory factors (SIF) in patients with acute and
chronic hepatitis and their clinical significance, Clin. Exp. Immunol. 25:40—49 (1976).
Sanders, G. and R. P. Perillo, Rosette inhibitory factor: T-lymphocyte subpopulation
specificity and potential immunoregulatory role in hepatitis B virus infection, Hepatology
2:547-552 (1982).

Grauer, W., N. W. Brattig, H. Schomerus, G. Frosner, and P. A. Berg, Immunosup-
pressive serum factors in viral hepatitis. III. Prognostic relevance of rosette inhibitory
factor and serum inhibitory factor in acute and chronic hepatitis, Hepatology 4:15—19
(1984).

Brattig, N. W., G. E. Schrempf-Dekker, C. W. Brockl, and P. A. Berg, Immunosup-
pressive serum factors in viral hepatitis. I1. Further characterization of serum inhibition
factor as an albumin-associated molecule, Hepatology 3:647—655 (1983).

Hill, D. A,, J. H. Walsh, and R. H. Purcell, Failure to demonstrate circulating interferon
during incubation period and acute stage of transfusion-associated hepatitis, Proc. Soc.
Exp. Biol. Med. 136:853—856 (1971).

Levin, S., and T. Hahn, Interferon system in acute viral hepatitis, Lancet 1:592—594
(1982).

Tolentino, P., F. Dianzani, M. Zucca, and R. Giacchino, Decreased interferon response
by lymphocytes from children with chronic hepatitis, J. Infect. Dis. 132:459-461 (1975).
Yousefi, S., M. R. Escobar, and R. L. Carithers, Immune interferon induction: A mea-
sure of cellular immune deficiency in hepatitis B carriers, Hepatology 3:826 (1983) (abst.).
Pirovino, M., M. Aguet, M. Huber, J. Altorfer, and M. Schmid, Absence of detectable
serum interferon in acute and chronic viral hepatitis, Hepatology 6:645—-647 (1986).
Kato, Y., H. Nakgawa, K. Kobayashi, N. Hattori, and K. Hatano, Interferon production



IMMUNOMODULATION BY HBV 39

106.

107.

108.

109.

110.

111.

by peripheral lymphocytes in HBsAg-positive liver diseases, Hepatology 2:789-790
(1982).

Davis, G. L., J. L. Jicha, and J. H. Hoofnagle, Alpha and gamma interferon in patients
with chronic type B, non-A, non-B, and delta hepatitis: Serum levels and n vitro produc-
tion by lymphocytes, Gastroenterology 86:1315 (1984) (abst.).

Anderson, R. E., W. Winkelstein, Jr., H. E. Blum, and G. N. Vyas, Hepatitis B virus
infection in the acquired immunodeficiency syndrome (AIDS), in: Viral Hepatitis and
Lwer Disease (G. N. Vyas, J. L. Dienstag, and J. H. Hoofnagle, eds.), pp. 339-343, Grune
& Stratton, Orlando, Florida (1984).

McDonald, M. I, J. D. Hamilton, and D. T. Durack, Hepatitis B surface antigen could
harbor the infectious agent of AIDS, Lancet 2:882—-884 (1983).

Ravenholt, R. T., Role of hepatitis B virus in acquired immunodeficiency syndrome,
Lancet 2:885—886 (1983).

Taylor, P. E., C. E. Stevens, S. Rodriguez de Cordoba, and P. Rubinstein, Hepatitis B
virus and human immunodeficiency virus: Possible interaction, in: Viral Hepatitis and
Lwver Disease (A. J. Zuckerman, ed.), pp. 198-200, Alan R. Liss, Inc., New York (1988).
Govindarajan, S., V. M. Edwards, M. L. Stuart, E. A. Operskalski, J. W. Mosley, and The
Transfusion Safety Study Group, Influence of human immunodeficiency virus infection
on expression of chronic hepatitis B and D virus infections, in: Viral Hepatitis and Liver
Disease (A. J. Zuckerman ed.), pp. 201-204, Alan R. Liss, Inc., New York (1988).



Papovaviruses

GIUSEPPE BARBANTI-BRODANO

1. GENERAL CHARACTERISTICS OF THE VIRUSES

Viruses of the papovavirus group belong taxonomically to the family Pa-
povaviridae.(1.2) The family is subdivided into two genera, Papillomavirus and
Polyomavirus, whose members are widely distributed among several mammalian
species. However, knowledge of immunologic aspects is limited to a few viruses
of the group, the object of this chapter.

Papovavirus virions are naked icosahedral particles that contain a double-
stranded circular DNA genome. In contrast to these common characteristics,
viruses of the Papillomavirus and Polyomavirus genus are different in virion and
genome size as well as in sedimentation coefficient of the viral particle (Table
I). Some members of the polyomavirus group (polyoma, BK, and JC virus)
possess a virion-associated hemagglutinin that reacts with neuraminidase-sen-
sitive receptors present on guinea pig and human red blood cells (RBCs). Each
virus species has distinct surface antigens that do not cross-react with other
members of the family. All members of each genus, however, share a common
internal antigen shown by disrupting the virions. While viruses of the Poly-
omavirus genus are readily grown in vitro, no tissue-culture systems are available
to propagate papillomaviruses. Papovaviruses can infect cells lytically in vitro or
transform them to a neoplastic phenotype.

All papovaviruses are oncogenic. Papillomaviruses generally produce tu-
mors in the species of origin. Polyomaviruses seem to be naturally nonon-
cogenic or weakly oncogenic in the species of origin, whereas they are highly
oncogenic when inoculated experimentally in rodents. While the genome orga-
nization and mechanisms of transformation by papillomaviruses are still poorly
understood, convincing evidence®) has been accumulated that polyomaviruses
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transform cells by the expression of specific proteins (tumor or T antigens)
encoded in the early region of the genome. In transformed cells, viral DNA
integrates into cellular chromosomes or may remain free, in an episomal
state. Most papovaviruses are ubiquitous in their host species and generally
produce an inapparent, latent infection that is affected by the immunologic
status of the host.

2. INTERACTIONS WITH THE IMMUNE SYSTEM

2.1. Papillomaviruses

Excellent reviews on general problems concerning papillomaviruses have
recently been published.(*.5) Before considering the immunology of human
papillomaviruses (HPV), it is worthwhile to examine the role of the immune
system in animal papillomavirus infections. In fact, rabbit papillomavirus
(RPV) and bovine papillomavirus (BPV) represent useful models to elucidate
results with HPV.

2.1.1. Rabbit Papillomavirus

Rabbits respond to papillomavirus infection with both humoral and cell-
mediated immunity. Neutralizing antibodies are detected that protect against
reinfection. Antibodies, however, do not seem to be responsible for regression
of papillomas because they are produced by animals with both regressing and
persisting papillomas.(6.7) Cellular immune mechanisms seem to represent the
main factor in papilloma regression, as suggested by the frequent presence of
mononuclear cell infiltrates in regressing tumors.(®) Interestingly, reduction of
cell proliferation begins in the upper layers of the tumor, whereas leukocyte
infiltrates are mostly evident at the epithelial basement membrane, suggesting
the involvement of soluble factors and lymphokines.

Cell-mediated immunity was also demonstrated by in vitro experiments.(9)
Lymph node cells from rabbits with both regressing and persisting papillomas
inhibited colony formation by cells derived from papillomas or carcinomas.
Sera from nonregressor rabbits, however, blocked the inhibitory effect induced
by lymphocytes, indicating that humoral factors can play an important role in
preventing regression. Further evidence that cell-mediated immune responses
contribute to the outcome of RPV infection comes from tumor-bearing animals
treated with methylprednisolone.(10 Although steroid treatment did not influ-
ence the length of the latency period, papilloma growth rate or malignant
conversion, treated animals showed a high incidence of secondary papillomas
and a very low rate of regressions: in 47% of untreated animals, papillomas
regressed, whereas only 2.5% of the steroid-treated animals showed signs of
regression.
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2.1.2. Bovine Papillomaviruses

The host immune response seems to be an important factor in controlling
the effects of BPV infection. BPV type 4 causes alimentary tract papillomas in
cattle.(11,12) Progression of papillomas to carcinomas occurs with relatively high
frequency in cows of the Scottish highlands feeding on bracken fern.(11.12)
Malignant transition may occur because this plant contains radiomimetic sub-
stances(1D) that display immunosuppressive and cocarcinogenic activities when
present in a long-term diet.

2.1.3. Human Papillomaviruses

2.1.3.a. Humoral Immunity. Antibodies to HPV structural proteins were
detected in wart patients by immune electron microscopy (IEM)(13.14) and
immunoelectrophoresis.(15 By using a solid-phase radioimmunoassay (RIA),
the percentage of persons producing antibodies to HPV-1 in an unselected
population was found to reach a maximum of about 50% at 20 years and to
decrease in the following age groups to a value of about 35%.(16) Since warts
are typically a disease of youth and their incidence drops in the age groups
beyond 20-30 years, it is tempting to speculate that humoral immunity is
protective. This suggestion was supported by the observation that at the onset
of regression all patients had virus-specific immunoglobulin M (IgM) anti-
bodies, whereas only 12% of patients with nonregressive warts were IgM
positive.(17.18)

Concurrent with wart regression, patients also develop complement-fixing
IgG antibodies.(19—22) No significant differences in virus-specific IgG antibody
frequency and titer were found, however, between patients with regressing and
persisting warts.(23) In addition, patients have been described with occasionally
high levels of IgG antibodies but without any signs of wart regression.(24)
Finally, in wart patients, the anti-HPV antibody titers are usually low,(15.16,25)
suggesting a limited antigenic stimulation by virus-specific antigens. Thus, the
protective effect of humoral immunity in HPV infection and its role in wart
regression remains uncertain. Even though the appearance of anti-HPV IgG
antibodies may simply represent an epiphenomenon of regression, it may be a
useful indicator to monitor wart evolution.

2.1.3.b. Cell-Mediated Immunity. Several epidemiologic observations indi-
cate a crucial role for cell-mediated immune mechanisms in protection against
HPV infection. Patients treated with immunosuppressive drugs after organ
transplantation often develop disseminated persisting warts.(26—28) Likewise,
patients with cell-mediated immune deficiencies, particulary those affected by
malignant conditions such as Hodgkin disease and chronic lymphatic leukemia,
suffer from severe papillomavirus infections more frequently than do patients
with humoral immune deficiencies.(29-32) These data are clearly in accordance
with the observation that regression of flat and plantar warts shows many
characteristics of a cell-mediated immune reaction. Macrophages and lympho-
cytes accumulate in the dermis at the basal membrane and invade the basal
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layers of epidermal cells, generally without diffuse infiltration of the degener-
ating wart tissue.(33—35)

Further support for the role of cell-mediated immunity in wart regression
is given by epidermodysplasia verruciformis.(36) This rare disease with a fre-
quent familial occurrence is associated with genetic disorders and immunologic
defects. It is characterized by a lifelong generalized eruption of flat, often
confluent, warts that cover extensive areas of the skin. Patients have a high risk
for malignant transition of warts to carcinomas in skin sites exposed to light,
since as many as 30% may develop skin cancer over the areas of verrucosis.

In epidermodysplasia verruciformis, several parameters of cell-mediated
immunity are impaired.(37—40) Patients show a reduction in the frequency and
index of 1-nitro-2,4-dichlorobenzene skin sensitization, percentage of E-ro-
sette-forming lymphocytes, lymphocyte blastogenesis, and leukocyte migration
inhibition. By contrast, the virus-specific humoral immune response is nor-
mally preserved.(#) Although the impairment of cell-mediated immunity
seems to be less pronounced in cases of common warts, reduced responsiveness
in lymphocyte transformation tests(42) and decreased number of T cells(43) are
frequently observed in wart patients, particularly in those with persistent or
long-lasting warts. Patients with genital papillomas show similar immunological
defects.(#0:49) In this connection, it has been reported recently that in immu-
nosuppressed women with HPV-associated lower genital intraepithelial neo-
plasia, an altered T-helper/T-suppressor ratio and a deficient response to
mitogenic stimulation correlated with persistent and recurrent tumors as well
as with progression to invasive epidermoid carcinoma.(5)

2.1.3.c. Modulation of Immunity by HPV. Several lines of evidence suggest
that HPV may modulate the host-immune response or even display immunosup-
pressive activity. These effects seem to be related to different HPV types.(37.38.40)
Cell-mediated immunity was well preserved in patients with HPV-1, HPV-4, and
HPV-7-induced skin warts, whereas it was considerably altered during infections
by HPV-5 and HPV-8. The latter HPV types most commonly are associated with
epidermodysplasia verruciformis. Moreover, in cases of persisting warts, cell-
mediated immunity improved after surgical removal or spontaneous regres-
sion(31,46) suggesting that immune depression was, at least in part, specifically
determined by HPV infection. There are also reports on soluble factors present
in wart extracts that may be able to protect persistent warts from immune attack
by blocking the local expression of cellular immunity.(47)

2.1.3.d. Malignant Conversion of Warts and Genital Papillomas. As in the
RPV system,(10) malignant conversion does not seem to depend on the immune
status of the patient, but rather to be related to the carcinogenic potential of
some HPV types. Indeed, cell-mediated immunity was impaired to the same
extent in 13 cases of epidermodysplasia verruciformis with lesions induced by
HPV-3 or HPV-5, but only the seven patients infected with HPV-5 developed
skin carcinomas.(38) Similarly, malignant transition of genital papillomas seem
to be related to infection by HPV-16 and HPV-18,48) whereas HPV-6 and
HPV-11 are mostly associated with benign condylomata(49.50) with a relatively
high rate of regression.
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2.1.3.e. Vaccination. The evidence that wart virus infection can be con-
trolled by immune mechanisms suggests that vaccination is a possible approach
to protection against HPV. Stimulation of humoral immunity could be of pro-
tective value in preventing HPV infection, while an increase in cell-mediated
immunity could have a therapeutic significance by inducing regression of the
lesions. Recent knowledge about the role of HPV infection in human diseases
may prompt efforts toward protective vaccination, since papillomaviruses seem
to be related not only to superficial skin and genital warts, but also to car-
cinomas of the lower genital tract as well as papillomas and carcinomas of the
larynx, lung, oral cavity, and esophagus.(8)

2.2. Polyomaviruses
2.2.1. Polyomavirus

Polyomavirus infection is common in colonies of wild and laboratory
mice.(51) Under natural circumstances, infant mice are infected by the virus
when partially protected by maternal antiviral antibodies and the infection is
completely asymptomatic.(52) After acute infection, polyomavirus persists for
life in a latent state in the kidneys and salivary glands.(53.59) Although the
mechanisms of persistence are still poorly understood, evidence obtained from
natural and experimental situations indicates that virus latency is controlled by
the immunologic status of the host.

2.2.1.a. Effect of Cell-Mediated Immunity in Polyomavirus Latent Infection and
Tumor Formation. During the latent state, the kidneys probably harbor only
viral DNA or a negligible quantity of complete virions.(53) However, since
latently infected animals produce virus-specific antibodies, (56 it is assumed that
small amounts of capsid proteins are produced and shed from persistently
infected cells to stimulate an immunologic response. The low production of
virus-specific antigens may represent a critical mechanism of latency, because
expression of viral antigens may be absent or the density of antigenic molecules
may be so low on the cell surface to render the infected cells insusceptible to T-
cell lysis or to antibody-dependent cellular cytotoxicity (ADCC) mediated by
complement and K cells.

Virus infectivity is usually not detected at 12 weeks postinfection or later if
susceptible cell-culture monolayers are exposed to kidney homogenates from
persistently infected, immunocompetent mice.(55) In such animals, infectious
virus can only be reactivated in explant cultures of the latently infected kidney
tissue,(35) even though viral DNA can be directly detected by DNA-DNA
hybridization of total kidney DNA with 32P-labelled polyomavirus DNA
probes.57 On the contrary, polyomavirus infection of unprotected infant
mice, thymectomized at birth, or reactivation of the latent infection in adult
mice by the administration of antithymocyte serum and hydrocortisone lead to
the isolation of high-titer infectious virus from kidney homogenates and
urine.(56) In these animals, multiple tumors, formed by polyomavirus-trans-
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formed cells, appear in several organs.(58) Tumors are very rarely observed in
immunocompetent mice under conditions of natural infection.(58) A neu-
rologic disease with wasting and paralysis has also been described in T-cell-
deficient nude mice inoculated as adults with polyomavirus.(9

2.2.1.b. Reactivation of Polyomavirus Latent Infection in Pregnancy. In
pathogen-free mice experimentally infected during pregnancy, polyomavirus
can cross the placenta and infect fetuses with consequences which vary in
severity with the stage of gestation.(69) Moreover, polyomavirus latent infection
is reactivated late in pregnancy of persistently infected mice. In the latter case,
infectious virus can readily be detected in kidneys, but not in other organs and
fetuses.(55.56) Transplacental transmission does not occur in persistently in-
fected mice probably because the viremia is neutralized by antivirus antibodies
in the serum.

Although the factors underlying reactivation have not been clearly identi-
fied, the depression of cell-mediated immunity and the peculiar hormonal state
that accompany pregnancy are probably important. Indeed, polyomavirus rep-
lication was enhanced both in infected mice and in tissue culture cells after
treatment with estradiol benzoate and progesterone.(35 It seems likely that
antiviral antibodies protect mice in acute polyomavirus infection by neutraliz-
ing the virus but that the latent infection and tumor induction are controlled by
T lymphocytes and other effectors of cell-mediated immune responses.

2.2.2. Stmian Virus 40

Simian virus 40 (SV40) produces a persistent asymptomatic infection in
several species of monkeys. The main site of persistence is the kidney, and virus
is shed in urine.(61) Indeed, it is common to isolate SV40 from tissue culture
cells derived from rhesus or African green monkey kidneys. No other hosts
have been described for SV40, except for humans who live in close contact with
monkeys(62:63) or have been given polio virus vaccine contaminated by live
SV40.(64.65) The virus is apparently not pathogenic in its immunocompetent
natural host and does not cause tumors under conditions of natural infection,
although it is highly oncogenic in experimentally inoculated rodents.(66)

Very little is known about the immunologic response of monkeys to SV40.
Nevertheless, it seems that the immune system plays an important role in
controlling SV40 persistence. Immunosuppressed monkeys developed pro-
gressive multifocal leukoencephalopathy, a demyelinating disease first de-
scribed in humans(®67 where it has been linked to JC virus infection. Virions
with papovavirus morphology were detected by electron microscopy in glial
cells, and SV40 was isolated from the brains of these monkeys.(68.69)

2.2.3. BK and JC Human Polyomaviruses

The two human polyomaviruses, BK virus (BKV) and JC virus (JCV),
show a very similar epidemiology.(79 They have a worldwide distribution and
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are ubiquitous in normal human populations, since 60-80% of adults have
antiviral serum antibodies.(71=74) Primary infection occurs in childhood and is
generally inapparent. It is followed by a persistent, latent infection which is
reactivated under conditions of impaired immunologic response. BKV acute
infection is sometimes the cause of upper respiratory(’5.76) or urinary tract
disease,(77=79) and it has been related also to cases of Guillain-Barré syn-
drome.(®09) No overt disease has yet been associated with JCV primary infection.
The main site of persistence of both BKV and JCV is the kidney(56.81-83) and
both viruses can be isolated from urine. BKV is latent also in tonsils,(76) where-
as both viruses have not been found to be latent in the brain.(56.82,83)

2.2.3.a. Participation of Lymphoid Cells in BKV and JCV Primary and Latent
Infections. The interactions of human polyomaviruses with the immune sys-
tem are not fully understood. In particular, while many serologic surveys have
been performed and an abundance of data is available on the humoral immune
response,(71=74) almost no investigations have been carried out on cell-medi-
ated immunity. Only recently cell-mediated immune responses to BKV have
been studied in normal individuals,39) opening the way to the analysis of
specific cellular immunity in patients with acute infections or reactivation of the
latent infection by human papovaviruses.

Some recent results suggest that lymphoid cells may be involved in the
pathogenesis of human polyomavirus primary and latent infection. Viruses
with papovavirus morphology have been observed by electron microscopy in
lymphocytes of measles patients during the phase of the disease characterized
by generalized depression of the cell-mediated immunity.®5) Moreover, direct
experimental evidence suggests that BKV is able to infect human B and T
lymphocytes in vitro.(86.87) BKV replication is somehow restricted in lympho-
cytes, since these cells produce about 100-fold less virus than do fibroblasts and
eventually develop a persistent infection.(87)

Since BKV probably enters the body by the respiratory route, and the
oropharynx is the initial site of primary infection,(75.76) lymphocytes per-
sistently infected in the tonsils could carry the virus to the bloodstream, allow-
ing its transport to other organs. Only lymphocytes from seropositive persons
were found to bear virus receptors on the cell membrane and could be produc-
tively infected.(88) This suggests that individuals in the 20-40% of the general
population that do not exhibit antibodies may be refractory to infection be-
cause of a lack of virus receptors on their lymphocytes. By contrast, monocytes
are resistant to BKV infection,®7 although they possess surface receptors for
virus adsorption and were shown by electron microscopy to bind and ingest
BKYV. Resistance to BKV was maintained, even when monocytes were infected
after their differentiation into macrophages.(8”) Therefore, it is likely that
during the course of natural infection, irrespective of their state of differentia-
tion, monocytes are involved in the degradation rather than in the replication
of engulfed BKV particles.

2.2.3.b. Role of Cell-Mediated Immunity in BKV and JCV Latent Infection.
Immunologic surveillance seems to be of paramount importance in controlling
BKV and JCV latency. Virus reactivation is observed in immune-deficient or
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immunosuppressed patients.(70.89) This typically occurs in patients with malig-
nant diseases of the lymphoid tissue, congenital immune deficiencies or severe
iatrogenic immunosuppression following organ transplantation or antiblastic
therapy for neoplasia; a series of conditions characterized by a profound impair-
ment of cell-mediated immunity. The humoral response is preserved and high
titers of antiviral antibodies are occasionally detected during reactivation.(70.89)
The role of cell-mediated immunity in papovirus latency and reactivation is
supported by the observation that SV40-specific cytotoxic T lymphocytes abro-
gate the virus lytic cycle by recognizing SV40 T antigen on the surface of infected
cells.(114)

Reactivation of BKV latent infection in the urinary tract after renal trans-
plantation may cause rejection of the grafted kidney, due to inflammation of
the ureteric tissues at the junction site, followed by ureteric stenosis and
obstruction.(90.91) In this situation, treatment with corticosteroids, with the aim
of blocking rejection, may obtain the opposite result by further preventing the
host immunologic response and thereby favoring the local infectious pro-
cess.(®) Reactivation of JCV latent infection may cause progressive multifocal
leukoencephalopathy (PML),(67) a demyelinating neuropathy that is invariably
fatal. Demyelination is caused by JCV replication in oligodendrocytes the nu-
clei of which are greatly enlarged and full of viral particles.(92) Most lesions also
contain giant astrocytes with bizarre hyperchromatic nuclei that resemble the
malignant astrocytes of pleomorphic glioblastomas.(92)

The pathogenesis of the disease is not completely clear. Since JCV is not
found latent in normal brains,(82.83) it is postulated that the virus reaches the
brain under conditions of immunosuppression, when the cell-mediated im-
mune surveillance becomes inefficient. Situations of heavy immunosuppres-
sion are rather common in medical practice, while PML is a very rare disease.
This suggests that some other yet unknown factor, perhaps producing a selec-
tive reactivation of JCV latent infection in some patients, participates in the
pathogenesis of PML. A marked deficiency of specific cell-mediated immunity
to JCV antigens has been documented by in wvitro tests on peripheral blood
lymphocytes of PML patients.(93) This could represent the critical mechanism
allowing spread of the virus to the brain. It is also unclear why only JCV is
associated with PML, since JCV and BKV have very similar biologic properties
and the latent infection by both viruses is reactivated by immunosuppression.
The reason may be the marked tropism of JCV for the nervous system.

2.2.3.c. Reactivation of BKV and JCV Latent Infection in Pregnancy. Like
polyomavirus infection, BKV and JCV latent infections are reactivated during
pregnancy,®9 but so far there is no evidence of virus transmission to the
fetus.(99 Recent studies suggest that BKV reactivation in pregnancy is associ-
ated with disturbed cell-mediated immunity, since pregnant women with virus
reactivation had lower neutrophil counts and lymphocyte responses to PHA
than did nonactivators, whereas antibody titers to the virus were comparable
in the two groups and high antibody levels were often found in virus acti-
vators.(95)

2.2.3.d. Immune Complexes. Immune complexes containing BKV antigens
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have been detected by immunofluorescence in renal glomeruli from cases of
lupus nephropathy, IgA nephropathy, acute poststreptococcal glomerulo-
nephritis, membranoproliferative glomerulonephritis, and other nephropa-
thies.(96) However, abolishment of fluorescence after absorption of anti-BKV
serum with human Ig and the capability of anti-BKV serum to react with human
Ig as antigens in control immunofluorescence tests demonstrated a cross-reac-
tion between BKV capsid antigens and human Ig.(97) Therefore, if antibodies
are produced against those antigenic determinants shared by BKV and human
Ig, an immunologic response could be raised against Ig during natural BKV
infection in humans. This could have pathogenetic significance, for instance,
through amplification of Ig deposition by reaction of anti-Ig antibodies with Ig
already deposited in renal glomeruli as immune complexes with the specific
antigen.

BKYV and JCV are highly oncogenic in rodents®8.99) and JCV in monkeys
as well.(100) In hamsters, BKV induces three types of tumors: ependymomas,
tumors of pancreatic islets, and osteosarcomas.(101—106) It would be interesting
to investigate whether BKV is related to the same types of human tumors and
also whether BKV and JCV are related to tumors of the urinary apparatus and
to tumors arising in immunosuppressed patients.

2.2.4. B Lymphotropic Papovavirus

Recently a papovavirus with a specific tropism for B lymphocytes has been
isolated from an African green monkey.(109) Characterization of the genome of
this B lymphotropic papovavirus (LPV) by restriction endonuclease mapping
and sequence analysis(108) has shown that it belongs to the Polyomavirus genus.
LPV has the structural and biologic properties of polyomaviruses, including
the ability to transform hamster cells in vitro.(109 The molecular basis of LPV-
specific tropism for B lymphocytes is not clear at present. Recent experimental
evidence indicates that the narrow host range of LPV may depend either on
the peculiar organization of the viral transcriptional enhancer elements(110) or
on the structure of the major capsid protein VP1,(111) perhaps permitting
adsorption to membrane receptors present only on B cells.

The presence of antibodies to LPV in about 30% of human sera(112,113)
suggests the existence of a related human virus. Isolation of the human variant
could be of great interest for the possible involvement of LPV in immunosup-
pressive processes and in diseases of the lymphoid tissue. However, a prelimi-
nary serologic survey(113) has shown no difference in antibody frequency to
LPV between normal subjects and patients with various types of tumors or with
inflammatory and autoimmune diseases.

3. CONCLUSION

The main features of all papovaviruses are that they are ubiquitous, pro-
duce a latent infection, and are oncogenic for their natural hosts or experimen-
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tal animals. The available results on the immunologic aspects of papovavirus
infections emphasize the critical role of cell-mediated immunity in controlling
virus latency and virus-induced tumor formation. The humoral immune re-
sponse is protective in primary infections, when virus-neutralizing antibodies
are produced. During reactivation, humoral immunity is stimulated by freshly
produced viral antigen but seems devoid of any protective value.

We must note, however, that a discussion on the immunology of pa-
povaviruses is far from being complete, owing to the lack of knowledge in
many aspects of this field. While papovaviruses have been intensively investi-
gated in regard to the molecular biology of their genome and to the mecha-
nisms of neoplastic transformation, little experimental work has been dedi-
cated to the study of the pathogenesis of the diseases, to host immunologic
responses or immunopathologic mechanisms.
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Adenoviruses

WARREN A. ANDIMAN and MARIE F. ROBERT

1. ADENOVIRUSES: BASIC PROPERTIES

The adenoviruses of humans, of which there are now 41 serotypes, are naked
icosahedrons, 70-90 nm in diameter, and contain a genome composed of
linear double-stranded DNA. They are associated with a wide spectrum of
diseases (Table I) and they have been isolated from virtually all organs, but
they are primarily regarded as common pathogens of the respiratory tract and
eye. Most individuals become infected early in life with at least several sero-
types. To a certain extent, the kinds of adenovirus-associated diseases to which
people become susceptible change as they grow older; each of these illnesses is
caused by a limited number of serotypes. With rare exceptions, adenovirus
infections are short-lived and self-limited.

The adenoviruses are so named because they were originally discovered in
explants of human adenoid tissues that spontaneously degenerated in vitro
producing cytopathic effects that are now known to be characteristic of the
group. The first human strains to be associated with a discrete clinical illness
were isolated from young army recruits suffering from an acute influenza-like
syndrome, later known as acute respiratory disease syndrome (ARDS). Subse-
quently the adenoviruses were shown to be etiologically related to episodes of
acute febrile pharyngitis in infants and young children, to pharyngocon-
junctival fever, to some cases of pneumonia and pertussis, as well as to non-
respiratory tract disease, e.g., epidemic keratoconjunctivitis, acute hemor-
rhagic cystitis, and intussusception. Most recently, it has been learned that
some of the higher numbered adenoviruses that are not cultivable in standard
tissue culture cells are frequent causes of infantile diarrhea (types 40 and 41)
and that other hybrid adenoviruses can be isolated regularly from the urine of
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TABLE 1
Common Clinical Syndromes Associated with Adenoviruses

Syndrome Common serotypes

Respiratory
Infants and children
Coryza, pharyngitis (endemic) 1,2,3,5
Pharyngoconjunctival fever (epidenric) 2,3,4,7,
Pertussis syndrome 1,2,3,5
Adults
Acute respiratory disease (ARD) of recruits
(epidemic) 4,7,3
Pneumonia (epidemic and sporadic) 3,7, 7a, 21
Ophthalmologic
Follicular conjunctivitis 1,2,3,4,6,7,9, 10, etc.
Epidemic keratoconjunctivitis 8
Infection in the immunosuppressed host
Renal and pulmonary infection in recipients of
renal allografts 34, 35
Urinary infection in patients with AIDS 34, 35 and 34/35 hybrids
Miscellaneous
Acute hemorrhagic cystitis 1
Gastroenteritis 2,
Intussusception 1
Encephalitis and meningoencephalitis 7

2Enteric or uncultivatable.

patients with acquired immune deficiency syndrome (AIDS, types 34 and 35).

Three qualitatively different kinds of biologic behaviors have been ob-
served in the interaction of adenoviruses with mammalian cells: lytic infection,
chronic persistent infection, and cell transformation. Cell lysis, with a concomi-
tant release of 104-106 progeny virus particles per cell (most particles are
noninfectious), occurs when most of the pathogenic strains of humans infect
continuous epithelial cell lines. Chronic persistent infection results from the
interaction of some adenoviruses with lymphoid cells. This aspect of ade-
novirus behavior was suspected in early studies when surgically extirpated
adenoid and tonsillar tissues, generated after weeks in vitro in the absence of
neutralizing antibody, eventually released infectious virus and manifested a
characteristic cytopathic effect. More recently, some biologic aspects of the
interaction of adenoviruses with mononuclear cells of primates have been stud-
ied experimentally. These observations are discussed in greater detail in Sec-
tion 4. Several adenovirus serotypes, when injected subcutaneously, produce
tumors in rodents after a long incubation period. Tumor induction is associ-
ated with failure of viral replication to go beyond the stage when approx-
imately one half the early transcripts appear, probable integration of viral
DNA into the host cell genome, and production of large amounts of the so-
called T antigen. There is no evidence of an association between adenoviruses



ADENOVIRUSES 61

and any human neoplasm. It is not known whether adenoviruses can truly
establish latency i.e., whether in a small number of cells the entire viral genome
can move between periods of complete inexpression to periods of complete
replication.

Structural and Soluble Antigens and the Immune Response

The adenovirus capsid is composed of 240 hexons, 12 pentons, and
fibers—rodlike structures with terminal knobs that project from the penton
base capsomers. These three proteins become incorporated into the structure
of new infectious virions and are also produced in great excess during the viral
replicative cycle.

The penton bases are composed principally of group reactive antigens that
are common to most members of the family. Rabbit antiserum prepared
against purified penton protein has only a low titer of neutralizing activity. The
hexons and fibers represent the major antigenic sites on the viral surface. The
fibers are responsible for attachment of the virus to erythrocytes in hemag-
glutination reactions and the principal antigenic sites on the fiber seem to be
primarily type specific, with some subgroup specificity. It has been suggested
that the terminal knob on the fiber contains the type-specific antigenic determi-
nant and that the subgroup determinant is carried by the shaft. Antifiber
antibody can cause disruption of the penton capsomer into its two entities,
penton base and fiber, and the effect is most pronounced with subgroup-
specific antibody.() In cross-neutralization tests employing fiber from a variety
of strains, numerous minor antigenic cross reactions have been observed. The
hexon has at least two major antigenic sites and elicits a heterogeneous popula-
tion of antibodies that produce family cross-reactivity in the complement fixa-
tion (CF) test and marked type specificity in the neutralization (NT) test. In
general, antibody produced against highly purified hexon antigen neutralizes
the infectivity of homologous virus only.

Historically, the adenoviruses have been divided into subgroups based on
their ability to hemagglutinate monkey or rat red blood cells (RBC). In general,
members of each subgroup also share other biologic properties, i.e., high,
moderate, or low oncogenic potential in rodent species; ability to transform
cells in tissue culture; and the percentage of guanine and cytosine residues in
DNA. Although the hexons and fibers carry specificities that can induce het-
erotypic responses in hemagglutination inhibition (HI) and NT tests, these
determinants are shared primarily by immunotypes within the same subgroup.
Antigenic cross-reactivity outside the subgroup can rarely be demonstrated.

2. IMMUNE RESPONSES TO ADENOVIRUS

2.1. Antibody Responses to Natural Infection in the Normal
Host

Following natural infection, antibodies begin to appear in blood by 8—10
days, reaching maximal levels 14-21 days later. Both NT and CF antibodies
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rise simultaneously but, whereas the CF antibodies begin to decline at 2—4
months, the NT antibodies persist for many years with only a two- to threefold
decrease in titer. Minor rises in heterotypic NT antibodies occur following
infection, especially if they are already present as a result of prior infection
with another strain. Because natural secondary reinfections with the same
serotype are rare, the magnitude of a booster response and the time of its
appearance are unknown.

Antibodies to the early antigens (EA) of adenovirus appear about 5 days
after the onset of clinical symptoms, reach a peak 15—30 days later, and begin
to decline after a few months.(2 EA responses to proteins of adenovirus DNA
homology groups A—D do not show intergroup cross-reactions, but intragroup
cross-reactivity among serotypes is common. Group E adenoviruses appear to
share early antigens with all the other groups.

The level of IgA in nasal secretions is inversely correlated with the severity
of disease following natural infection.(® At the time of virus isolation, U.S.
Marine recruits requiring hospitalization for ARD due to adenovirus type 7
had less IgA in their nasal secretions than soldiers less clinically affected. Some
of the IgA measured in the nose comes from the blood, as a result of transuda-
tion with other serum proteins. However, the major portion of the IgA proba-
bly comes from glandular epithelial cells in the nasal mucosa or sinus epi-
thelium or from IgA-synthesizing plasma cells in the submucosa.

During adenovirus conjunctivitis, a significant rise in the tear 1gG level has
been observed and is accompanied by a decline in serum IgG.® It is not known
whether IgG in the eye reflects local production, active transport from the
blood, or transudation from serum.

2.2. Humoral and Local Antibody Responses to Adenovirus Vaccines

Soon after the high incidence and morbidity associated with ARDS in
military recruits were recognized, vaccine development programs were under-
taken.® The early trials with inactivated vaccines given by the parenteral route
were successful in inducing an immune response and in reducing the number
of hospitalizations associated with ARDS. However, the program using these
vaccines was curtailed when it was recognized that some adenoviruses were
oncogenic in lower animals and that there was recombination between the
adenovirus genome and SV40 DNA present in the simian cultures used to
propagate the vaccine virus. In addition, there was great variability in the
antigenicity associated with each lot of vaccine. Subsequent trials have involved
the use of intranasal vaccine, monovalent and bivalent vaccines given orally in
the form of enteric-coated capsules, and subunit vaccines composed of soluble
antigens normally expressed on the viral surface.

Enteric-coated capsules containing adenovirus types 4 and 7 have been
studied extensively in the military.(®® It had been known that adenoviruses
infect both the respiratory and gastrointestinal (GI) tracts but that GI symp-
toms rarely occur following infection. Trials of live vaccines contained in enter-
ic capsules were predicated on the hope that live virus would induce an enteric
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infection and would cross-protect against type-specific respiratory disease. Ini-
tial hopes invested in this concept of immunization were soon justified when
these vaccines were shown to reduce dramatically the incidence and severity of
ARDS in new recruits. NT antibodies could be detected in the blood of most
vaccinees by 18 days; by the third or fourth week the geometric mean titers of
neutralizing antibody ranged from 1:38 to 1: 100. The titers induced by dual
immunization are lower than those induced by either type alone, but they are
sufficient to prevent natural infection by the homologous strains. The intes-
tinal infection remains silent and noncommunicable in barrack-mates, but
transmission does occur by the fecal-oral route in the confines of the family.

Serum and intestinal antibodies are induced following ingestion of the oral
adenovirus vaccines but no increase in titer of respiratory tract immunoglobu-
lin A (IgA) antibody has been observed.(7.®) Nevertheless, the vaccine does
protect against respiratory tract disease. Although some vaccinees became in-
fected subsequently with the homologous strain by the natural route, hospi-
talization was rarely required. This finding suggests that serum antibody has a
marked ameliorating effect on the manifestations of illness associated with
infection. There is similar evidence suggesting that serum antibody to respira-
tory syncytial virus may protect against the severe lower airway disease associ-
ated with infection in the first 6 months of life and that some influenza vaccines
induce a higher titer of nasal antibody when given by the parenteral route than
by the nasal route. Whether serum antibody actually finds its way into the
respiratory tract secretions or whether some unknown protective factors, such
as interferon (IFN) or complement, are induced in the respiratory tract follow-
ing immunization at another site is unknown. It has been observed in one study
that oral administration of the lower numbered adenoviruses leads to viral
shedding in the pharynx of a few subjects. The mechanisms responsible are
unknown.

Adenovirus fiber and hexon antigens have been prepared as immunogens
that can be given intramuscularly.® Both antigens induce NT antibodies that
persist for months. Some vaccinees subsequently challenged by the ocular
route developed mild conjunctivitis and shed small amounts of virus from the
eye or rectum, but none developed disease of the respiratory tract. When
heterotypic responses occurred, they were almost exclusively limited to
serotypes belonging to the same immunologic group. Production problems
with these components of the virus have limited the more widespread use of
these types of vaccines.

2.3. Natural Infection in the Immunosuppressed Host:
Clinical Aspects

Numerous clinical reports indicate that adenovirus infections tend to be
more severe in children who are malnourished (reflected by poor weight gain
or iron deficiency anemia) or who develop their infections secondary to mea-
sles.(10=12) In such persons, the infection in the lung progresses, causing severe
necrotizing bronchitis, bronchiolitis obliterans, and interstitial alveolitis. In ad-
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dition, the virus may disseminate to multiple organs, causing hepatitis or en-
cephalitis. Whether adenovirus infection tends to be more severe in children
with measles because of the altered T-cell function and anergy that accompany
measles or because of the increased pathogenicity of adenoviruses when they
supervene on an already damaged respiratory epithelium is not known.

That cell-mediated immune (CMI) mechanisms may play an important
role in maintaining the latent or chronic persistent phases of adenovirus infec-
tion in the normal host has been supported in recent years by the discovery of
new adenovirus serotypes in the urine of immunosuppressed patients. During
the late 1970s, adenovirus types 34 and 35 were isolated for the first time from
the urine and/or lungs of renal allograft recipients.(13.149) In one case, serologic
studies indicated that the infection in the recipient was primary, suggesting
that the new virus strain was acquired via the grafted kidney. In other in-
stances, it could not be determined whether the grafted kidney contained the
virus or whether the virus was activated in host lymphocytes during graft
rejection or immunosuppression. Evidence supporting the idea that the virus is
introduced with the renal allograft comes from experimental data showing that
adenoviruses can persist in monkey kidney tissue for long periods and clinical
data indicating that the usual source of the virus is the urine. In normal hu-
mans, the high-numbered serotypes might be responsible for large numbers of
asymptomatic urinary tract infections and the establishment of persistent or
latent infection. Such infections would only become apparent with the develop-
ment of immunosuppression. Why serotypes 34 and 35 reactivate when the
host is immunosuppressed, to the exclusion of at least six other serotypes that
have been isolated from urine, is not known. It is possible that these two
serotypes, 34 and 35, are only pathogenic for the compromised host. Concern
that these serotypes might be partly responsible for the increased incidence of
neoplasms during the post-transplant period would be heightened if it could be
demonstrated definitively that these viruses truly establish latency.

More recently adenoviruses have been isolated with increasing frequency
from the urine of patients with acquired immune deficiency syndrome (AIDS).(15)
These strains are either type 34/35, as determined by HI or pure types 34 or 35, as
determined by restriction enzyme analysis. Some of the isolates are genomic
hybrids formed by the recombination of type 35 DNA with a small portion of the
fiber-coding region of adenovirus 7. There is no evidence that these agents repre-
sent anything other than opportunistic pathogens; infection may be primary or
due to reactivation of persistent virus.

3. IMMUNOSUPPRESSIVE EFFECTS OF
ADENOVIRUSES

3.1. Modulation of T-Cell Number and Function

The natural history of the CMI response to adenovirus has not been
studied well in normal subjects. However, it has been observed clinically that
children with thymic alymphoplasia (DiGeorge syndrome) and Swiss-type
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agammaglobulinemia (severe combined immunodeficiency disease, autosomal
recessive form) may develop disseminated and sometimes fatal disease follow-
ing adenovirus infection.(16) In other instances, previously healthy persons
have developed fulminant disease in association with an acquired lymphopenia
that is both severe (absolute count 1500/mm) and prolonged.(17.18) The hu-
moral responses in these patients has been normal. In some of these patients,
leukopenia, anergy, and lymphopenia are reversed in convalescence. In other
instances, clinical improvement and a return to normal of T-cell function has
been attributed to the use of a humoral factor from calf thymus.(19 Both
decreased E-rosette-forming activity and poor response to phytohemagglutinin
(PHA) have also been observed in the course of i vitro infection of peripheral
blood lymphocytes with adenoviruses.(20)

Several investigators have attributed the lymphopenia that accompanies
adenovirus infection, as well as other viral and mycoplasmal infections, to the
production of cytotoxic antibodies directed against autologous and allogeneic
lymphocytes.(21.22) These antibodies are of the IgM class and their activity is
complement dependent. It has been hypothesized that severe clinical disease
might occur if the patient develops lymphopenia during a first infection and is
then superinfected with a new agent, as would occur with adenovirus infection
following measles.

3.2. Modulation of Macrophage Function

Intraperitoneal injection of mice with adenovirus type 6 results in a de-
creased antibody response to sheep red blood cells (SRBC) given 3—11 days
postinfection. This indicates some degree of adenovirus-induced macrophage
dysfunction.(23) Heat or ultraviolet (UV) light treatment abolishes the immu-
nosuppressive effects of the virus. When the SRBC were given by a different
route, or 1 day before or 2 weeks after infection with adenovirus type 6, the
immunosuppressive effects were not observed.(29 The effect of adenovirus
type 6 was thought to be selective for macrophages because silica, which is
specifically toxic for macrophages, when inoculated into the peritoneum 2 hrs
before the virus infection, resulted in ablation of the immunosuppressive
effect.

3.3. Modulation of NK Cells and/or ADCC

Cook and Lewis(25 observed a difference in natural killer (NK) cell and
activated macrophage responses to cells infected with nononcogenic versus
oncogenic adenoviruses. In vitro, oncogenic and nononcogenic adenoviruses
can equally transform hamster and rat cells which are both highly immu-
nogenic.(26) Cells infected with the nononcogenic adenovirus type 2 are more
readily lysed in target cell assays using hamster NK cells and bacillus Calmette—
Guérin (BCG)-activated macrophages compared with similar cells infected with
the oncogenic adenovirus type 12. The increased lysis of adenovirus type 12-
infected cells was not affected by the presence of cytosine arabinoside (Ara C),
which inhibits DNA synthesis. Therefore, investigators have speculated that an
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early gene product, such as T antigen, might be responsible for the variable
response of some effector cells to adenovirus-infected cells; the longer survival
of the adenovirus type 12 infected cells may permit viral infection of cells to
progress to transformation and tumor formation.

Adenoviruses appear to enhance antibody-dependent cellular cytotoxicity
(ADCQC). In a study using adenovirus type 6, investigators found that cytotox-
icity of chicken mononuclear cells against chicken anti-SRBC-coated SRBC was
enhanced following intravenous injection of adenovirus type 6 into chick-
ens.2”) ADCC was enhanced 14 to 24 hr after virus infection but then de-
creased; the preinjection level was reached after 36 hr. The apparent effect on
ADCC by adenovirus type 6 appeared to involve nonphagocytic mononuclear
cells, since removal of phagocytic cells by the use of carbonyl iron (thereby
reducing the percentage of mononuclear cells from 5% to 1%) did not affect
the results of the ADCC assay.

3.4. Modulation of Soluble Factors

There are conflicting data concerning the production of IFN by human
cells following infection with adenoviruses.(28—30) However, human ade-
noviruses can cause IFN production in chickens and have been studied in chick
embryo cell systems.(31.32)

Production of IFN in chick cells following infection with adenovirus type 5
requires interaction of the virus with the cell, although infectious virus is not
produced. Heat or UV irradiation of the virus decreases its ability to stimulate
IFN production.(33) In addition, chemical digestion of adenovirus with trypsin
causes reduction of IFN production.(31.32) Different adenovirus serotypes dif-
fer in their ability to induce IFN in chick cells.3® UV irradiation decreased the
IFN-inducing ability of the more effective inducers, indicating that transcrip-
tion of viral DNA might be important for IFN induction by these types. Other
cells found not to produce IFN after adenovirus infection include those from
mouse, monkey, and hamster. However, hamsters do produce IFN following
intravenous inoculation.(33)

Although it is not clear whether adenoviruses induce IFN during human
infection, there have been reports of IFN limiting infection by adenoviruses.
Romano et al. used human fibroblast-derived IFNg to treat epidemic ker-
atoconjunctivitis and observed a reduction in the length of the illness when
compared with controls treated with corticosteroids or placebo.(36.37) It has also
been shown that 2-5 X 105 reference unit daily doses of IFNg begun early in
the course of adenovirus type 8 epidemic keratoconjunctivitis, almost totally
prevented the appearance of subepithelial keratitis, which occurred in 57% of
the control group. Langford et al. noted a synergistic effect of antibody and
IFN, or IFN, or inhibition of adenovirus type 3 infection of Chang human
conjunctival cells or WISH cells.3 Interestingly, antibody to IFNg did not
affect the decrease in virus yield due to antibody to adenovirus type 3, suggest-
ing that adenovirus type 3 did not induce IFN.

In conclusion, it is not clear whether human infection with adenoviruses
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leads to IFN production, although IFN of at least two types have the capacity to
limit adenovirus infection. In the chick cell system, IFN production does occur
after interaction of infectious virus with cells.

3.5. Suppression of Antibody Production

Infection of chickens with adenovirus types 6, 8, and 12 and of guinea pigs
with adenovirus type 16 induces transient suppression of the antibody re-
sponse to unrelated antigens.(38.39 In chickens, the primary response to a
nonviral antigen (i.e., sheep red blood cells) was suppressed in that the produc-
tion of serum hemagglutinins and 19S hemolytic plaque producing antibodies
was reduced most markedly when the fowl were challenged with sheep cells 4—
8 days after adenovirus infection. Hamsters inoculated intraperitoneally with
adenovirus 16 produced less antibody to Sendai virus when challenged nine
days later with Sendai, but the anti-Sendai hemagglutinins approached control
levels seen in animals uninfected with adenovirus 16 within 8—10 days. These
transient alterations in the humoral response to antigenic challenge have been
attributed to antigenic competition, induction of interferon, or reduction in
antibody production by cells of the immune system that are infected with
adenoviruses.

Unlike Moloney, Rauscher, or Friend disease viruses, infection of ham-
sters with oncogenic viruses such as SV40 and adenovirus 12 produce little or
no prolonged suppression of the immune response to sheep red cells. Tran-
sient suppression of the number of antibody-forming cells occurs during the
first 2 weeks of life, but it is believed to be unlikely that such transient suppres-
sion could affect significantly the subsequent development of neoplasia.(40

4. VIRAL REPLICATION WITHIN THE IMMUNE SYSTEM

The adenoviruses were originally discovered in explants of human ade-
noid and tonsillar tissue, but it was not until a decade later that investigations
were initiated to define more precisely the relationship between these viruses
and the lymphoid tissues with which they are so commonly associated. During
the mid-1960s, it was shown that both epithelial and fibroblastic cells in tonsils
and adenoids were susceptible to the growth of adenoviruses in vitro, and it was
suggested that persistent infection in these cultures was maintained by the
continued presence of susceptible cells in the culture and the slow release of
infectious virions from such cells into the surrounding medium.“b These early
observations were extended a decade later when Lambriex and van der Veen
demonstrated that adenovirus type 2 was capable of replicating to a limited
extent in purified lymphocyte cultures derived from human adenoid.42 Al-
though as many as 103—10¢4 TCID;, of virus could be measured in culture
fluids between days 4 and 8, only 1-3 cells per million were found to produce
virus. The life span of these cultures was not reduced, also reflecting the fact
that very few cells were lytically infected. The growth of virus was enhanced by
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the presence of PHA. Interestingly, adenovirus type 4 would not replicate in
these adenoid-derived lymphocyte cultures, suggesting that the tropism of
adenovirus for mononuclear cells is to some extent a biologic property of some
serotypes but not others.

Subsequent studies explored the possibility that lymphoid cells other than
those in adenoid and tonsil could support the growth of adenoviruses. For
example, it has been shown that some adenoviruses can replicate in PHA-
stimulated leukocytes from Burkitt lymphoma cell lines or from human um-
bilical cord blood, and that lymphoblastoid cell lines derived from human
umbilical cord blood by immortalization with Epstein—Barr virus (EBV) could
be persistently infected with adenovirus type 5.(43.44) Continuous production
of infectious virus in these cultures could be interrupted by the addition of
specific NT antibody. These data indicated that persistent infection in lym-
phoid cells might be maintained by the continual infection of cells by complete
virus. That an adenovirus-associated leukoviremia might occur naturally was
later shown by the isolation of adenovirus type 2 from the peripheral blood
mononuclear cells of a 5-month-old infant with documented pneumonia at-
tributable to adenovirus and an associated atypical lymphocytosis.(45 It was
hypothesized that bloodstream invasion by virus-infected white blood cells
(WBC) might distribute adenoviruses to lymphoid tissues throughout the body.

A final group of studies further explored the mechanisms by which ade-
noviruses might persist in lymphoid cells in vivo.(46) After demonstrating that
adenovirus types 5 and 6 could be recovered from cultures of primary um-
bilical cord leukocytes and from EBV-transformed lymphocytes for up to 3
months, the effects of adding homologous antibody to the cultures were exam-
ined. Infection could be obliterated from cultures of EBV-transformed simian
cells following exposure to antibody. However, adenovirus could readily be
recovered for long periods of time from immortalized human umbilical cord
lymphocytes even though all the virus in the supernatant fluids of the same
cultures had been neutralized by the antibody. It was estimated that at the peak
of infection, 1-8% of the human cells released infectious virus and that each
cell produced 2—8 TCID;, of virus. These experiments indicated that chronic
infection of lymphoid cells is maintained by two mechanisms: intracellular
persistence of virus in a small number of cells in the presence of antibody, and
cell—cell spread of small amounts of virus in the absence of antibody.

In summary, there is clear evidence that adenoviruses can replicate in
immunocompetent cells derived from cultures of human tissue and in human
and simian EBV-transformed lymphoblastoid cell lines. However, there are
many unanswered questions regarding the nature of this infection. It is not
known precisely which cell types are involved. In vitro experiments demon-
strate that EBV-transformed cells are involved; these are B cells. However, it
has also been hypothesized that macrophages derived from umbilical cord
blood in culture might also be important for maintaining infection.(46) Which-
ever cells are involved, it is likely that adenoviruses can persist indefinitely in
the human host, successfully eluding the immune system’s defenses. But there
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is no evidence that adenoviruses can establish true latency, accompanied by
intermittent activation, of the kind that is characteristic of the herpesviruses.

5. SIGNIFICANCE

In the vast majority of persons, adenovirus infections are short-lived, self-
limited, and without consequences. NT antibodies directed against antigenic
moieties on the surface of the virus appear following infection, are long-lived,
and greatly limit the capacity of the virus to propagate. Antibodies and other
antiviral substances produced as a result of vaccination by the oral route appear
to protect against respiratory disease, thereby suggesting the existence of a
general mechanism whereby induction of infection at one site prevents disease
at another by way of transudation of antibody and/or IFN. In addition, CMI
mechanisms contribute to limiting infection. Patients with defects in T-cell
function, either genetic or acquired, as in the wake of measles, may suffer the
consequences of disseminated or progressive infection. The effects of ade-
novirus infection on macrophage function, NK cells, ADCC, and IFN produc-
tion have not been well studied in humans, but there is no significant body of
data to indicate that any of these arms of the immune response are greatly
affected by adenoviruses or that any play a critical role in limiting infection.

There is no evidence that adenoviruses can establish latency in humans,
nor has a connection been found between any of the adenoviruses and human
neoplasm. However, chronic persistent infection of mononuclear leukocytes
does occur and appears to be maintained by the intracellular persistence of
virus in a relatively small number of cells, the slow release of small numbers of
infectious virions from such cells, and the continued presence of susceptible
cells in the lymphoid tissues of the host. There is also clinical evidence to
suggest that certain adenovirus serotypes may persist in renal epithelium, only
to be reactivated in the recipient following transplantation and concomitant
immunosuppression. Other pure adenovirus serotypes or viral hybrids may
behave as opportunistic infectious agents in patients with AIDS. In these pa-
tients, infection also appears to originate in, and be limited to, the kidney.
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Herpes Simplex

LAURE AURELIAN

1. INTRODUCTION

The term herpes has been in the medical vocabulary for at least 25 centuries.
In the Hippocratic corpus, it was used to describe an assortment of cutaneous
lesions, including clinical descriptions compatible with herpes simplex and
herpes zoster lesions. During the early nineteenth century, six clinical entities,
including facial and genital herpes, were delineated. However, they were not
considered communicable, possibly because of the idiosyncratic appearance of
symptoms in conjunction with disparate well-defined febrile illnesses.(!) In the
years since then it has been established that two serotypes of herpes simplex
virus (HSV) infect humans: type 1 (HSV-1), which primarily causes oropharyn-
geal lesions, and type 2 (HSV-2), which primarily causes genital disease. Char-
acteristic of the pathogenesis of the disease, is the ability of the virus to persist
in the host indefinitely, becoming periodically reactivated to cause recurrent
cutaneous disease. This chapter reviews available information on HSV-induced
immunity and considers the premise that immunomodulation plays a critical
role in disease pathogenesis.

2. BASIC PROPERTIES

2.1. Virion Structure

Herpes simplex virus is a large (150 to 200-nm) enveloped DNA virus
consisting of four distinct morphologic elements: (1) an electron-opaque core
containing primarily DNA, (2) an icosahedral capsid enclosing the core, (3)
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electron-dense amorphous material (tegument) surrounding the capsid, and
(4) an envelope or membrane the outer surface of which exhibits numerous
small spikes.

The diameter of the HSV capsid is approximately 100 nm, and the
number of capsomers is 162. The hexameric capsomers are 9.5 X 12.5 nm in
longitudinal cross section, with a channel 4 nm in diameter running part way
along the length of the prism. The tegument is present in most virions, but its
amount varies from virion to virion. The envelope, a triple-layered mem-
braneous structure, is acquired by budding of the capsids from an infected cell
membrane, reviewed by Spear and Roizman.(®

HSV-1 and HSV-2 DNAs are linear and double-stranded, approximately
100 x 106 daltons and have a base composition of 67 and 69 G + C moles %,
respectively.(® They contain two sets of reiterated sequences at the terminals
and are in inverted form internally.¢) These sequences subdivide the viral
DNA into two parts (L and S) that structurally resemble prokaryotic DNA
sequences capable of excision and insertion into the same or different DNAs.
Viral DNA bears some homology to eukaryotic cell DNA.(5.6) Conceivably, both
the inverted positions of the L and S segments relative to each other, and the
capacity of the virus to cause nonproductive infection may hinge on the ability
of the L and S components to insert and excise into either host or viral DNA.

Herpes simplex virus virions have been reported to contain 15-33 pro-
teins.(2.7:8) The precise number has been difficult to determine because of (1)
resolution problems, (2) contamination with species difficult to separate from
virions, and (3) the presence in the virions of both precursor and product
forms of the same protein. Only six proteins are located in the capsids. Some
proteins are glycosylated, and they are located in the envelope. Two of these,
glycoprotein B (gB) and gC, are encoded by the L region of HSV-1 DNA and
two others, gD and gE, by the S region. HSV-2 likewise contains gB, gC, gD,
and gE (reviewed by Spear).(® In addition, it contains gG which is also en-
coded by the S region of the genome.(10) The probable HSV-1 equivalent of gG
was recently identified.(11) The remainder of the virion proteins are probably
constituents of the tegument.

Very little is known about the function of individual virion proteins. Nu-
cleocapsid proteins are presumably essential for morphogenesis, tegument
proteins for envelopment. Glycoproteins probably mediate adsorption to, and
penetration into, the host cell and cell to cell fusion, such as suggested for
gB.(12.13) They also appear to be the main determinants of virus-specific pro-
tective immunity (Section 3).

Antigenic and biologic markers differentiate between HSV-1 and HSV-2,
although the viruses are antigenically related and their DNAs share 47-50% of
their nucleotide sequences under stringent hybridization conditions.(19) Re-
striction endonuclease analyses revealed that epidemiologically unrelated iso-
lates of the same HSV serotype are not identical. The major differences seen
were occasional deletions and the presence or absence of restriction endo-
nuclease cleavage sites.(15) Consistent with these differences in viral DNA with-
in (intratypic) and between (intertypic) serotypes, few of the HSV-1 proteins
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have electrophoretically identical counterparts in HSV-2, and variations have
been reported in the electrophoretic mobilities of proteins from various isolates
of one serotype.(16)

Recent studies using monoclonal antibodies (MAbs) and synthetic peptides
have identified distinct and overlapping antigenic domains (epitopes) on one
viral glycoprotein, gD. The dominant epitope was a type-common continuous
domain located within N-terminal amino acid residues 8—-23 of the mature gD
of HSV-1 (gD-1). Another epitope was located within the first 16 residues of
the HSV-2 encoded gD (gD-2). Both were shown to induce antibody capable of
neutralizing the infectivity of HSV-1 and HSV-2,(17.18) and one (or both) were
also able to stimulate T cells to proliferate in vitro(19 (Section 3). Other identi-
fied epitopes include two continuous ones located, respectively, at residues
268-287 (type-common) and 340-356 (HSV-1 specific), and four discon-
tinuous ones located within the first 260 amino acids of the mature protein.(18)

2.2. Replicative Cycle

The widely accepted interpretation is that adsorption of the virus to the
host cells is followed by fusion of the virion envelope with the cell-surface
membrane, thereby liberating the nucleocapsid into the cytoplasm.(20 It can be
inferred that viral DNA is released and transported to the nucleus, where early
transcription is mediated by cellular polymerase. At least three phases have
been identified in the transcriptional program of HSV-1, in which both the
extent of transcription of viral DNA and the accumulation of viral RNA in the
cytoplasm are tightly regulated. Central to the understanding of the mecha-
nism of replication of HSV DNA is the inversion of the L and S components
relative to each other. Thus, it remains to be determined whether all four DNA
isomers are functionally equivalent (for review see Spear and Roizman(?)).

The HSV-1 and HSV-2 genomes each contain 1.6 X 105 bp, 10% of which
are reiterated twice such that the maximum asymmetric coding capacity, ex-
cluding possible multiple reading frames, is approximately 44,000 amino acids.
Estimates of the virus-specific infected cell proteins (molecular weight 20,000
to >250,000) range between 44-50,(2.8.21.22) requiring a coding capacity for
approximately 41,000 amino acids. They form at least three groups (a, B, vy),
the synthesis of which is coordinately regulated and sequentially ordered in
cascade fashion.(23) The a- or immediate early (IE) proteins are made before
any other viral protein. Six IE proteins have been identified and of these, at
least four have regulatory functions.(24—26) The B- or early (E) proteins include
the enzymes involved in viral DNA replication. Their synthesis peaks at 5—7 hr
postinfection (p.i.). The vy- or late (L) proteins are primarily structural virion
components. Their synthesis requires the presence of functional IE and E
proteins and they are made at increasing rates until 15—18 hr p.i. Both the -
and vy-groups can be subdivided into two subgroups in terms of their kinetics of
synthesis and some of their properties. The precise role of the various proteins
in immunity is still unclear (see Section 3).

Of major significance from the standpoint of immunity are the HSV-
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induced alterations in infected cell plasma membranes. These alterations are
manifested, at least in part, by changes in the behavior of infected cells relative
to each other, by the acquisition of a receptor for the Fc domain(s) of immu-
noglobulin (Ig) (for review see Spear and Roizman(® and Spear®), and for
HSV-1, by the acquisition of a receptor for complement component fragment
C3b.27 They are presumably acquired as a consequence of the incorporation
of virus-specified glycoproteins into the plasma membrane. gE is at least part of
the Fc receptor,@® and the C3b receptor function has been assigned to gC.27

What is the role of these receptors in HSV infection? It has been suggested
that the Fc receptor (1) is a protective mechanism by the virus (backward
binding blocks specific antibody), (2) facilitates cellular penetration by anti-
body-sensitized virus, and (3) is involved in superinfection by facilitating non-
specific (Fc mediated) binding of an unrelated pathogen. Since C3b receptor
purified from human erythrocytes converts C3b to C3bi, thereby inactivating
the complement system, it has also been suggested that the HSV-1-induced
C3b receptor protects the infected cell from complement-mediated injury.(27)

3. MODULATION OF IMMUNE RESPONSES BY HERPESVIRUS

The immune response induced by HSV infection includes (1) an early
nonspecific containment phase characterized primarily by local host defense
factors, and (2) a later specific effector phase directed toward virus eradication
and consisting of humoral and cell-mediated immune (CMI) functions. Since
these responses generally do not prevent establishment of regional (ganglionic)
latency and recurrent disease, consideration of the role of immunity in HSV
disease must address two problems: (1) the definition of the function, specifici-
ty, and regulation of virus-induced immunity; and (2) the role that it plays in
the reduction of acute peripheral virus replication and its relationship to the
establishment and maintenance of an asymptomatic (latent) state.

3.1. Antibody Production

Humoral immunity to HSV antigens is entirely dependent on T-helper
functions. Animals with impaired T-cell functions, such as congenitally athymic
nude mice (nu/nu), neonatally thymectomized mice, or mice treated with anti-
thymocyte serum, have a severely decreased ability to produce anti-HSV anti-
body.29) Seroconversion in the IgM class is first detected at 5—15 days p.i. and
is followed by the appearance of IgG (Fig. 1). The latter persists indefinitely,
presumably reflecting the propensity of the latent virus to periodically reacti-
vate, such that infectious virus(39 and viral antigen1 are shed by asymptomat-
ic hosts. However, kinetic and quantitative details of serum antibody detection
depend on the nature of the antigen (virus type and protein specificity), the
method of antigen presentation (with adjuvant, in liposomes, route of immu-
nization), and the animal species used in the particular study.

In one rather comprehensive study,32) the kinetics of antibody ap-
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FIGURE 1. Immune response in mice after i.d. infection with HSV-2. (O) IgG anti-HSV
neutralizing antibody. (ll) IgM anti-HSV neutralizing antibody. Each point represents the
mean of at least seven mice. (A) Ear-thickness responses represented as the arithmetic mean.

pearance after labial infection of BALB/c mice with HSV-1 were studied by
neutralization (NT), complement fixation (CF), enzyme-linked immunosor-
bent assay (ELISA), radioimmunoassay (RIA), and antibody-dependent cel-
lular cytotoxicity (ADCC). Antibody detected by ELISA, RIA, or ADCC was
present in most mice at 5 days p.i., when lip lesions were first observed. Anti-
body detectable by NT or CF was not observed until day 10 p.i., when the lip
lesions were already healing. NT antibodies were not observed in intravaginally
infected BALB/c mice, while the same mouse strain infected intravenously
(i.v.) with the same HSV-2,(33) and guinea pigs infected intradermally (i.d.) or
subcutaneously (s.c.)34.35) were NT antibody positive.

In humans, almost all subjects with primary genital infections develop
IgG1 subclass antibodies with HSV specificity. 1gG2, 1gG3, and IgG4 anti-
bodies are detected in acute-phase sera, most often in patients with recurrent
genital HSV, but in none of those with primary infections. IgG4 antibodies are
significantly more frequent in sera from men than in those from women with
recurrent genital infections.(36 The titers of NT antibodies are higher in sub-
jects with a history of recurrent disease than in those without such history
(seropositive controls).(34.37)
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A major component of the humoral immune response to HSV infections is
the development of secretory antibody (IgA) at mucosal sites of entry.(39 Fur-
thermore, antibodies, presumably of the IgE class and with HSV-1 or HSV-2
specificity were also reported in the sera of rabbits by release of histamine from
basophils sensitized in vitro with the sera.(38)

While it is still unclear whether all HSV proteins induce antibody produc-
tion, the specific antibody response to HSV is extremely heterogeneous. For
instance, the antibody predominant in primary infection is directed against the
viral envelope (presumably the glycoproteins). Antibodies against capsid pro-
teins predominate in patients with recurrent disease, and antibodies against
soluble antigens, readily detected in animal immune sera, are only rarely found
in human sera.(39 Failure to produce antibodies of a specific idiotype to a
66,000-molecular weight viral protein has been associated with recurrent dis-
ease.(#0) While antibodies to each of the HSV-encoded proteins (see Section
2.1) were detected in various studies using RIA, immunoprecipitation, and
Western blot assays, technical differences between the various studies preclude
definitive conclusions relating to the relative efficacy of individual proteins—
epitopes in stimulating antibody production.

Is there any difference between antibody induced by infectious virus and
purified viral proteins? Here again, technical differences between the various
studies preclude definitive conclusions. Thus, antibody responses measured by
RIA in C3H mice injected with liposomes containing deoxycholate-solubilized
HSV-1 virion proteins were essentially similar to those observed following
infection with live virus.(41) However, HRS/] mice immunized with a lectin-
purified fraction primarily containing gC-1 produced anti-gC antibodies, but
they were non-NT.(42 Glycoproteins isolated by other investigators, including
gB-1, gC-1, gE-1,(28:43) and gC-2,(4%) induced NT antibodies in rabbits.

The most reasonable interpretation of the findings is that individual epi-
topes induce functionally different antibody. In support of this conclusion is
the finding that MAbs specific for gB, gC, gE, and gD exhibit NT activity, albeit
of different titers.(17.18,45—49) Furthermore, of 33 MAbs selected for their abil-
ity to bind to HSV-1 and HSV-2 virions and displaying specificity for various
glycoproteins, only 6 had NT activity, and all were specific for gD.“49 While
these findings suggest that gD represents the most critical target or elicitor of
NT antibody, it should be pointed out that two MAbs to gD had little NT
activity,(49 consistent with the interpretation that epitopes differ in their po-
tential to induce NT antibody.(17.18)

3.2. T Lymphocytes

It is commonly believed that at least as relates to recovery from infection,
immunity to HSV primarily involves the T-cell system. This is based on the
findings that HSV lesions are abnormally severe in immunosuppressed per-
sons whose humoral responses to HSV are apparently normal, 59 and on adop-
tive transfer studies that have established a major role for T lymphocytes in
recovery from lethal HSV-1 infection in mice.(51.52)
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Effector mechanisms recognized in cellular immunity to HSV include
cytotoxic T lymphocytes (CTL),(53—55) delayed-type hypersensitivity (DTH),(56)
and effector lymphokines such as immune interferon (IFN,),(>7) interleukin 2
(IL-2), and other soluble factors. T-helper cells and/or the lymphocytes respon-
sible for DTH and lymphokine release (which can be provisionally included
within the T-helper subset) show I-region compatibility requirements. Con-
versely, CTL recognize antigen in association with products of the K and D
regions of the H-2 complex in the mouse. T-cell recognition of both I and K/D-
coded self-antigens seems important in immune protection against HSV-1 in
mice, with long lasting immunity being conferred by I-region compatibility.(52)

Delayed-type hypersensitivity is an early response, first detected in mice at
4-7 days after i.d. or s.c. infection with HSV-1 (see Fig. 1), concomitant with
the onset of clinical (labial) symptoms and the development of virus-specific
antibody as measured by ELISA/RIA or ADCC, but preceding the appearance
of NT antibody.(32.58) The DTH response is HSV type common®9 and re-
mains inducible for at least 2 years p.i.(38) However, the ability to transfer DTH
adoptively with draining lymph node cells is only observed at 6-10 days p.i.,
suggesting that DTH producing cells are absent at late times p.i. or that they
are under the control of suppressor lymphocytes.(58)

At 5 days p.i., the frequency of HSV-specific IL-2 producing helper T cells
in lymph node suspensions was estimated at 1:2,470—1:5,800. The detection
of this Lytl+ cell population required that cells from mice primed with infec-
tious (but not noninfectious) virus be stimulated in vitro by exposure to viral
antigen for 9 days, suggesting that helper T cells are strictly antigen depen-
dent. Consistent with the interpretation that suppressor cells are present in the
lymph nodes, the frequency of helper T-cell precursors was increased two- to
threefold by deletion of the Lyt2+ cells prior to limiting dilution assays.®0)

Herpes simplex virus-mediated blastogenesis coincides with DTH®32) and
shows a gradient of antigen exposure first observed in lymphoid cells from the
lymph node draining the site of infection, followed by spleen cells (SC) and
then by peripheral blood lymphocytes (PBL).(61) While the response appears to
have an HSV type-specific component,®1 it is primarily type common.(62) To
obtain further information on the development of HSV specific T cells re-
sponses as they relate to the generation of in vitro secondary responses, we
followed the development of proliferative responses in HSV-2 infected guinea
pigs.(62) Virus-specific blastogenesis was observed in cultures of SC obtained at
7 days p.i. The response reached maximal levels at 3 days in culture and
decreased thereafter. At 10 days p.i., the response continued to increase in
magnitude through 6 days in culture. The trend of the kinetic curves to be-
come linear and increase in magnitude as a function of both time p.i. and
antigen concentration continued through 14-28 days p.i., approaching pat-
terns characteristic of those seen at 150 days p.i. By analogy to the progression
toward higher-affinity antibody, the progressive increase in proliferation was
shown to reflect an increase in the relative number of cells that respond to low
antigen concentrations (immune maturation).

The antigenic determinants recognized in DTH and proliferation are not
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yet totally identified. Recent studies indicate that gB, although not possessing
epitopes that induce NT antibodies, contains antigenic determinants that acti-
vate helper T cells capable of adoptively protecting mice from lethal HSV
challenge.(63) Similarly, a synthetic peptide representing the type-common epi-
tope(s) located at residues 1-23 on the mature gD shown to induce NT anti-
bodies(17.18) activates human helper T cells to proliferate in vitro.(19)

In general, it has been difficult to induce CTL to HSV. Activity was only
detected following cyclophosphamide pretreatment of mice prior to HSV im-
munization and/or extended (3 days) iz vitro culture of the effector cells before
assay.(53.54,64,65) Furthermore, in contrast to other viruses, CTL to HSV were
demonstrated only in draining lymph nodes.®64) These CTL were first seen at 4
days p.i., reached maximal activity at 6—9 days, and were no longer detectable
at 12 days p.i.(69 However, like other CTL, they were also K/D restricted.(3)
The frequency of HSV-specific CTL precursors was similar to that of helper T-
cell precursors. However, unlike the latter, they were not antigen-depen-
dent.(66)

Target cell recognition by the CTL involves HSV glycoproteins(6?) and is
associated with the H-2Kb self-antigen.(55) Type-common and type-specific
epitopes were implicated by different studies.(67) Inactivated HSV and viral
proteins failed to stimulate secondary CTL responses in vitro. However, irradi-
ated SC from mice primed with infectious virus or IL-2 were able to supply
helper activity for deficient in vitro cultures,(68.69) suggesting that (1) helper T
cells fail to recognize inactivated virus, or (2) inactivated virus preferentially
stimulates suppressor cell activity.

CTL clones were recently established from HSV-1- or HSV-2-stimulated
human PBL. Some recognized type-common, others type-specific antigenic
determinants. In contrast to other virus systems, all the HSV-specific clones
had a helper cell phenotype (OKT4+ in humans) and were restricted by HLA
class II MB or DR antigens.(70) All were bifunctional in that they also prolife-
rated in response to HSV stimulation and in the absence of exogeneous IL-2,
and the HSV-type specificity and histocompatibility restriction of the pro-
liferative response was identical to that of the cytotoxic activity. HSV-specific
stimulation resulted in the production of a factor (presumably IL-2), which
induced proliferation of an IL-2-dependent T-cell line, demonstrating that the
CTL clones also provide helper cell activity.(71) HSV-1-specific CTL clones
were directed against gB-1, gD-1, or gE-1; HSV-2-specific clones were directed
against gC-2, gD-2, gE-2, or gG.(72)

3.3. Macrophages

The nonspecific containment phase of the immune response involves poly-
morphonuclear leukocytes (PMNL), mononuclear phagocytes (MP), and solu-
ble factors generated by their activation. MP play a crucial role in resistance to
HSV infection as evidenced by the finding that (1) MP transfer antiviral re-
sistance to neonatal animals that form a model (albeit incomplete) of MP defi-
ciency, (2) early after HSV infection peritoneal MP exhibit extrinsic antiviral
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resistance defined as the ability to lyse HSV-infected targets and mediate
ADCC, (3) activation of MP by immunomodulators such as pyran or bacillus
Calmette—Guérin (BCG) increases resistance of mice to HSV, while increased
susceptibility is observed in mice treated with MP toxicants, and (4) tissue MP
play a significant role in protection of mice depleted of bonemarrow derived
cells by radioactive 89Sr.(73)

MP antiviral activity includes extrinsic resistance, the mechanism of which
is presumably cell lysis(73) and/or inhibition of protein and DNA synthesis,(74)
and intrinsic activity the mechanism of which is MP abortive infection. Extrinsic
resistance is displayed by murine peripheral MP elicited with thioglycollate,
activated with immunomodulators, or elicited in response to HSV-2 infection.
The MP lytic activity is enhanced by IFN; in the presence of antibody, MP can
mediate ADCC.(75) Generally, resident MP do not exhibit this response.(76)
While the specific antigenic determinants are unknown, human monocytes
activated in vitro specifically lyse virus-infected but not uninfected cells.(77)

Mononuclear phagocytes exhibit variable degrees of intrinsic resistance
for HSV. Since MP from mice that are genetically resistant to HSV (C57BL/6)
are more resistant i vitro to HSV infection than are MP from sensitive strains
(BALB/c), it was suggested that intrinsic resistance is the sole determinant of
the in vivo phenomenon. However, recent studies have failed to demonstrate a
similar correlation,(77.78) and the n vivo resistance was not decreased by deple-
tion of circulating monocytes.(79) Both intrinsic and extrinsic resistance can be
modified by immune lymphocytes, antibody, or lymphokines, suggesting that
in addition to MP, restriction of HSV infection in vivo involves other immune
parameters.

Mononuclear phagocytes are also involved in the induction, regulation,
and amplification of specific immune responses. On the positive side of the
regulatory pathway, the role of MP includes antigen processing and presenta-
tion and the synthesis of interleukin 1 (IL-1) required for both T- and B-cell
activation. On the negative side, it involves the synthesis of prostaglandins
(PG).®0 The role of PG in HSV pathogenesis is discussed in Sections 4 and 5.2.

Tissue MP are particularly significant in HSV infections. Immunologically
active elements in the skin include the keratinocytes, which produce an IL-1-
like factor (ETAF),(8D and Langerhans cells (LC), which are bonemarrow de-
rived, bear Fc and C3b receptors, express Ia antigens, and are involved in
antigen processing and presentation.(82 These Ia+ epidermal cells have ac-
cessory cell function for HSV-2-induced T-cell proliferation of immune lym-
phoid cells.(83.84) Helper T cells primed by coculture with LC caused a marked
reduction in virus titers in the skin of HSV infected nude mice and prevented
the formation of zosteriform skin lesions,(84) indicating that LC are involved
both in immunoregulation and in the control of cutaneous HSV infection.

3.4. NK Cells

Natural killer (NK) cells display spontaneous non-MHC restricted cytotox-
icity against tumor, normal, and virus-infected cells. Like the MP, NK cells
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acting early in infection might limit HSV-1 growth and reduce the virus load.
NK cells are nonphagocytic, not thymus dependent, and bear no surface Ig.
However, they are a heterogeneous population.(85.86) Recent studies®7)
showed that HSV-1-infected mouse cell lines are susceptible to a wide range of
cytolytic activities mediated by NK cells or by cells lacking NK cell-surface
markers such as Qa-5, NK1.1, and Asialo-GM1(aGM1), do not respond to IFN,
and most closely resemble natural cytotoxic (NC) cells.(88)

Besides their heterogeneity relative to target selectivity, NK cells may also
differ in their hemopoietic lineage. Thus, NK cells that lyse HSV-1-infected
cells are negative for the mature T-cell antigen (OKT3)®9 present on several
NK cell lines.(9® Clones of murine CTL were shown to express low concentra-
tions of NK alloantigens and were induced to express NK-like lytic activity by
culture with high concentrations of SC supernatants.(91.92) Grossman and Her-
berman(93) recently suggested that the differentiation of NK and that of T cells
is intimately interrelated, with the divergence in their characteristics becoming
initiated upon rearrangement of the genes for the T-cell receptor.

The antigenic determinants recognized by NK cells on HSV-infected tar-
gets have been the subject of recent investigation. Fab fragments of human
HSV-1 positive (but not negative) Ig and MAbs specific for different epitopes
on HSV-1 glycoproteins gB and gC blocked NK activity against HSV-1 infected
cells, suggesting that NK cells interact directly with viral glycoproteins.(9%

As already discussed relative to MP, the in vivo resistance of certain mouse
strains to HSV infection has also been correlated with genetically high NK cell
activity.®3) Using the same experimental approach as that used for MP, it was
shown that depletion of NK cell activity with 89Sr(79 or with antibody to
aGM196) caused increased HSV-1 growth in the brain, liver, and spleen of
infected mice and increased mortality. However, it should be stressed that
animals with high NK cell activity also have high IFN levels,97) raising some
doubt about the antiviral role of NK cells relative to IFN. Some investigators(96)
concluded that the decline in resistance against HSV-1 infection following
treatment with anti-aGM1 is due to NK cell depletion, since repeated IFN
injections did not prolong the life of NK cell-depleted mice. Likewise, NK cells
(Leu 11b+) were shown to limit viral replication in vitro. The effect was not due
to IFN, since the antiviral activity was not reduced by anti-IFN serum.(98)
Finally, the observation that persons who are particularly susceptible to un-
usually severe disease (newborns, patients with Wiscott—Aldrich syndrome)
have very low levels of NK activity against HSV-1-infected targets(¥9 also sup-
ports the relative importance of NK cells.

3.5. Other Cells

There are relatively few experimental studies about the interactions be-
tween granulocytes and HSV. Several studies have shown that granulocytes are
able to kill HSV-infected targets in an ADCC-like fashion, i.e., if the targets are
coated with specific antibodies against HSV.(100) Human PMNL and lympho-
cytes have also been shown to mediate ADCC.(101,102) A new mechanism of
antiviral immunity and a role for granulocytes was proposed by Grewal et
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al.,(103) who showed that highly enriched populations of bovine neutrophils
were able to destroy HSV-infected cells in the presence of complement. This
mechanism of cytotoxicity was termed complement-dependent cytotoxicity.

3.6. Soluble Factors

The mechanism underlying involvement of the I-region-restricted helper
T cells in protection against, and recovery from, HSV infections may involve
the production of lymphokines. In order to determine the relationship be-
tween blastogenesis and the production of lymphokines, we chose to assay for
leukocyte migration inhibition factor (LIF) in supernatants from cultures of
HSV-stimulated immune SC.(62) We found an early (1 day in culture) compo-
nent at 3 days p.i. This component (early LIF) was presumably made by cells
that were antigen-driven in vivo and were therefore fully differentiated at the
onset of culture. A second component (late LIF) that required at least 3 days of
in vitro exposure to HSV antigen and was presumably made by cells that must
become antigen differentiated in culture, was first observed at 14 days p.i. Both
components were present in cultures of SC obtained at 28 and 150 days p.i.
The reappearance of early LIF coincided with our ability to isolate HSV-2 from
the site of infection. These LIF components, also observed in cultures of
human PBL,(104) are made by helper T cells (unpublished data).

What, if any, is the role of lymphokines in recovery from HSV infection?
In one study, (195 SC from HSV-2 immunized animals were adoptively trans-
terred to mice infected with HSV-2i.p. or i.v., and virus content in the liver was
measured at 48 hr post-transfer. Under these conditions of infection, un-
treated animals developed focal necrotizing hepatitis. However, there was a
significant reduction in liver virus content 48 hr after the transfer of SC ob-
tained as early as 4 days after HSV-2 immunization. The activity coincided with
the production of high levels of macrophage migration inhibition factor (MIF)
and with the accumulation of mononuclear cells in the liver. It was suggested
that MIF is instrumental in macrophage recruitment into the liver, thereby
playing a critical role in recovery from infection.

Interferon, another lymphokine made early in infection, 3—-20 days,(106)
has also been associated with resistance of certain mouse strains to HSV infec-
tion. In one such study,(197) administration of anti-IFN serum was shown to
enhance HSV-1 growth and disease severity. Pure cultures of peritoneal or
splenic MP from mouse strains susceptible to HSV in vivo were shown to
produce high IFN titers when infected with HSV in vitro and vice versa.(108)
SJL mice, which are low in NK cell activity but which produce high levels of
IFN in response to HSV-1 infection, are relatively resistant to HSV-1 infection.
Antibody to aGM1 did not influence HSV-1-induced mortality in this sys-
tem.(109) Also supporting the significance of IFN, rather than NK cells, neo-
natal mice were protected from fatal HSV-1 challenge by adoptive transfer of
adult mouse leukocytes depleted of NK cells with anti-aGM1 antibody. How-
ever when the mice were treated with anti-IFN antibody, HSV-1 growth was
enhanced and the protective effect of the leukocytes was abrogated.(110)

The peritoneal exudate cells (PEC) that produce IFN in response to HSV
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challenge are MP. Pure cultures of HSV stimulated mouse T cells did not
produce IFN when treated with infectious HSV, whereas IFN was produced by
pure cultures of mouse bone marrow derived MP. Noninfectious HSV was
incapable of eliciting IFN production in PEC, or in vivo, in the peritoneal cavity
of mice.(108,111) :

Lymphokines may be involved in recovery and/or protection from HSV
infection by virtue of their role in the differentiation of HSV specific CTL. The
induction of active CTL requires the participation of at least three cell types:
(1) Ia+ accessory cells,(112) helper T cells (Lyt 1+ in mice),(113) and CTL pre-
cursors. The helper cells are stimulated by antigen and IL-1 to proliferate and
secrete soluble factors, including the signals required for the differentiation of
the antigen-driven CTL precursors.(114) Soluble factors required for CTL in-
duction include IL-2 and IFN,.(115) IL-2 is necessary for the production of
IFN,, and IFN, seems to induce IL-2 receptors on T lymphocytes.(116) IFN,
enhances DR expression on murine and human monocytes(117) and may play a
role in enhancing antigen presentation. Furthermore, IFN, is at least one of
several macrophage activating factors (MAF)(118); locally, it may trigger induc-
tion of CTL or enhancement of NK activity (a function that it shares with IL-2),
thereby leading to eradication of HSV infected cells.

In humans, lymphokine production (including IFN) has been used as a
major indicator of the involvement of the T-cell system in HSV infections.(119—
122) Most of these studies have concentrated on the patient with recurrent
disease. However, in their totality, they support the conclusion that lympho-
kine production is an early response that may be involved in curtailing the
severity of the systemic HSV disease.

4. MECHANISM(S) OF IMMUNOSUPPRESSION

Herpes simplex virus replicates in cultures of adult human lymphocytes,
provided they are stimulated to blastogenesis with PHA, Con A, pokeweed
mitogen anti-lymphocyte Ig, or IL-2. Several human studies have shown that
only T lymphoblasts are permissive for HSV replication with growth confined
to 2-3% of the cells.(123,129) Others indicated that both T and B cells are
permissive,(125.126) and in the mouse, only activated B cells support HSV
growth.(127) Furthermore, T cells stimulated by exposure to different ac-
tivators differ with respect to their permissiveness, as indicated by the higher
virus titers observed in PHA/IL-2-stimulated human T cells.(128) It is not clear
why mitogenic stimulation is required in order to render adult lymphocytes
permissive for HSV, particularly since this treatment also induces IFN produc-
tion.(129) Possibly permissiveness requires increased cellular DNA synthesis or
the acquisition of cell-surface receptors for HSV. However, newborn lympho-
cytes are permissive without any prestimulation.(139) To our knowledge, there
is no published evidence of HSV replication in lymphocytes activated by specif-
ic antigens or by HSV antigen.

Cultured T cells can be persistently infected with HSV. High virus titers
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were obtained for 500 days p.i. of one such line, although only 3% of the cells
were infected and cell viability was not decreased. Within the first 120 days of
this infection, there was a 24-day interval when virus production spontaneously
diminished to undetectable levels. Virus production could then be reactivated
by treating the cultures with PHA.(126)

HSV-1 suppresses the induction of antibody to other antigens, such as
diphtheria toxoid, in cultures of human tonsils,(124) a suppression that seems to
result from nonproductive infection of a small population of helper T cells.(131)
By contrast, inactivated HSV-1 or HSV-2 have been shown to inhibit mitogen
or antigen induced in vitro proliferation,(125.132) suggesting that inhibition of
the proliferative response does not require viral replication in the lymphocytes.
Recent studies indicate that HSV complexes directly to IL-2, making it unavail-
able to the lymphocytes. Indeed, the addition of IL-2 to these cultures restored
cellular proliferation.(132)

HSV-infected adult murine MP undergo abortive infection (intrinsic re-
sistance), the precise mechanism of which is unclear (see Section 3.3). However,
MP can be rendered permissive for HSV growth by several days of in vitro
growth prior to infection,(?? by growth in conditioned medium or by SV40
transformation.(133) While cytolytic infection would functionally remove the
MP system, causing a decrease in subsequent resistance to infection, it is not
clear whether this relates to the finding that HSV infection inhibits ADCC
activity.(134)

In vitro studies have focused on changes in MP receptors, phagocytosis,
oxidative metabolism, phagocyte—lysosome fusion, and microbicidal killing.(73)
Few studies, however, have addressed the effects of the virus on immu-
noregulatory functions of the MP. Crucial questions remaining are: When are
viral functions completely inactivated? When do viral genes persist, if at all, and
if so can they be reactivated? How do viral genes alter MP functions? and, What
is the precise mechanism of this abortive infection, and how is it related to the
pathogenesis of HSV disease?

Another aspect of HSV-induced immunosuppression appears to involve
prostaglandin (PG) synthesis. Thus, indomethacin, an inhibitor of PG syn-
thetase, was shown to increase human mononuclear and NK cell cytotoxicity of
HSV-infected targets. The indomethacin-treated mononuclear cells protected
mice from lethal HSV challenge.(135) PG, phosphodiesterase inhibitors, or di-
butyryl-cAMP have no effect on complement-mediated lysis. However, at phys-
iologic concentrations, PGE,; or PGE,, PGF,,, or Al PGB1 and other reagents
that increase intracellular levels of cAMP inhibit ADCC, apparently by blocking
attachment of the mononuclear cells to the antibody coated target cells.(136)
Incubation of MP or lymphocytes with reagents that elevate cAMP was also
shown to cause suppression of Fc-receptor expression,(137) and PGE caused a
significant (100—1000%) increase in HSV-1 titers in vitro; inhibitory effects
were mediated by PGF,,,.(138)

Herpes simplex virus infection has also been associated with an increase in
the suppressor T-cell subpopulation. However, the route of virus inoculation
plays a critical role within this context. As opposed to the s.c. route, which leads
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to the induction of T- and B-cell immunity, at least in the draining lymph node,
mice infected with HSV-1 by the i.v. route develop T cells that specifically
suppress the induction of DTH. These cells are Lytl + at early times p.i. (7
days), but they are both Lytl+ and Lyt2+ at 4 weeks p.i.(139) It remains to be
determined whether the Lytl + cells are suppressor-inducer cells or an unusual
suppressor cell subpopulation uniquely identified in HSV infection. HSV-1
inoculation in the anterior chamber of the eye also produces specific T-cell
nonresponsiveness in DTH, similar to that seen upon i.v. infection.(140)

Immunosuppression was also observed in immune guinea pigs exposed to
a secondary antigen dose by reinfection.(14) In these studies, SC obtained at 3
days postreinfection, had markedly depressed HSV-induced proliferative re-
sponses and were negative for LIF production. Cell-mixing experiments indi-
cated that these SC preparations had suppressor activity, but expression of the
suppressor signal required a prior antigen-dependent differentiation step in
vitro. Significantly, at this time, the reinfecting virus strain was able to replicate
at the site of infection and was also isolated from the local sensory ganglia.
Essentially similar findings were reported by Nick et al.,(149) who found that i.p.
infection of mice and rats by HSV-2 results in suppression of antibody forma-
tion on subsequent challenge with HSV-1 or HSV-2. This suppression was not
observed in HSV-1-infected animals. Furthermore, it was significantly reduced
by injection of silica on the day of the secondary HSV-2 challenge, suggesting
that macrophages play a central role in the induction of this immunosuppres-
sion. The precise function of the macrophage in immunosuppression is un-
clear, but it may involve PG synthesis (see Section 5.2). The proportion of
suppressor T cells was also significantly increased in HSV-2-infected guinea
pigs(142) and humans(104,122,143) re-exposed to HSV antigen by virtue of virus
reactivation during recrudescent disease.

5. IMMUNOMODULATION AND PATHOGENESIS

While it is well established that the immune system is involved in protec-
tion from fatal HSV infection (see Sections 3 and 4), the respective contribu-
tions of the humoral versus CMI responses is still somewhat controversial. The
widely accepted interpretation is that antibody is not important in promoting
recovery. However, there is also evidence in support of the role of antibody: (1)
patients with disseminated primary HSV-1 infections have a decreased ability
to form serum antibody to HSV-1,(145) (2) passively transferred NT antibody
prevents the spread and multiplication of HSV-1 in the PNS and CNS and
protects mice from fatal HSV disease,(146—148) and (3) NT MAbs protect mice
from zosteriform cutaneous lesions provided that they are given before the
virus has completed one round trip along the nerves (within 60 hr p.1.).(149) In
any case, it should be recalled that antibody cannot be effective during primary
infection, since HSV reaches the ganglia within 24—48 hr p.i., long before a
detectable antibody response has occurred.
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5.1. Immunity and the Establishment/Maintenance of Latency

It has been suggested that the development of virus-specific immunity
predisposes to the establishment of a latent infection.(150.151) Indeed, passively
administered antiviral antibody given 1 day after virus challenge reduced pro-
ductive ganglionic infection but potentiated latency. Likewise, active immunity
induced by i.p. virus injection between days 1-3 before challenge reduced
acute viral replication but not latency. However, this conclusion is not sup-
ported by other studies,(152) and the role of immunity in the establishment of
ganglionic latency remains a matter of controversy.

Hypothetical mechanisms proposed(153) for the role of the immune re-
sponse in establishing ganglionic latency include the following: (1) ganglionic
cells are permissive for HSV; the immune response modulates infection by
converting a potentially lytic infection into a nonlytic (latent) one; (2) there are
two populations of ganglionic cells, only one of which is permissive; latent
infection occurs in the nonpermissive cells and does not involve the immune
system; and (3) ganglionic cells are generally nonpermissive for HSV replica-
tion; they are converted to a permissive state by various triggers including the
immune response. While presently available data do not differentiate among
these interpretations, acceptance of the premise that virus-specific immunity
potentiates ganglionic infection implicitly presumes that the immune response
plays a role in the establishment and/or maintenance of latency, arguing
against the second interpretation.

The role of the immune response in the maintenance of latency is even less
well understood. Stevens and Cook(15% found that virus reactivation could be
prevented in latently infected ganglia transplanted into noninfected mice by
passive administration of antiviral IgG and suggested that antiviral antibody is
involved in the maintenance of the latent state. However, opposite conclusions
were reached in another study(153) in which BALB/c mice passively immunized
with anti-HSV-1 serum were virtually free of antibody at 4 months p.i. while
remaining positive for latent ganglionic virus.

Human studies have failed to demonstrate a role for humoral immunity in
maintaining the asymptomatic (quiescent) latent state. Patients with a history of
recurrent disease have significantly higher titers of NT antibodies than do
seropositive controls,(37.104.122) 3 finding confirmed in latently infected and
vaccinated guinea pigs.(34.155) Recurrent disease occurs in the face of high
levels of circulating NT and binding antibody,(30.156) an observation confirmed
in the guinea pig(34.35.155) and mouse ear(157) models. Despite rare claims to
the contrary,(0) there seems to be no qualitative or quantitative defect in the
production of antibodies to particular viral antigens in patients with frequent
recurrent disease.(158) Finally, although it had been suggested that recurrent
disease is associated with low levels of serum IgA,(159) this was not confirmed by
a more recent study.(160)

The role of CMI, if any, in the maintenance of a latent state is also unclear.
It is generally accepted that patients with recurrent disease have an intact HSV
immune memory.(37.104,122.156) However, there is disagreement pertaining to
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the magnitude of the response in the different patient groups. According to
one study,(156) patients with quicker and more intense virus-specific pro-
liferative responses had shorter duration of virus shedding and of clinical
symptoms, quicker healing lesions, and less new lesion formation than did
those whose in vitro proliferative responses to HSV antigens were low. Like-
wise, Lopez and O’Reilly®7 concluded that the HSV type-specific response was
suppressed during recurrent disease. However, differences in the magnitude
of the blastogenic response of patients with recurrent disease as compared with
seropositive controls were not seen in other studies,(104.122) possibly reflecting
technical differences. Contradictory findings were also reported using other in
vitro assays of CMI, with some studies(161.162) reporting no defects in NK cell
activity of patients with recurrent disease and others(163) describing decreased
responses.

By contrast, there is general agreement that, as compared with seropositive
controls, patients with recurrent disease have reduced lymphokine responses.
Mononuclear cells from patients with frequent recurrences have a slight de-
crease in HSV-induced IFN production,(164) and there is a strong correlation
between peak IFN levels and the time to the next recurrence, such that the lower
the IFN level, the more frequent the recurrent episodes. We(104,122)_ and oth-
ers(119) found that patients with recurrent disease have decreased LIF produc-
tion when studied at recrudescence, and T lymphocytes from patients with
frequent recurrences failed to produce MIF in response to HSV.(120,165,166)
How do these defects arise? Do they reflect the failure of the immune system to
contain the virus in a latent state? Are they the result or the cause of the recurrent
episode? Do they arise from the specific immunosuppression that can occur
during primary infection?(139.140) Answers to these questions remain a major
goal for future investigation.

5.2. Immunity and Recurrent Disease

Studies of the mouse ear model of HSV infection have led to the hypoth-
esis that a peripheral stimulus produces local changes in the skin that lead both
to virus reactivation in the ganglia and the development of recurrent disease
(for review see Hill(167)). However, this hypothesis does not accommodate the
observation that often virus reactivation is not accompanied by recurrent symp-
toms. Accordingly, we proposed that the development of recurrent disease
hinges on the ability of the reactivated virus to replicate in the ganglia and/or
the epidermis, causing visible cytopathology. According to this interpretation,
factors (such as an effective immune response) that interfere with viral replica-
tion will prevent recurrent disease even though the latent virus was
reactivated.(62,104,123,141)

Although cause and effect remains to be established, available data sup-
port this interpretation. In humans, the risk of recurrent disease was correlated
with abnormal lymphokine production.(104,119—122,141,164,168,174) In a pro-
spective study of 30 patients first seen during primary HSV-2 infection, we
showed that the risk of developing subsequent recurrent disease was strongly
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correlated with the loss (at 20—30 days p.i.) of the ability to produce lympho-
kine in response to HSV stimulation.(122.141) The lymphokine unrespon-
siveness acquired at 20—30 days p.i. is associated with an increase in the propor-
tion of OKM2+ (MP) and OKT8+ (cytotoxic/suppressor) cells.(174)

Connecting between the containment and effector phases of the HSV
immune response, we have recently shown that supernatants from cultures of
PBL obtained immediately before and during recrudescence are negative for
both LIF activity and for lymphokines (IFN and IL-2) that enhance NK ac-
tivity.(104,122,168) This was associated with an increase in the proportion of
OKT8+, OKIa+, and OKM2+ cells. Depletion of these cell subpopulations by
complement-mediated lysis restored both activities. Likewise, PBL collected at
recrudescence inhibited virus-specific lymphocyte proliferation,(1049) unless
previously depleted of the OKT8+ and/or OKM2+ cells. These findings do
not reflect a unique cellular compartmentalization, since similar results were
obtained in cultures of SC from latently infected guinea pigs.(62.142)

The suppression involved both MP-produced PG and suppressor factor(s)
presumably made by the suppressor T cells. Indeed, recrudescent superna-
tants failed to augment NK activity, although the levels of IFN and IL-2 were
similar to those observed in supernatants from seropositive controls. Dialysis as
well as addition of indomethacin to the cultures restored the NK-enhancing
activity. However, PGE levels were similar in recrudescent and seropositive
control supernatants.(168) More recent studies indicate that besides PG, sup-
pression requires a 8200-dalton suppressor factor that appears to block the
binding of the lymphokine to its specific target cell.(174 In the guinea pig
model, we found that HSV-2-activated suppressor cells, observed at recrudes-
cence, elaborate both virus-specific and -nonspecific soluble suppressor fac-
tor(s) that respectively dampen the HSV-2 or mitogen-stimulated proliferation
of immune or nonimmune cells.(142)

Confirming our conclusions about the potentially significant role played
by suppressor cells in HSV disease, Horohov et al.(169) found that murine
Lytl+ and Lyt2+ HSV immune splenocytes proliferate in response to HSV
antigen in vitro. The suppressor cell is Lyt+ IJ+. However, suppression also
requires the contribution of Lytl+ T cells and IJ+ antigen-presenting cells.
More recently,(170) these investigators found that suppression is mediated by a
soluble factor (molecular weight 90,000—100,000) that contains an IJ + anti-
idiotypic protein. Consistent with our findings in the guinea pig model,(142)
suppression mediated by this factor was antigen specific.(170) However, as pre-
viously reported by us in the guinea pig model,(142) nonspecific suppressor
activity could also be generated, for instance, by incubating the IJ + suppressor
factor with Lytl *+ cells from HSV-immune mice.(170)

Taken in toto, these findings support the interpretation that immu-
nomodulation plays a significant role in the pathogenesis of HSV cutaneous
disease and provide a plausible mechanism for unifying the two phases of the
HSV immune response and local stimuli that are presumably significant in
cutaneous disease. These stimuli include the PGs which are produced by epi-
dermal cells (EC)®83.168,117) in response to triggering factors (e.g., UV light)
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that induce HSV recurrent disease. Skin irritants (e.g., cellophane stripping)
that induce recurrent disease in the mouse ear model cause a significant in-
crease in the levels of PGE, in the skin, while a similar increase is not seen after
DMSO application, a treatment that reactivates latent virus but does not cause
recurrent symptoms.(167)

Local stimuli also involve suppressor factors. Thus, EC-mediated HSV-
induced proliferation of immune lymphoid cells is inhibited by UVB irradia-
tion.(83.89) PGE does not mediate the inhibition, since equal levels of PGE are
secreted by UVB-irradiated and -nonirradiated EC. The inhibition appears to
be mediated by soluble suppressor factor(s) including one (molecular weight:
30,000—40,000) that appears to suppress HSV-induced DNA synthesis of im-
mune LNC specifically and another one (molecular weight: 80,000—100,000)
that suppresses both HSV and mitogen-induced responses.(83) Whether the
various suppressor factors represent structurally similar or different molecular
entities is unknown. Furthermore, the mechanism of action of the suppressor
factor(s) is unclear, thereby precluding final conclusions pertaining to the sup-
pressive effects of these apparently different moieties, as well as their respec-
tive role in the pathogenesis of herpetic disease. Possibly, UVB-irradiated EC
preferentially activate virus-specific suppressor cells that secrete soluble sup-
pressor factors. Alternatively, UVB directly stimulates the production by EC
(or a subpopulation thereof) of substances that inhibit T-cell proliferation.(172)
Recent findings from our laboratory indicate that the production of the soluble
factors detected under these conditions require Lytl + L3T4+ T cells consistent
with suppressor inducers and Lyt2+ suppressor T cells, consistent with antigen-
induced suppressor effectors. Suppressor factors are antigen-specific and non-
specific. The antigen-specific suppressor factor (HSV-SF) is a 115-kilodalton
protein consisting of two disulfide-bound components with molecular sizes of
70 and 52 kilodaltons. By analogy with hapten systems, it seems reasonable to
assume that HSV-SF is part of the regulatory Ts-cell circuit that modulates
HSV-induced immunity.(173.175)

The concept that immunosuppression is a major component of the patho-
genesis of recurrent HSV disease raises a number of questions of both basic
and practical (for vaccine development) significance. Are all HSV proteins
capable of inducing the suppression network? Is suppression induced by
unique epitopes on certain viral proteins? If suppression is induced by unique
antigenic domains, how do they differ from those that induce immunity? Is
viral replication in the epidermis required for the induction of suppression? Is
antigen presentation by tissue MP (e.g., LC) the determining factor in the
induction of the suppression network? Recent progress in molecular biology,
including the development of vaccinia virus recombinants that contain specific
HSV genes, or fragments thereof, may provide the necessary tools to address
these significant problems.
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Human Cytomegalovirus

JOSEPH L. WANER

1. INTRODUCTION

1.1. Type Strains of Human Cytomegalovirus

The modern era of investigation of human cytomegalovirus (HCMV) began
with the independent isolation of viruses from three different laboratories.(1—3)
An insightful historic account of those reports was given by Weller.¢¥) The
AD169 strain isolated by Rowe et al.(® from cultures of adenoids and the Davis
strain isolated by Weller et al.(? from a liver biopsy became prototype strains
for study. More recently, the Towne strain isolated from urine and studied by
Plotkin et al.(® as a vaccine candidate joined AD169 and Davis as the three most
studied strains of HCMV.

1.2. Properties of the Virus

Cytomegaloviruses (CMV) are members of the family Herpesviridae (her-
pesviruses) and the subfamily B-herpesvirinae. Generally recognized criteria
for classification of HCMV are a molecular weight of 150 X 106 for the DNA
genome, a slow replicative cycle, recovery of virus only from humans, a re-
stricted host range in cell culture, and no animal model of infection. The virus
becomes latent in the host following primary infection and retains the potential
to reactivate and replicate under conditions that promote immunosuppression.

Cytomegaloviruses of other species exist, of which the murine cytomegalo-
virus (MCMV) is the most extensively studied. The close evolutionary rela-
tionship of a CMV with its host species, however, should always caution against
extensive generalizations regarding properties of CMV.

JOSEPH L. WANER ¢ Department of Pediatrics, University of Oklahoma, Health Sciences
Center, Oklahoma City, Oklahoma 73190; and Virology Laboratory, Oklahoma Children’s
Memorial Hospital, Oklahoma City, Oklahoma 73104.

101



102 JOSEPH L. WANER

The absence of an animal model for HCMV necessitates that knowledge
regarding the immune response must derive from observations of human
infection and disease. The various manifestations of active symptomatic or
asymptomatic HCMV infections as they occur in different age groups compli-
cate attempts to dissect the immune response. In addition, the various compo-
nents of the immune response should be viewed as mechanisms of recognition,
protection, and/or pathogenesis in relationship to HCMV infection and dis-
ease. This chapter discusses immunity to HCMV relative to the principal cir-
cumstances of transmission to healthy hosts and the resulting infection with or
without manifestation of disease. References to studies of MCMV are made
where insights relative to human infection are provided.

2. INFECTION

2.1. Congenital

The multiple studies reviewed by Ho(®) indicate that the frequency of
congenital infection ranges from 0 to 3.4% of all births, with an average of 1%
commonly cited. Approximately 10% of congenitally infected infants are
clinically symptomatic at birth and are usually associated with primary mater-
nal infections that occurred during pregnancy;(7—9 5—15% of the asymptomat-
ic infected newborns, nevertheless, may develop symptoms within the first 2
years of life.(10—13)

Most primary maternal infections are asymptomatic.(—9.14=17) The inci-
dence of congenital infection is higher among infants born to women who are
seropositive before pregnancy, reflecting reactivated infection in the mother as
the source of fetal infection.(9.18.19) These newborns are far less likely, how-
ever, to have clinical sequelae.(®.18—21) Congenitally infected infants routinely
produce antibody but show certain deficiencies in cell-mediated immunity
(CMI).(22—25)

2.2. Perinatal

The number of infants infected during birth by passage through an infected
uterine cervix, or within the first few months of life, exceeds the number of
congenitally infected infants. Infants born at term and infected perinatally are
more likely to be asymptomatic; those who show symptoms rarely have serious,
long-term sequelae.(26—29) Passively transferred maternal antibody,(20.26.29) in-
cluding neutralizing antibody,3% does not prevent infection but may modulate
disease. Premature infants are at higher risk of serious clinical consequences of
perinatal infection than are full-term infants,(31.32) perhaps reflecting a more
immature immune system.

Although the presence of immunity in the mother and of antibody in the
infant is associated with minimal or no clinical sequelae, the relative roles of
maternal immunity, passively transferred antibody in the fetus or newborn,
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and age of the fetus or newborn in determining symptomatic infection are not
clear. If a threshold of inoculum exists over which natural fetal immunity is
overcome and fetal infection becomes disseminated, maternal immunity may
function to keep the viral inoculum low enough to prevent severe disease, but
not infection. Asymptomatic infants, in fact, excrete significantly less virus than
do symptomatic infants.(©.20)

2.3. HCMV Mononucleosis

Acquired HCMV infection in older children and adults is usually asymp-
tomatic but may cause a heterophile-negative mononucleosis syndrome.(33)
Major contributions to the understanding of the immune response to HCMV
infection have derived from studies of these patients and are referred to in the
following sections.

2.4. Immunocompromised Hosts

Latent HCMV may be reactivated by immunosuppression, indicating the
equilibrium that exists between the latent virus and the healthy immunocompe-
tent host. Excretion of HCMV in transplant and cancer patients due to the
immunosuppressive nature of either the disease or treatment, or both, is a
common occurrence that may have severe clinical consequences. Like the con-
genitally infected infant, most immunocompromised patients retain intact hu-
moral immune functions against HCMV but suffer dysfunctions of CMI associ-
ated with reactivated infection. Immunocompromised patients who acquire a
primary infection are much more likely to have severe disease than those who
have reactivated infections [reviewed by Ho3%]. In a revealing study, rheu-
matology patients being treated with corticosteroids or cylophosphamide were
observed for excretion of HCMV. Only patients immunosuppressed by cyclo-
phosphamide became HCMV excretors.3%) In addition, the use of anti-
thymocyte serum in renal transplant patients was associated with greater
HCMV disease, as exemplified by increased viremia.(36) Thus, efforts that
compromise CMI are associated with greater HCMV activity.

Cytomegalovirus is also an important opportunistic pathogen in patients
with the acquired immunodeficiency syndrome (AIDS).(137—139) In addition to
being a major cause of morbidity and mortality in AIDS patients, HCMV may
also be an additive or complementary immunosuppressive agent.(138—140)

3. ANTIGENS OF HCMV

Immunologists are interested in the proteins of HCMV as they interact
with the immune system. Definitions of the proteins in terms of their immu-
nogenic and antigenic characteristics are important to the current and future
understanding of the immune response.
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Antigens on the surface of the virion are likely to be targets of circulating
antibodies, whereas viral antigens on the surface of infected cells would serve
as targets for either antibodies or mechanisms of CMI, or both. The salient
questions of any analysis of virus—immune interactions refer to delineation of
which viral antigens are targets of a protective immune response. Dissection of
the HCMV antigenic mosaic has only begun. An evaluation of the antigenic
composition of HCMV should discern between the investigational approaches
used experimentally to ascertain antigens of HCMV and the host’s response to
the antigens relative to the different conditions of natural infection.

3.1. Physical and Biochemical Analysis

Cytomegalovirus virions possess a minimum of 35 structural proteins.(37—
39) Eleven glycosylated proteins were identified, eight of which were routinely
detected, and three of higher-molecular weights identified as precursors.(40)
Virions contain at least five glycoproteins in their surface membranes, and each
of the carbohydrate moieties appears to have structural differences.4D) In a
comprehensive study, only 17 of the 35 polypeptides identified in virions were
also seen in infected cells.39 All eight of the glycoproteins identified in virions,
however, were also seen in infected cells; one additional glycoprotein (100
KDa) was present in infected cells but was not identified in virions. Discrepan-
cies exist between laboratories in characterizing HCMV proteins, due in part to
the different methods employed.

Synthesis of HCMV proteins is sequential, being effectively divided be-
tween proteins synthesized prior to, and independent of viral DNA synthesis
and those produced following and dependent on DNA synthesis;(42.43) the
former are, for the most part, important in governing viral replication and the
latter are structural proteins. More than 50 polypeptides are synthesized in
infected cells, with 10 of these synthesized within 6 hr of infection.(43)

Stinski et al. 49 showed that HCMV glycoproteins appear on the plasma
membrane of infected cells within 24 hr of infection and as long as 2 days
before the release of virus progeny. Preparations of viral glycoproteins were
immunogenic in rabbits, with the resulting antisera successfully precipitating
the respective glycoprotein antigens;0.43) this work supported the original
observation that human antisera may contain antibodies against HCMV anti-
gens expressed on the surface of infected cells.(45) Rabbit antisera against viral
glycoproteins also neutralized infectivity of HCMV.40)

3.2. Immunologic Analysis
3.2.1. Analysis Using Monoclonal Antibodies

A different perspective on the antigenic composition of HCMV was pro-
vided with monoclonal antibodies. Rather than identifying viral proteins
through their physicochemical properties, HCMV polypeptides were charac-
terized through immunogenic and antigenic properties of specific epitopes.
Kim et al.(46) produced monoclonal antibodies against purified virions of the
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AD169 strain of HCMV. Five of nine antibodies produced reacted with a single
glycopeptide of 66 KDa that can be detected within 2 hr of infection, was
produced in large quantities, and was common to many strains of HCMV.(46,47)

By contrast, Pereira et al.(8) prepared monoclonal antibodies against cells
infected with the AD169 strain of HCMV. Twelve different glycoproteins were
identified with 14 monoclonal antibodies. The glycoproteins were present on
the surface of infected cells, although only 9 of the 14 antibodies reacted by
immunofluorescence with the surface membrane of infected cells; one of the
three antibodies that possessed neutralizing activity did not react with the
surface of infected cells.#® Thus, divergent expression of HCMV epitopes
occurs in the membranes of infected cells. This may be due in part to the
existence of polymorphic forms of the glycoproteins.9 Virion glycoproteins
may also vary in molecular weight between strains of HCMV.(50)

Neutralizing Epitopes. Rasmussen and co-workers produced a monoclonal
antibody against an 86-kDa protein of strain AD169 that neutralized several
strains of HCMV®D); the protein was localized in the cytoplasm of infected
cells. The same laboratory also reported two monoclonal antibodies that recog-
nized the same 55- and 130-kDa polypeptides but possessed different immune
properties; one antibody neutralized only with complement, while the second
showed no neutralizing activity.(52) Similarly, Kari et al.(141) described mono-
clonal antibodies that reacted by immunofluorescence with several strains of
HCMV but showed divergent neutralizing properties.

Britt(3) identified three glycoproteins of 160, 116, and 55kDa with mono-
clonal antibodies that also had neutralizing activity. The glycoproteins were
believed to be structured within virions as covalently linked disulfide-bonded
protein complexes;53) only the 116- and 55-kDa glycoproteins, however, seem
to exist as final products in the virion envelope.(59) Rasmussen et al. 52) de-
tected similar complex structures in cell-free virus and in extracts of infected
cells. A gene expressing two glycosylated forms (145 and 55 kDa) of a CMV
glycoprotein was expressed in a recombinant vaccinia virus;(142) antibody pro-
duced in rabbits following infection with the recombinant neutralized HCMV
n vitro.

3.2.2. Fc Receptors

In addition to specific HCMV antigens, receptors for Fc fragments are
induced in the cytoplasm and on the plasma membrane of infected cells.(55.56)
The purpose of the receptors has not been elucidated but may bear on protect-
ing the infected cell from lysis by antibody and complement or by cytolytic
effector cells.

4. HOST ANTIBODY RESPONSE AGAINST HCMV

The antibody response to primary or reactivated HCMV infections does
not appear to be impaired by the infectious process. It should be noted that, in
contrast, the host antibody response to MCMV is markedly suppressed.(57.58)
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Common serologic tests have been applied to the detection of HCMV
antibody. References to serologic tests will be made only within the context of
discussing the antibody response to HCMV as a component of the immune
response.

4.1. Complement-Fixing Antibodies

The complement-fixation (CF) test has been the most extensively used and
studied serologic assay. Glycine-buffer extraction of infected cells results in a
more effective antigen preparation. The principal viral component of a
glycine-extracted antigen preparation appears to be a 66-kDa glycopro-
tein(47,59,60) that is probably held in common by all strains of CMV; a 140-kDa
polypeptide*?) and a 50-kDa glycoprotein,(6% however, were also reported;
Kim et al.38) had previously identified the 66-kDa glycoprotein as the most
prominent structural protein of the virion. The 66- and 50-kDa glycoproteins,
in particular, were well precipitated by human sera with CF antibody. Thus,
conventional CF tests primarily detect antibody production against major
structural proteins of the virus.

The CF antigens react primarily with IgG antibodies and are not reliable in
detecting specific IgM antibodies against HCMV.(61) Studies and discussions by
Pereira et al.(48.60) suggest that CF antibody fluctuations and indications of
strain differences observed by CF(62) may be due to underproduction of partic-
ular CF antigens by some strains of HCMV and/or a manifestation of varying
mixtures of type-common and type-different determinants in antigen prepara-
tions.

4.2. IgG Subclasses

Immunoglobulin G (IgG) antibodies against HCMV in the sera from
healthy donors and patients as measured by enzyme-linked immunosorbent
assays (ELISA) were primarily of IgG1 and IgG3 subclasses, the most efficient
IgG subclasses in CF reactions. IgG3 antibodies were detected first in primary
disease. IgA1 and IgA2 antibodies against HCMV were also detected.(63)

4.3. Immunoprecipitation—Immunoblot Analysis

Antibodies in human convalescent sera also recognize glycoproteins of 52,
67, 95, 130, and 250 kDa in the envelopes of virions.“6) Six glycoproteins (130,
110, 96, 66, 50, and 25kDa) and four nonglycosylated proteins were immune
precipitated from infected cells by IgG or IgM antibodies of human anti-
sera.(69) Evidence was also presented that antibodies to the various glycopro-
teins occur at different concentrations and have a temporal appearance after
congenital or perinatally acquired infections.(64) The sera from symptomatic
children continued to precipitate greater amounts of HCMV antigen over a
longer period of time than did sera from asymptomatic patients.
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Early (1 month) and late (6—8 months) patterns of antibody development
to HCMV antigens were noted in adult patients following primary infection.
Immunoblotting detected antibodies to proteins of 66, 55, 40, 35, and 30 kDa
within one month of seroconversion; antibodies to 100, 60, and 22 kDa pro-
teins were detected six to eight months after seroconversion. A third pattern of
antibody development was detected but varied from patient to patient. A sim-
ilar study indicated that bone marrow transplant recipients make antibodies to
HCMV proteins in a similar pattern to that of immunocompetent persons.(144)
The number of bands and the molecular weights of the HCMV proteins re-
ported varies between laboratories, and a concensus regarding the develop-
ment of antibodies has yet to be established.

4.4. Secretory IgA

Secretory IgA antibody against HCMV was demonstrated in cervical secre-
tions of adult patients,(®) and in saliva from seropositive virus-excreting and
-nonexcreting infants.(66) Low neutralizing activity was associated with the IgA
antibody in saliva but was not looked for in the cervical secretions. The absence
of virus excretion did not correlate with the presence of secretory IgA antibody
in either study.

4.5. IgE Antibody

Specific IgE antibody against HCMV was reported to be a good indicator of
primary infection. Only 9% of patients with recurrent infection had detectable
IgE antibody, while 96% of patients with primary infections were positive.(67)

4.6. Neutralizing Antibody

Weller et al.(68) showed neutralizing activity in sera from infants with active
HCMYV infections. These workers further demonstrated antigenic differences
between the virus isolates and the AD169 strain in neutralization tests using
sera obtained from these infants. Many reports have since confirmed the het-
erogeneity of HCMV isolates, but the clinical implications of those reports and
that original study are yet to be resolved.

Neutralizing antibodies would be expected to afford some degree of im-
mune protection. The formation of IgG antibody—-HCMV complexes, how-
ever, does not necessarily prevent productive infection.(69) Indeed, HCMV—
antibody complexes were absorbed to the host cell as efficiently as non-
complexed virus.(70 Monoclonal antibodies prepared against the AD169 strain
of HCMV and possessing neutralizing activity precipitated glycoproteins of
160, 116, and 55 kDa; human immune sera with neutralizing activity also
precipitated these glycoproteins in addition to proteins of 200, 145, 100, 66,
and 34 kDa.(0

The evidence indicates that glycoproteins of HCMV are strongly immu-



108 JOSEPH L. WANER

nogenic in the host and serve as major targets for neutralizing antibodies on
the surface of virions. Glycoproteins are also present prominently on the sur-
face of infected cells and would be expected to serve as targets of cytolytic
immune mechanisms. The expression of glycoproteins on the surface of in-
fected cells may, however, be different from that on virions.(71-74)

4.7. Immune Complexes

The enhanced and extended production of antibody in symptomatic pedi-
atric patients draws attention to the report of immune complex formation in
congenitally infected infants.(75) Renal glomeruli of three symptomatic infants
studied who subsequently died had a heavy deposition of immune complexes
on the basement membranes. Increased quantities of circulating immune com-
plexes were also found in symptomatic infants in comparison with asympto-
matic HCMV excretors. The elevated quantities of antibody produced in clini-
cally apparent infections, therefore, may play a role in the pathogenesis of
HCMYV disease.

4.8. Cytolytic Antibody

The strongest experimental data for the protective role of antibody derive
from studies showing cytolytic activity of IgM and IgG antibodies.(72.73) The
original report associated complement-dependent cytolytic antibody activity
with symptomatic infection;(72) the responsible immunoglobulin was IgM. Ac-
cordingly, cytolytic activity disappeared 1-2 months after the appearance of
symptoms. Middeldorp et al.,(73) however, demonstrated convincingly that IgM
and IgG antibodies from symptomatic patients may be cytolytic by way of the
classic pathway of complement activation. The target antigens were on the
surface of infected cells and, although not specifically identified, were pri-
marily late antigens; attempts to lyse infected cells showing only early antigens
with homologous reactive antisera were unsuccessful. The early and late
HCMYV antigens on the surface of infected cells appear to exist as individual
sets of antigens that may also differ in part from antigens on the surface of
virions.(73,74) The best clinical indication for a protective role of specific anti-
body comes from trials using immune globulin to prevent or modulate HCMV
disease in high-risk patients.(76—79)

5. LYMPHOCYTE BLASTOGENIC RESPONSE

Lymphocytes of immunocompetent, HCMV-seropositive individuals un-
dergo blastogenesis upon exposure to HCMV antigen.(80—82) Lymphocyte
transformation occurs in response to purified virions or antigen extracts of
infected cells. The presence of antibody in the assay does not affect lymphocyte
blastogenesis.(82)
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Antigens of HCMV stimulate memory T cells to undergo blastogenesis.(83)
Lymphocytes appear to recognize different antigens on virions and infected
cells.(84) The retention of a blastogenic response against HCMV infected cells
was associated with suppression of HCMV in renal transplant recipients; all
patients showed depression of the lymphocyte response against virions.(85)

Strain-specific responses of lymphocytes from tonsils and peripheral blood
were reported using three strains of HCMV, including AD169 and Davis.(86)
The findings concerning strain-specific responses of lymphocytes from pe-
ripheral blood, however, were not confirmed using purified antigen prepara-
tions of AD169, Davis, and Towne strains.(87)

Healthy persons seropositive for both late and early antigens showed sig-
nificantly higher blastogenic responses against HCMV antigens than did those
with only antibody against late antigen.(88) In a later study, Waner et al.(89 used
preparations of early antigens and antigens from productively infected (PI)
cells to evaluate the blastogenic response in seropositive healthy donors and
virus-excreting patients. Seropositive healthy persons showed blastogenic re-
sponses to early antigens whether or not antibodies to early antigens were
detectable. Four of 9 patients, however, with reactive lymphocyte responses to
PI antigen did not have detectable responses to early antigens. The early anti-
gen preparation contained viral polypeptides of 40kd, 56kd, 62kd, and 83kd as
identified by SDS-PAGE.

Lymphocytes from immunocompetent persons experiencing a primary
HCMYV infection with the clinical syndrome of mononucleosis showed a dimin-
ished response to the mitogen concanavalin A (Con A) but a normal response
to phytohemagglutinin (PHA).(90) Concurrently, such patients showed a rever-
sal in the ratio of helper (OKT4) to suppressor-cytotoxic (OKT8) lympho-
cytes.®D) Convalescence was characterized by a return of normal Con A re-
sponses and normal OKT4/OKTS8 ratios. The blastogenic response to HCMV
antigen in HCMV mononucleosis patients was also depressed. Characteristical-
ly, development of specific antibody was detectable early in the illness, but the
blastogenic response of lymphocytes was delayed and did not reach normal
levels for months.(92) Patients with previously acquired immunity against
herpes simplex virus (HSV) and varicella—zoster virus (VZV) also had dimin-
ished proliferative responses of lymphocytes against the homologous antigens
indicating a generalized suppressive effect of the active infection.

The immunosuppressive effect of HCMYV in healthy adults may bear on the
occurrence of congenital infection. Congenitally infected infants and their mothers
showed varying degrees of suppression of the blastogenic response.(22.23.93) The
mothers of infants with symptomatic infections showed a higher degree of suppres-
sion than mothers of infants with asymptomatic infections. The lymphocyte re-
sponse of symptomatic infants was significantly more depressed than that of
asymptomatic infants.(93) Stimulation of blastogenesis by PHA or herpes simplex
antigen was normal in the mothers, indicating a specific defect against HCMV.
Gehrz et al. 9% reported that seropositive non-virus-excreting pregnant subjects
show specific suppression of lymphocyte blastogenesis against HCMV that is
greatest in the third trimester. Maternal immunity as assessed by blastogenic
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assays may not, however, be a determinant of viral excretion during gestation.
Faix et al.(9% studied a population of adolescents longitudinally during pregnan-
cy and reported that a blastogenic response was not detectable on 40% of the test
occasions in seropositive subjects; furthermore, significant differences were not
observed between mothers excreting virus (asymptomatic) and seropositive
mothers not excreting virus.

Most congenitally infected infants do not develop a blastogenic response
for years;(24.25) the acquisition of a response, however, is associated with termi-
nation of viral excretion.29) The immune defect is specific for HCMV, as
patients with antibody against HSV exhibit blastogenic responses.24) Nor is
significant suppression of PHA-stimulated blastogenesis observed in congenital
or postnatally infected patients.(25)

6. NATURAL KILLER CELL ACTIVITY

6.1. In Vitro Assay

Diamond et al.(96) reported the “unexpected lysis” of HCM V-infected fibro-
blasts by peripheral blood mononuclear cells from healthy seronegative donors;
uninfected fibroblasts were minimally lysed under the same conditions. Natural
killer (NK) cell activity against infected fibroblasts was eventually characterized
as being mediated by non-B, non-T lymphocytes with Fc receptors; lymphocytes
from seronegative or seropositive donors effected lysis that was not HLA re-
stricted.(97.98) Lytic activity was also associated with effector cell populations
enriched for large granular lymphocytes.(98.99) Preincubation of lymphocytes
with interferon (IFN) enhanced the lytic activity.(98) NK-cell activity, however,
was shown to be independent of IFN production in the assay.(99.100)

The appearance of HCMV early antigens on the surface of infected cells
was sufficient to induce susceptibility to lysis by NK cells.(100) A principal target
of NK activity may, however, be a determinant(s) present on uninfected fibro-
blasts whose expression is enhanced(99.100) or diminished,99) depending on the
strain of infecting virus.(99) These latter considerations may be important in
determining the course of primary infection before the advent of acquired
immune mechanisms.

6.2. Clinical Studies

The role of NK activity in CMV infection and disease has not been eluci-
dated. A study of lymphocyte-mediated cytolysis of eight virus-excreting con-
genitally infected infants and six of their mothers reported greater impairment
of lytic activity in the mothers than in the infants.(101) Harrison and Waner(102)
reported on NK cell activity in 39 infants and children excreting HCMV by
assessing lytic activity against uninfected fibroblasts, HCMV-infected fibro-
blasts, and K562 cells. Differential responses against the three targets were
observed and correlated with age and clinical status of the patients. Patients
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with interstitial pneumonitis (IP) or with IP and hepatitis constituted an acutely
ill population; those under 6 months of age had significantly higher levels of
NK activity than did healthy, nonexcreting controls, while patients over 6
months of age had slightly depressed activity (insignificant) against HCMV
infected targets and significantly depressed activity against K562 cells. In-
terestingly, both age groups showed significantly higher levels of lytic activity
against uninfected fibroblasts. Patients without IP constituted a chronically ill
study population that did not display different levels of NK activity against
uninfected fibroblasts than did comparable controls. The chronically ill pa-
tients 6 months of age or older, however, showed significantly depressed NK
activity against HCMV infected targets and K562 cells; patients under 6
months of age showed normal levels of activity. All viral excretors showed
pronounced NK activity regardless of relative suppression or enhancement
relative to controls. The significantly elevated levels of NK activity against
uninfected fibroblasts was associated with the most acute disease. Starr et al.(103)
also reported increased levels of lytic activity against uninfected fibroblasts in
patients with HCMYV disease following renal transplantation. Thus, NK activity
against uninfected cells may have a role in the pathogenesis of HCMV disease.

The NK response of patients with HCMV mononucleosis did not differ
from that of normal donors when measured only against K562 cells.(109) Non-
HLA-restricted cytolytic activity (NK activity) was also reported as an important
component in the recovery of bone-marrow-transplant recipients with HCMV
infection;(105) patients with fatal infections had depressed levels of activity
before and during the infection.

6.3. Genetic Influence on the Murine NK-Cell Response

Natural killer cell responses are detected in MCMV infected mice within 3
days of inoculation,(196) suggesting an important role in early defense. Mice
depleted of NK activity by treatment with a specific monoclonal antibody (anti-
asialo GM1) against NK cells suffer a more severe infection of longer duration;
the treatment with antibody did not interfere with other immune mecha-
nisms.(107) The effects of depletion of NK activity were most profound in the
first 5 days of infection. In addition, high titers of MCMYV in salivary glands 1
month after inoculation in antibody-treated mice suggested a role for NK cells
in regulating persistent infection.

Strains of mice differ in their susceptibility to infection,(108.109) which
correlates with NK activity.(110) Beige mice are genetically deficient in NK
activity and were more susceptible to lethal infection by MCMV than hetero-
zygous littermates with NK activity;(11D infected animals also developed 33- to
43-fold greater titers of virus in liver, spleen, and kidney than did the hetero-
zygotes that experienced sublethal infection.

In the mouse model of infection, therefore, the abrogation of the NK
response early in the course of infection is associated with a poor prognosis.
Strains of mice that are particularly susceptible to MCMV infection have genet-
ic dispositions to low NK activity. The inability of the host, therefore, to man-
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age the early infectious process successfully before the advent of acquired
immune responses may be a major determining factor in the clinical outcome
for mice and perhaps humans.

7. ANTIBODY-DEPENDENT CELL-MEDIATED CYTOTOXICITY

Enhancement of cytotoxicity of HCMV-infected fibroblasts following pre-
incubation of the target cells with human antisera to HCMV was reported.(97)
Lymphocytes from seropositive and seronegative donors mediated the reaction
and were found in the same lymphocyte fraction as NK cells, confirming other
reports that the effector cells of NK and antibody-dependent cell-mediated
cytotoxicity (ADCC) activity may be identical.(112) The parameters of ADCC in
humans using HCMV-infected targets have not been elucidated, nor has the
assay been applied to ascertain the role of ADCC in HCMV disease. This would
appear to be a fertile area of investigation, given the recent findings discussed
above concerning the antigenic composition of the HCMV infected cell.

8. HLA-RESTRICTED CYTOTOXIC T-CELL ACTIVITY

Three bone marrow transplant recipients with primary HCMV infections
developed an HLA-restricted cytolytic response against HCMV-infected tar-
gets that was mediated by T cells;(113) the responses were induced specifically
by the CMYV infection. Borysiewicz et al.(114) subsequently showed that precur-
sors of cytotoxic T lymphocytes (CTL) are present in the peripheral blood of
normal, seropositive donors. Clonal expansion of cytotoxic T-cell subsets oc-
curs upon incubation of peripheral blood mononuclear cells with fibroblasts
infected with HCMV; similar incubations with cell-free virus, however, re-
sulted in helper lines. Cytolysis mediated by the cytotoxic lymphocyte lines
(Leu 2a+) was HLA restricted. HCM V-infected cells displaying only early anti-
gens were lysed, in addition to productively infected cells.

Cytolytic activity of mononuclear cells from seropositive adults and infants
with active infection was enhanced by incubation of the lymphocytes with cell-
free HCMV antigens for 6 days prior to assay.(115 Depletion experiments
using monoclonal antibodies indicated that the effector cells were composed of
CTL (OKT8) and an NK cell population.

The CTL response appears to be an important factor in the recovery of
bone marrow transplant recipients from active HCMV infections;(116) patient
survival was always associated with a response. The response occurs prior to the
median onset of viral shedding or rises in serum antibody levels. A similar
conclusion was drawn from a study of renal transplant recipients.(117) In addi-
tion, the specific cytotoxic response may have protected against HCMV injury
to the graft.
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9. INTERACTION OF HCMV WITH LEUKOCYTES

The original observations on the effect of HCMV on the cellular elements
of peripheral blood derived from clinical investigations. Recent studies have
begun to clarify the earlier reports.

9.1. T-Cell Subset Ratios

Concurrent with diminished blastogenic responses, lymphocyte popula-
tions from patients with acute HCMV mononucleosis show a reversal of the
normal OKT4:OKTS8 cell ratio.®D) The reversal is characterized by relative
and absolute decreases in helper cells with concomitant increases in suppressor
cells. The normal ratio of the T-cell subpopulations returns during convales-
cence. The atypical lymphocytes seen during the HCMV mononucleosis syn-
drome are predominantly in the OKT8 subpopulation. (118) The negligible
effect of HCMV infection on antibody production is supported by the report
that T-cell ratio changes usually precede rises in antibody production in cardiac
transplant recipients.(119)

Symptomatic congenitally infected infants under 1 year of age also may
show increases in the percentage of OKT8 and a decreased ratio of
OKT4:OKTS8 cells. The decreased ratio was primarily due to reduced num-
bers of helper cells. The ratio of T-cell subpopulations did not differ from
controls, however, in asymptomatic children or in symptomatic children older
than 1 year.(120) This is reminiscent of Harrison and Waner’s observations of
an age-related association with NK activity.(102) Thus, the overall effect of
active HCMV infection on the OKT4:OKT8 ratio was less pronounced in
infants than in adults with HCMV mononucleosis. This difference may reflect
the chronic nature of the infection in congenitally infected infants versus the
acute nature of the disease in adults.

9.2. HCMYV Infection of Leukocytes

Cytomegalovirus was isolated predominantly from the polymorphonucle-
ar leukocyte fractions and to a lesser degree from lymphocyte fractions of
peripheral blood of patients with HCMV mononucleosis.(90:121) The threat of
acquiring HCMV through transfusion of blood from healthy seropositive do-
nors is associated with transfer of leukocytes, indicating carriage of virus in the
cells;(122) jsolation of virus from healthy seropositive donors was reported
once.(123) Using DNA probes that code for four immediate early regions of the
HCMYV genome, Schrier et al.(124) detected HCMV messenger RNA (mRNA) in
peripheral blood mononuclear cells of healthy seropositive donors. In eight
seropositive subjects, the level of hybridization ranged between 0.03 and 2% of
the PBM examined. Most lymphocytes purified by a fluorescence-activated cell
sorter and reacting with the probe were OKT4 (2.4%) subpopulation of T cells,
with 0.8% of the reacting lymphocytes being OKT8.



114 JOSEPH L. WANER

Initial laboratory investigations of infection of human leukocytes and lym-
phoblastoid cell lines by HCMV were inconclusive and not very enlightening
when analyzed within the context of clinical studies. Infection of peripheral
leukocyte cultures or lymphoblastoid cell lines with the laboratory-passaged
AD169 or Towne strains of HCMV produced persistently infected cultures.(125—~
127) It was not resolved, however, whether the persistence of detectable virus was
due to retention of inoculum or slow replication with an equilibrium established
with dividing uninfected cells. CMV-induced cell DNA synthesis was shown in
two cell lines with a constant number of viral DNA copies per cell detected in the
cultures for approximately 2 weeks.(128)

Isolates of HCMV, passaged fewer than 10 times, induced early antigen
production in approximately 2% of inoculated mononuclear leukocytes. By
contrast, inoculation with the multipassaged AD169 strain resulted in early
antigen production in 0.01-0.02% of leukocytes; there was no indication of
productive viral replication. Neither fresh isolates of HCMV nor the AD169
strain was effective in infecting polymorphonuclear leukocytes.(129 Depletion
experiments and morphologic studies of separated cell fractions further indi-
cated that monocytes were the principal targets of infection.

Rice et al.(130) contributed important additional findings. Seven of eight
low-passaged isolates of HCMV induced the 72-kDa immediate—early protein
in less than 1-15% of peripheral blood mononuclear cells; in only 1 of 10
instances was the 72-kDa protein induced by the AD169 strain and then, only
in less than 1% of the cells. Late antigens, reflective of productive infection,
were not detected in any experiments. Monocytes comprised the greatest per-
centage of 72-kDa reactive cells; smaller percentages of OKT4- and OKTS8-
positive lymphocytes, B lymphocytes, and NK cells were also abortively in-
fected. In assessments of the effect of infection on functional characteristics,
low-passaged isolates of HCMV suppressed PHA- and antigen-induced pro-
liferation as well as NK cell activity; the AD169 strain only evoked minimal
suppression of antigen-induced proliferation, while no HCMV strain affected
ADCC. Low-passaged clinical isolates were subsequently shown to suppress
cytotoxic T-lymphocyte activity specific for HCMV.(115) Sing and Garnett(131)
also reported depression of the PHA response of T cells when infected with
AD169 HCMV; in addition, a reversal of OKT4: OKT8 cell ratios was seen 6
hr after infection of the cultures. Viable virus was required to effect these
observations, which were made with lymphocytes from seronegative donors.
Braun and Reiser(146) reported replication of HCMV in a small subset of T
cells consisting primarily of the T3+ and T8+ phenotype, although T4+ cells
may also be susceptible.

Activation of B Cells

The direct activation of B cells in vitro by HCMV was reported.(132) Virus
apparently functioned as a nonspecific polyclonal activator. The B-cell re-
sponse to HCMV occurred in cells from seronegative donors, was independent
of virus replication, and did not require T cells. By contrast, Yachie et al.(133)
showed activation of T cells and B cells by the AD169, Davis, and Towne strains
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of HCMV with resulting Ig production only in lymphocytes cultured from
seropositive donors and only in the presence of T cells. B cells failed to produce
Ig when OKT#4 cells were removed from the cultures, while the removal of
OKTS8 cells had no effect.

9.3. Immune Suppression in HCMV Mononucleosis

The depression of the blastogenic response of lymphocytes to Con A from
patients with HCMV mononucleosis(¥0) was subsequently shown to be associ-
ated with the adherent cell fraction of mononuclear cells.(134) Suppression was
diminished by culturing mononuclear leukocytes for 1-7 days prior to addition
of Con A and to a greater degree by depletion of the adherent cells after the
culture period; blastogenesis of recultured nonadherent cells was also signifi-
cantly suppressed by the addition of fresh adherent cells from the same pa-
tient. Suppressor activity was not found in the sera of patients.

Cytomegalovirus was isolated from the monocytes of some patients with
HCMV mononucleosis.(135 Infected monocytes from patients and monocytes
from uninfected donors subsequently infected in culture exerted a suppressive
action on autologous lymphocyte responses to Con A. Suppressed Con A re-
sponses could only be reversed in lymphocyte cultures of patients showing
clinical symptoms for 3 weeks or more; lymphocytes from patients with symp-
toms for 2 weeks or less were refractory to reversal of suppression by culturing
of lymphocytes or removal of monocytes.

The immunosuppressive effect exerted by HCMV infected monocytes
may in part be due to an inhibitory protein of interleukin 1 (IL-1) activity. The
protein is approximately 95kDa and was produced following infection by
HCMV of monocytes from seronegative donors. The inhibition of IL-1 pro-
duction is HCMV-specific but does not require viral replication: in fact, no
expression of HCMV activity was detected.(136) These experiments were per-
formed with the AD169 strain of HCMV. Dudding and Garnett(147) reported
expression of HCMV immediate-early antigens in monocytes infected with a
low-passaged clinical isolate; antigens were rarely detected in monocytes in-
fected with AD169. Infection with the clinical isolate also resulted in enhanced
suppression of lymphocyte proliferation over that seen with AD169; addition
of IL-1 to the infected monocyte cultures restored the proliferative response of
lymphocytes.

Differentiation of cells of the immune system may be important for the
ultimate outcome of HCMYV infection. Following treatment with a phorbol ester,
a monocyte cell line was infected with HCMV and produced a productive
infection characterized by expression of late antigens and infectious virions.(148)

10. PERSPECTIVE

A picture is emerging of HCMV infection directly exerting an immu-
nosuppressive effect in the host through infection of immune cells of different
lineages. The immunosuppression may result from an effect of HCMV on
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effector cells, such as T cells and NK cells or through the dysfunction of
normal regulatory mechanisms, such as suppression of IL-1 and IFN produc-
tion.(23.92) Viral replication in the infected immune cells may not be required,
indicating a possible selected evolutionary advantage of HCMV. Defective par-
ticles produced during the course of infection and possibly in greater quantity
than infectious particles might be capable of infecting immune cells and exert-
ing the described effects on the immune system through the expression of
early functions.

Infection with only expression of early functions may persist longer and
continually exert an immunosuppressive effect in contrast to productive infec-
tion, which would destroy the cell. The clinical studies documenting increased
virus excretion in symptomatic patients may be reflective of the immune system
succumbing to a greater load of both infectious and noninfectious particles.
Pathogenesis would ensue from disseminated infection to multiple organs with
subsequent cell destruction due to viral replication, the formation of immune
complexes, and possibly autoimmune phenomena.
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Epstein—Barr Virus-Induced
Immune Deficiency

DAVID T. PURTILO and HELEN L. GRIERSON

1. INTRODUCTION

Epstein—Barr virus (EBV) is an ubiquitous herpesvirus infecting human beings
and primates, exclusively. Lymphocytic proliferation associated with EBV in-
fection, the normal immune responses controlling the virus, the transient
anergy occurring during acute infectious mononucleosis (IM), and the ac-
quired progressive immune defects occurring in males with the X-linked lym-
phoproliferative syndrome (XLP) are described in this chapter. The results of a
decade of investigation of the Duncan family are summarized to illustrate
mechanisms of virus-induced immune suppression.

2. PROPERTIES OF EPSTEIN-BARR VIRUS

Epstein—Barr virus was initially observed in 1964 in an electron micro-
graph of cultured Burkitt lymphoma (BL).(1) The C3d receptor on B cells is the
attachment site for EBV. Whether receptors for EBV are present on oropha-
ryngeal epithelial cells is debated; however, EBV genome is found in virtually
all undifferentiated nasopharyngeal carcinomas (NPC)® and is present in sali-
vary glands.(®

Epstein—Barr virus is shed in saliva and on infecting B cells; two pathways
of viral expression can transpire. First, following uncoating of virus, Epstein—
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FIGURE 1. Epstein—Barr virus genome map. (Courtesy of Ingemar Ernberg.)

Barr nuclear antigen (EBNA) is demonstrable by anticomplement immu-
nofluorescence staining within 6—8 hour postinfection.(®) The virus endows an
unlimited proliferative capacity to the transformed B cells, and viral latency is
rapidly established. Infected cells express EBNA. Virus is maintained inte-
grated in host DNA and nonintegrated in plasmids (circular) in the infected
cells. Second, the productive pathway of the virus results in viral particle for-
mation and cellular death.(5) Following expression of EBNA, early antigen
(EA) and viral capsid antigen (VCA) are sequentially expressed. Virions can be
observed by electron microscopy in the cells that stain for VCA.

Although the EBV genome has been sequenced,(® the gene products are
incompletely characterized. The synthesis of polypeptides of EBV genome and
the development of monoclonal antibodies to them have led to identification of
at least five different EBNA.(? In addition, latent membrane protein (LMP) is
expressed in the surface membrane of the infected B cells. LMP may be the
LYDMA (lymphocyte-defined membrane antigen) that likely serves as the tar-
get for cytotoxic T cells (CTL) (Fig. 1). A differential expression of EBNA 5
and LMP occurs in polyclonal diploid lymphoblastoid cell lines (LCL) versus
BL lines; expression of LMP (8) and EBNA 5 are decreased in BL lines. This
may account for increased resistance of BL versus LCL to CTL.(9

3. MODULATION OF IMMUNITY BY EBV

Depending on the time in the life cycle during which EBV infects an
individual and the presence or absence of immunodeficiency, various out-
comes occur. Silent seroconversion almost always occurs in young children,
whereas approximately two thirds of adolescents who become infected man-
ifest infectious mononucleosis (IM). The clinical signs and symptoms,(10)
atypical lymphocytosis and hyperimmunoglobulinemia of the patients are ex-
pressions of the immunologic struggle ongoing between the CTL, natural killer
(NK) cells, macrophages, and humoral effectors responding to the trans-
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formed proliferating B cells carrying EBV. During acute IM, approximately
one B lymphocyte per 104 circulating B cells contains EBV genome, whereas
during latency only one B cell per 106 circulating B cells studied by limiting
dilution analysis harbors EBV genome.(1D B cells infected with EBV are held in
check by memory cytotoxic T cells.(12) Delayed hypersensitivity skin-test re-
sponses often become negative,(13.14) and in vitro lymphocyte responses to
mitogens,(14-16) soluble antigens,(14.15) and allogeneic cells(15.17) are usually
depressed in acute IM.

3.1. Antibody Production during Acute EBV Infection

Bahna et al.(1® demonstrated polyclonal B-cell activation characterized by
markedly increased total quantitative immunoglobulin E (IgE) (i.e., 175%
above normal), IgM (140% increased), IgA (160% increased), I1gG (135% in-
creased), and IgD (130% increased) in acute IM. Also well known is the ap-
pearance of autoantibodies in patients with acute IM.(19 These autoantibodies
may be deleterious. For example, autoantibodies against neutrophils occur
concurrently with the polyclonal activation of B cells in the vast majority of
cases of acute IM.(20) Neutropenia often occurs in IM.

To study the impact of primary EBV infection on the capacity to produce
antigen-specific antibody to bacteriophage ®X174, Junker et al.2Dimmunized
17 college students who had acute IM. During the early phase of the disease,
the proportion of peripheral blood lymphocytes displaying Ia and T8 (CD8)
phenotypes was increased and the T helper/suppressor (T4:T8) ratio was
decreased to <1. These abnormalities disappeared during convalescence. The
investigators demonstrated a depressed humoral immune response to bacterio-
phage ®X174 both in vivo and in vitro in most patients. In vitro coculture
experiments demonstrated that Ia-positive suppressor T (Ts) cells inhibited
antibody production and isotype switching from IgM to IgG antibody. Re-
moval of the T8-positive lymphocytes from cultures normalized in vitro anti-
body synthesis. These studies demonstrate that EBV causes a broad-based
transient immune deficiency in patients with uncomplicated IM.

3.2. T-Lymphocyte Function during Acute Infectious Mononucleosis

During the first week following onset of symptoms of acute IM, the
number of T cells greatly expands. Junker et al.@2)) found no significant
changes in the proportion of cells expressing markers for monocytes, NK cells,
E-rosette receptors, mature T cells, or helper T cells. By contrast, the number
of CDB8-bearing cells expressing la antigens increased markedly.(22) The
T4:T8 ratio generally decreased below 1.0 during the early phase of IM.
Within 4—10 weeks following acute IM, the numbers of cells returned to nor-
mal proportions. The functions of T lymphocytes were impaired in response to
cutaneous challenge with antigens. However, CTL showed increased killing,
especially of autologous LCL, and non-HLA-restricted Kkilling was en-
hanced.(23 Anomalous killing may be responsible for the subtle damage occur-
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ring in the liver, bone marrow, and other organs in immune-competent per-
sons with acute IM. In immunoincompetent males with XLP, the lesions are
extensive.

Immune responses to EBV occur independent of macrophages; however,
these cells are activated in hematopoietic tissues of acutely infected persons.
The number of macrophages and NK cells is not increased in the peripheral
blood of patients with acute IM@D); however, small granulomas can be found in
the bone marrow during acute IM.(2%) Moreover, if a person is immune incom-
petent, virus-associated hemophagocytic syndrome (VAHS) characterized by a
rash, fever, hepatosplenomegaly, and pancytopenia associated with erythro-
phagocytosis in bone marrow and lymph nodes can occur.(25.26) Also important
is the elaboration of prostaglandins by macrophages activated by EBV. Pros-
taglandins may suppress T-cell function. Elaboration of lymphokines such as
interferon (IFN) and interleukin 2 (IL-2) has been imcompletely studied in
acute EBV infection. Both NK cells2?) and IFN suppress the transformation of
B cells by EBV in vitro.(28) Perhaps the production of IL-2 and IFN might be
reduced transiently by the marked increase in T’ cell activity that occurs during
acute IM.

Epstein—Barr virus replicates within B cells and oropharyngeal and sali-
vary epithelial tissues. The virus persists in cells in the plasmid form, and
cytotoxic T memory cells maintain latency.(12) Supporting this view is the find-
ing that cyclosporin A suppression of RNA polymerase II in T lymphocytes(29)
or depletion of T cells by monoclonal antibodies in bone marrow of non-HLA-
matched donors can lead to life-threatening lymphoproliferative diseases.(30)

4. OTHER MECHANISMS OF EBV-INDUCED
IMMUNOSUPPRESSION

Alternative mechanisms of immune suppression have been suggested by
Menezes et al.3D) In addition to viral activation of Ts cells and macrophages
abrogating host defenses, shedding of viral structural antigens by EBV-in-
fected B cells could lead to production of blocking antibodies, formation of
immune complexes, and activation of suppressor cells that can block host im-
munologic defenses. Also, the transformed cells may elaborate plasminogen
activating factor and prostaglandins that impede host immune defenses.

5. CLINICAL SIGNIFICANCE OF EBV-INDUCED
IMMUNOMODULATION IN VIRAL PATHOGENESIS OF
DISEASES IN MALES WITH XLP

In the immune-competent person with acute IM, the resulting immune
suppression may potentially be responsible for the frequent development of
streptococcal and pneumococcal oropharyngeal infections. Also, reactivation
of other herpesviruses can be observed on occasion. Perhaps a more serious
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complication of the immune responses to EBV-transformed B cells is the
anomalous killing of hepatocytes,(32.33) bone marrow,5 and other cells.(39
The suppression of cytotoxic T cells in males with XLP normally induced
during acute IM to control EBV-transformed B cells may allow a genetically
altered cell destined to become a malignant clone to sneak by the defective
immune surveillance. These foregoing immunopathologic features in IM can
be exaggerated in immune-suppressed patients.

In our initial report of the Duncan kindred, we described the inheritance
and phenotypic expressions of the EBV-induced diseases observed as resulting
from the X-linked recessive progressive combined variable immune-deficiency
disease.3%) To illustrate EBV-induced immune suppression in genetically de-
fective persons, the immunopathologic manifestations and mechanisms re-
sponsible for diverse diseases occurring in the Duncan kindred during the past
decade are summarized. XLP serves as a model for studying and demonstrat-
ing exaggerated pathophysiologic mechanisms of viral-induced immune sup-
pression and the resulting diseases. In 1975, fatal infectious mononucleosis had
led to the demise of three of seven young brothers in the Duncan kindred, two
maternally related males died with malignant lymphoma, and another male
cousin succumbed with acquired hypogammaglobulinemia following IM.35)

Our survey of the family in 1974 revealed a 10-year-old male (Table I and
IT No.V-026) with partial IgA deficiency who had experienced neonatal thrush
and sequentially Neisseria meningitides meningitis and vaccinia following small-
pox vaccination during childhood. In November 1974, he became infected
with EBV from his sister who had recently experienced IM. His serum IgM
level increased from 230 to 656 mg/dl. Although we could culture EBV in
throat washings, we could not detect EBV antibodies in his serum.(36) In 1981,
the patient developed anemia associated with erythroblastopenia.37) One
month later, delayed onset of acute IM occurred (Table I). This illness was
characterized by the usual clinical signs and symptoms of IM, appearance of
IgM VCA antibodies, and activation of T’ cells, with an inverted T4 : T8 ratio
in peripheral blood. Next, he acquired hypogammaglobulinemia. B cells could
not be detected in his peripheral blood with monoclonal antibodies. He ac-
quired a defect in NK cell activity. An HLA-matched bone marrow transplant
resulted in temporary restoration of his T- and B-cell functions and NK cell
activity. Regrettably, the patient succumbed to adenovirus-induced
hepatitis.(38,39)

We have continued to investigate additional members of the Duncan fami-
ly (Fig. 2, Table II). Males with XLP show variously decreased IgM, IgA, or
IgG levels in serum and fail to switch from IgM to IgG antibody responses on
secondary challenge with bacteriophage ®X174.(40) Even before EBV infec-
tion, affected males manifest defective antibody response to ®X174 compara-
ble to that of patients with acute IM.2D The immune defect detected in re-
sponse to challenge with ®X174 before EBV infection may explain why
patients are so vulnerable to EBV infection. The mortality among 184 patients
in the XLP registry was 85% by 10 years of age and 100% by 40 years of
age(33.41) (Fig. 3).

Prospective studies by Seeley et al.(42) of patients with XLP pre-EBV infec-
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FIGURE 3. The frequency of the various
phenotypes of XLP is depicted with the
postulated events occurring during the
natural history of patients with the defect.
The size of the circles and thickness of the
arrows indicate the relative frequency of
the events. These events have been deter-
mined based on analysis of 161 patients in
the XLP Registry. (- - -) Postulated rare
events. IM, infectious mononucleosis; ML,
malignant lymphoma, AH, acquired hypogammaglobulinemia; D = death. (From Grierson
and Purtilo®3); published with permission of Annals of Internal Medicine.)

tion have demonstrated normal NK cell activity. Although exaggerated NK
activity and anomalous CTL killing can be seen during acute IM in patients
with XLP,43) several patients have silently seroconverted in response to EBV
infection without showing marked diminution in NK activity. Notably, many of
these patients show normal Ig levels. Patients with NK defects possess normal
numbers of large granular lymphocytes and retain antibody-dependent cel-
lular cytotoxicity (ADCC).44)

Shown in Fig. 4 are the postulated events occurring in the natural history
of EBV-induced diseases in XLP. Possibly, owing to decreased numbers of
circulating CTL in males with XLP,#5) EBV infection leads to B- and T- cell
proliferation with infiltration of liver, bone marrow, thymus, and other organs.
Numerous EBV-infected B cells infiltrate organs, and fewer CD8-positive cells
are admixed with the transformed B cells associated with necrosis of these
organs.(26,32,34) Nearly two thirds of patients succumb to infectious mono-
nucleosis. Fulminant hepatitis and/or VAHS induced by EBV are the major
causes of death.

Patients with XLP usually mount IgM anti-VCA and EA antibody re-
sponses as well as VCA IgG antibodies when acute IM occurs. However, silent
infection can occur without detectable antibodies.(36.37.46) Antibodies to EBNA
are defective in affected males. The patients surviving the acute primary infec-
tion often acquire hypogammaglobulinemia. Pre-EBV infection, partial IgM or
IgA deficiency, or borderline hypogammaglobulinemia are often found (Table
II). In vitro studies of patients with the acquired hypogammaglobulinemia phe-
notype show suppressed B-LCL production of IgA and IgG, but not IgM, in
the presence of autologous T cells stimulated by these cell lines.?) In similar
challenge and mixing experiments, we have demonstrated normal production
of IL-2 and B-cell differentiation factor, but production of IFN-Y by T cells
stimulated with autologous or allogeneic B-LCL is defective.(48) These and
other immune defects identified in the Duncan kindred and others in the XLP
Registry afflicted with XLP are summarized in Table I11.

We have postulated (Fig. 4) that the malignant lymphomas occur due to
defective CTL responses to EBV and genetic alterations in an infected cell.
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FIGURE 4. Postulated events and mechanisms responsible for Epstein—Barr virus (EBV)-
induced fatal infectious mononucleosis (IM), acquired hypogammaglobulinemia (hypogam-
ma), and malignant lymphoma in males with the X-linked lymphoproliferative syndrome.

This 1s likely related to sustained Ts cell activity, which impairs CTL. Invari-
ably, the malignant lymphomas occur as diffuse intermediate to high-grade
lesions chiefly involving the gastrointestinal (GI) tract. Surviving patients al-
most always show acquired hypogammaglobulinemia. On the basis of the hy-
pothesis regarding mechanisms of African Burkitt lymphomagenesis put forth
by Klein and Klein,9 we have postulated that a proliferating B cell may
undergo a molecular or chromosomal translocation involving c-myc in chromo-
some 8 and the heavy-chain locus in chromosome 14 or light-chain loci in
chromosomes 22 and 2, respectively.(59 The juxtaposition of c-myc with the
active Ig locus located at the breakpoints is thought to activate the c-myc proto-
oncogene and freeze the cell in a growth phase of the cycle. Also, the cell may
become more sensitive to growth signals, and the expression of latent mem-
brane protein may be downregulated.® Thus, the CTL may be deprived of a
viral target on the surface of the malignant lymphoma cell.(%

Our hypothesis that the polyclonal proliferation of B cells following EBV
infection of immune incompetent persons occasionally (about 20% of cases)
progresses to a monoclonal B-cell lymphoma is supported by our recent find-
ing of oligoclonal and monoclonal EB V-infected B cells in tissues from patients
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TABLE III
Immunologic Defects in X-Linked Lymphoproliferative Syndrome

Year
Findings reported
X- linked progressive combined variable immune deficiency described 1975
Pre-EBV infection IgA deficiency and borderline hypogammaglobulinemia 1978
Defective anti-EBNA response in affected males 1979
Natural killer cell activity defect 1980
Inverted T4/T8 ratio and lymphocyte responses to PWM decreased 1982
Elevated EBV antibodies in carrier females 1982
Defective memory T-cell responses in regression assay 1982
Deficient leukocyte migration inhibition responses to EBV antigens 1982
Defective X174 switching IgM—IgG antibody response to secondary 1983

challenge
Delayed onset of infectious mononucleosis with subsequent 1984
hypogammaglobulinemia

Evolving new phenotype: necrotizing lymphoid vasculitis 1985
Defective NK cell activity, but retention of ADCC 1986
Anti-EBNA antibody deficiency with selective 1gG2 and I1gG3 deficiency 1986
EBV-infected B cells and T cells invade thymus and epithelium destroyed 1986
B-cell proliferation oligo and monoclonal in fatal IM 1986
T-cell suppression of production of IgA and IgG by LCL in vitro 1986
Restoration of immunity with allogeneic bone marrow transplantation 1986
Reduced frequency of CD4 and cytotoxic T cells in blood of survivors 1987
Decreased production of interferon-Y by T helper cells of survivors 1987

with fatal IM. Immunoglobulin gene rearrangements were detected within a
few weeks of onset of symptoms of IM using Southern blot analysis of JH gene
probes hybridized with DNA extracted from lesions of patients.(51)

6. SUMMARY

In normal immune-competent persons, transient immune deficiency oc-
curs with acute IM. This anergy is corrected within a few weeks to months
following the onset of symptoms. EBV produces explosive polyclonal B- and T-
cell proliferation. Normal immune-competent persons carefully orchestrate a
barrage of humoral and cellular effectors to control EBV-transformed B cells.
These effectors are carefully modulated in part by Ts cells that transiently
depress normal immune responses.

By contrast, certain immune-incompetent persons, especially males with
XLP who have a defective lymphoproliferative control locus in the X chromo-
some and children with Chediak—Higashi syndrome,(52) are highly vulnerable
to the progressive immune defects acquired following EBV infection and fatal
lymphoproliferation occurs. Many patients with XLP who survive acute IM
show sustained Ts cell activity leading to acquired hypogammaglobulinemia.
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Patients with severe hypogammaglobulinemia require lifelong Ig therapy. Ts
cell activity in patients with malignant lymphoma may account for their sur-
vival.(47.49) Finally, evidence is growing that molecular or cytogenetic altera-
tions occurring in proliferating B cells may allow tumor cells to evade host-
immune surveillance, resulting in an aggressive monoclonal B-cell lymphoma.
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Immunosuppression by
Bovine Herpesvirus 1 and
Other Selected Herpesviruses

LORNE A. BABIUK, M. J. P. LAWMAN, and P. GRIEBEL

1. INTRODUCTION

Viruses can cause immunosuppression by a variety of mechanisms. Immu-
nosuppression can occur as a result of direct or indirect effects of the virus on
various leukocyte populations.(1=5) In the case of direct effects, viruses may
infect and destroy the specific leukocytes involved in the development and
expression of immunity. In addition, viral components that can be released
into the extracellular environment may interact directly with specific cells and
affect either accessory or effector cell functions.(®) Indirect effects can be pro-
duced by the release of mediators, such as hormones, complement, or pros-
taglandins.(7—9 Inhibition of mediator release following viral infection can also
reduce cellular reactivity and subsequent development of immunity.(10—12) In
some instances, immunosuppression is confined to the specific antigen(s) caus-
ing the suppression, whereas in other instances there is generalized immu-
nosuppression to a wide variety of antigens.3.13) Thus, it is clearly evident that
the phenomenon of virus-induced immunosuppression can occur via a wide
variety of different pathways, and in many cases a combination of factors
appears to act in concert.

The first part of this chapter describes what is known concerning immu-
nosuppression in cattle caused by bovine herpesvirus (BHV-1). The second
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part summarizes a few selected herpesviruses of domestic animals (Table I),
birds (Table II), and rodents (Table III). In this latter part, we try to demon-
strate how different viruses interact with the host to cause disease or viral
persistence and how the immune response can alter these interactions. In the
BHV-1 model, functional defects of macrophages, polymorphonuclear neu-
trophils (PMNs), and lymphocytes occur between 4 and 7 days postinfection.
Although this coincides with peak viral replication in nasal passages, immu-
nosuppression is presumed to occur as a result of both direct and indirect
mechanisms. This chapter describes the kinetics and the degree of immu-
nosuppression associated with various leukocyte functions following viral infec-
tion. Initially, a description of the sequence of events relating to immunosup-
pression is presented in an attempt to explain how immunosuppression may
occur, as well as the consequences of immunosuppression. Second, attempts
are made to propose a model whereby all the direct and indirect effects of
immunosuppression interact to make the animal much more susceptible to
secondary bacterial infections and how these may influence clearance of the
virus.

2. BOVINE HERPESVIRUS

2.1. Virology

Cattle, like most other species, are blessed with a number of different
herpesviruses that cause a variety of diseases ranging from respiratory, genital,
and localized skin infections to systemic infections. These viruses are classified
as bovid herpesvirus 1 to 6 (BHV-1 to BHV-6). Bovid HV-1, -2, and -6 are
classified within the subfamily of the a-herpesvirinae, whereas BHV-3 is a «y-
herpesvirinae, with BHV-4 belonging to the B-herpesvirinae. Although there
have been reports regarding the pathology and proposed mechanisms of
pathogenesis for all these herpesviruses, very little information has been pre-
sented regarding the immune responses to these herpesviruses or their ability
to cause immunosuppression with the exception of studies on BHV-1.04
Therefore, the major emphasis of this review is on the BHV-1 model. BHV-1
also called infectious bovine rhinotracheitis (IBR) virus, is an important patho-
gen of cattle that can cause a variety of syndromes ranging from severe respira-
tory infections, vulvovaginitis, abortions, conjunctivitis, and meningoen-
cephalitis to generalized systemic infections in young animals.

Infectious bovine rhinotracheitis is the most common form of BHV-1
observed in situations in which large numbers of animals are intensively
reared, such as in feedlots. This disease is associated with a rapid rise in fever,
which occurs within 2 days of infection. As a result of infection, there is inflam-
mation of the mucosal surfaces of the upper respiratory tract with distinct
ulceration or plaques, where viral replication and infection occurs. This initial
infection with BHV-1 of the respiratory tract alters the respiratory mucosal
surfaces sufficiently to allow large quantities of Pasteurella hemolytica to repli-
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cate, migrate down into the lower respiratory tract and cause severe pneu-
monia. Reflecting the frequent occurrence of this disease following movement
of cattle to feedlots, it is often referred to as shipping fever. Since BHV-1 is not
the only virus involved in this particular disease syndrome, this disease is also
termed bovine respiratory disease complex. However, BHV-1 appears to be
the major initiator of this bovine respiratory disease complex. The immu-
nosuppression caused by BHV-1 following respiratory infection appears to be
the major reason for enhanced colonization of the lower respiratory tract and
furthermore for the inability of the host to clear the bacteria from the lower
lung.

Keratoconjunctivitis is often observed in animals suffering from BHV-1-
induced respiratory infections, indicating that the virus has spread systemically
to infect other mucosal surfaces. Keratoconjunctivitis can also occur in the
absence of respiratory infections or following mild respiratory infections that
are often undetected. Conjunctivitis, in the absence of severe respiratory infec-
tions, generally occurs more frequently in adult dairy cattle. In many cases, this
is the only evidence of acute viral infection. Following conjunctivitis, however,
pregnant adult cattle may abort, indicating that even though the disease may
appear to be a relatively mild localized infection, the virus does spread sys-
temically to infect the fetus. Depending on the stage of gestation, the fetus can
either be aborted or, if infection occurs late in gestation, be born prematurely
and die shortly after birth.

Like most herpesviruses, BHV-1 has a predilection for cells of the central
nervous system (CNS). Thus, latency is maintained in cells of neurologic ori-
gin;(15) however, encephalitis is rare in cattle following infection with BHV-1.
Although it has been reported to occur in adult cattle, young calves are much
more likely to suffer from encephalitis than are adult animals.(16.17)

In sexually mature animals, BHV-1 infection can spread by the genital
route. The virus can be disseminated through a herd by asymptomatic bulls
during natural breeding or through artificial insemination wherein virus is
present in the semen. As is the case with respiratory infections, the virus causes
pustules on the vagina or penal mucosal surfaces. These pustules can progress
to necrotic erosions. Although these lesions heal within approximately 1 week
following primary infection, animals can remain carriers of the virus.

As a result of these generalized infections and the economic importance of
the specific disease, extensive studies have been undertaken in attempts to
identify (1) the specific cells in which the virus replicates, (2) the immunologic
events that occur as a result of viral infection, and (3) how the virus itself can
cause alteration of immune responses.

In vitro, the virus replicates to very high titers in bovine epithelial fibroblast
or monocyte cultures. Although there have been reports of the virus replicat-
ing in cells from other species, only rabbit and porcine cells appear to replicate
virus to sufficient levels for investigational work. Considering the locations of
the pathologic lesions in vivo, it appears that the virus can infect a wide variety
of epithelial, fibroblast, or monocytic cells and actually spreads as a result of



IMMUNOSUPPRESSION BY ANIMAL HERPESVIRUSES 147

infection of a wide variety of cells within the animal. Although it is believed that
virus spreads by the hematogenous route, possibly by infection of monocytes,
very little in vivo evidence for this method of spread has been presented.

2.2. Immunology

Investigations have been conducted into the kinetics of specific antiviral
defense mechanisms in vivo following infection with BHV-1.(18=21) A correla-
tion of the kinetics of killing between these various effector mechanisms and
viral replication at the individual cell level and expression of antigens on the
infected cell surface has also been attempted. The mechanisms by which virus-
infected cells could be killed include T-cell-mediated cytotoxicity,(21.22) anti-
body-complement-mediated cytotoxicity,(18) antibody-dependent-cell-medi-
ated cytotoxicity (ADCC),23) complement-facilitated antibody-dependent-cell-
mediated cytotoxocity (ADCC-C),(24.25) natural killer (NK) cell activity, and
complement-dependent neutrophil-mediated cytotoxicity (CDNC).(26.27) Al-
though these mechanisms have been shown to be able to kill virus-infected cells
in vitro, this does not mean that each of these effector mechanisms function in
vivo to help curtail viral replication and spread. It is therefore crucial to deter-
mine whether these specific defense mechanisms can kill virus-infected cells
before completion of viral replication and spread to adjacent uninfected cells.
In most in vitro studies, killing by a single mechanism has been investigated.
However, it is probable that in vive, all these effector mechanisms interact
sufficiently to be able to curtail viral replication and spread. In this regard, it
has been shown that surface antigen expression is present on virus-infected
cells at approximately 3—4 hr postinfection (p.i.). However, there does not
appear to be sufficient antigen for the effector mechanisms to recognize and
lyse the virus-infected cell until approximately 9—10 hr p.i.(18) At this time, the
virus is already beginning to spread and infect adjacent uninfected cells by the
intracellular route. Thus, these mechanisms alone do not appear to be very
effective in curtailing viral replication and spread.

It has been demonstrated that in the presence of interferon (IFN), the
killing of virus-infected cells occurs earlier and at a faster rate.?® In the host,
where IFN synthesis occurs very rapidly following viral infection,(29.30) it is
possible that these effector mechanisms are important in limiting virus spread
between cells. Investigations into the specific effector mechanisms that may be
important in primary infections have clearly demonstrated that IFN and
cytotoxic T cells (CTL) and possibly NK cells are important in clearing BHV-1
in the initial stages.(22.30.31) Virus clearance begins approximately 8—10 days
p.i., a time when IFN and CTL are evident with very little antibody being
detected.(22.3D) Since there have been extensive reports of the various effector
mechanisms in recovery from BHV-1 infections and a recent review has been
published in this regard,32 this aspect of immunity to bovine herpesviruses is
not discussed further here.
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2.3. Immunosuppression

Immunosuppression caused by BHV-1 is considered one of the major
reasons for enhanced colonization of the lower lung with Pasteurella hemolytica
and subsequent development of pneumonia. Aerosol infection of healthy ani-
mals with Pasteurella hemolytica results in rapid infiltration of neutrophils into
the lung and clearance of the bacteria within 4 hr of exposure.(11) However,
aerosol challenge with Pasteurella hemolytica 3—7 days post-BHV-1" infection
results in a reduced rate of cellular infiltration into the lungs and increased
colonization of the lungs with bacteria such that more than 50% of infected
animals will develop severe pneumonia and die. In an attempt to explain this
increased susceptibility to bacterial superinfection, numerous investigations
have been directed at correlating changes in susceptibility to alteration in leu-
kocyte numbers and functions. In most cases in which such studies have been
performed, there have been indications of leukopenia and altered leukocyte
functions, with reduction of leukocyte function being more dramatic than
depletion of any specific leukocyte type. These studies also indicate that the
depression of leukocyte number and reduced function is different for the
various cell types.

Although the depletion or reduced cell function of one cell type may have
dramatic repercussions on functional activities of other leukocytes, for the sake
of clarity, in the initial description of immunosuppression, the different effects
observed with each specific cell type are described. Subsequently, attempts are
made to correlate the interactions generating both specific and nonspecific
immunosuppression, in order to provide a unified hypothesis of how BHV-1
may induce this in cattle. It is hoped that this approach will provide a clearer
picture of the events that occur during viral infection and eventually aid in
developing methods for reducing the level of immunosuppression.

Despite a slight decrease in lymphocyte numbers following viral infection,
there is almost total paralysis of lymphocyte proliferation in vitro. The precise
mechanism(s) of suppression of lymphocyte function are unknown, but it has
been postulated that both specific and nonspecific suppression can occur. In
Sections 2.3.1 and 2.3.2, we discuss what has been shown to occur following
BHV-1 infection and then try to provide a plausible explanation for the ob-
served phenomena. It is our contention that BHV-1 causes immunosuppres-
sion by more than one process.

2.3.1. Specific Suppression

The classic work of Gershon during the early 1970s led to the universally
accepted phenomenon of a suppressor regulatory network.3) The discovery of
suppressor T lymphocytes (T's) is important, as these cells may play a significant
role in the regulation of the immune response. These regulatory T cells have
been shown to be both nonspecific in function®% and antigen specific.(35) Most
studies investigating the mechanism of action by T's have been carried out using
the murine and human cells. This has been greatly helped by the availability of
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phenotypic markers in the characterization of these cells. In these systems, T's
appear early during infection or generation of the immune response and seem to
act at the level of T-cell proliferation preventing clonal expansion.(36) The target
cells appear to be the T-helper (Th) lymphocyte with some activity on B lympho-
cytes and macrophages being recorded. Ts appear to be antigen specific and
therefore capable of antigen recognition. In the case of nonspecific activation of
Ts by lectins, there is some thought that the activation, by nonspecific means,
may also nonspecifically induce antigen-specific clones.(36 It has been proposed
that Ts inhibit the clonal expansion of antigen activated T lymphocytes by
preventing the induction of interleukin 2 (IL-2) responsiveness.(3?) This non-
responsiveness to IL-2 is thought to be induced by the production of a sup-
pressor lymphocyte-associated molecule (SAM). The SAM has been proposed to
bind the erythrocyte (E) receptor (on human T cells, or E-equivalent receptor on
T cells of other mammalian species) and thereby produce a state of suppression.

If Ts are to be a factor in suppression they, like other T-cell subsets, must
expand clonally, and this has been shown to be dependent on IL-2.(38) T's must
therefore be able to suppress antigen-specific Th responsiveness to IL-2 as well
as induce IL-2 production by Th.37) The observation that in cattle infected
with BHV-1, IL-2 production peaks at the time of maximal immunosuppres-
sion make the existence of BHV-1-specific Ts highly probable. It should be
noted that factor(s) other than 1L-2 have also been isolated and shown to cause
activation and proliferation of Ts.39 One factor, suppressor cell induction
factor (SIF), has been shown to be distinct from other lymphokines, in particu-
lar IL-2.(39) Whether this factor is produced during herpesvirus infections or in
cattle is unknown.

Herpesviruses are known to induce suppressor cell activity.(0 In the case
of bovine herpesvirus, however, it has not been possible to demonstrate sup-
pressor cell activity conclusively following BHV-1 infection, even though they
can be easily induced by concanavalin A (Con A).4D Although this does not
exclude the possibility that suppressor cells do exist or are generated by BHV-1
antigens, they do not appear to be important in the reduction of lymphocyte
functions following BHV-1 infections. It must be emphasized, however, that
these studies are just beginning, and it is possible that at a later date antigen-
specific suppressor cells may be identified.

2.3.2. Nonspecific Suppression

2.3.2.a. Lymphocytes. Within 1-3 days post-BHV-1 infection, lymphocyte
responsiveness to phytohemagglutinin (PHA) or Con A becomes significantly
depressed and remains depressed for up to 9 days postchallenge.(30:42) These
decreased lymphocyte responses cannot be restored by the addition of ex-
ogenous IL-2. Furthermore, exogenous IL-2 cannot act as a nonspecific ac-
tivator of resting cells obtained from virus-infected animals, even though it can
activate normal bovine lymphocytes. In an attempt to explain the depressed
mitogen response, Th cell function was investigated. Although the results ap-
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pear to be somewhat variable, in most cases the generation of IL-2 is enhanced
following infection of animals with BHV-1. This enhancement appears to be
correlated with the initial rise in production of IFN in the nasal passages 2 days
after BHV-1 infection. Administration of exogenous IFN by the nasal route
also increases IL-2 production by lymphocytes from normal animals in a tran-
sient manner. Although animals appear to produce higher levels of IL-2 fol-
lowing infection with a virus, lymphocytes from virus-infected animals are not
responsive to IL-2. This lack of responsiveness may be attributable to (1) down-
regulation of IL-2 receptors on cells, (2) viral interference with their ex-
pression, or (3) margination of activated T cells to local drainage lymph node
or sites of BHV-1 replication. Unpublished experimental evidence from flow
cytometric analysis demonstrates a decline of E-rosette-positive cells in animals
infected with BHV-1. This evidence still does not discriminate between the loss
of these cells or downregulation of E-rosette receptors. The downregulation of
T-cell proliferation by high antigen dose has been shown for other systems.(43)
That study showed that T lymphocytes produced IL-2 but were unable to
respond because of the loss of IL-2 receptor expression. BHV-1 has been
shown to be a potent inducer of 1L-2.(4% In this context, it is worth reiterating
that during BHV-1 infection, IL-2 production peaks at the time of maximal
virus shedding in nasal passages. The peak of viral antigen and IL-2 produc-
tion also correlates with the time that T cells become unresponsive to IL-2. This
finding appears to parallel what Ceredig and Corradin(3) reported in terms of
IL-2 production and downregulation of IL-2 receptors in the face of high
antigen doses.

In a recent article, it was shown that, under certain conditions, human
peripheral blood mononuclear cells (PBMC) could be induced to release IL-2
receptors.(45) These conditions involve activation by lectins and toxoids (tet-
anus). HTLV-I-positive T-cell clones were also shown to release large amounts
of IL-2 receptors. Whether these observations have any relevance for cattle is
unknown. It is tempting to speculate that bovine T cells may lose respon-
siveness to IL-2 due to the loss of IL-2 receptors following binding of virus or
viral glycoproteins to lymphocytes. It was recently demonstrated that BHV-1
can bind to T-cell clones6) (P. Griebel and L. A. Babiuk, unpublished observa-
tions). Thus, if HTLV-1 binding and infection of lymphocytes can cause the
release of IL-2 receptors, could the same mechanism also operate in the BHV
infection? Unfortunately, monoclonal antibodies that recognize human IL-2
receptors do not recognize bovine IL-2 receptors. Thus, until specific antibody
to the bovine IL-2 receptor is developed, this question cannot be fully ex-
plored. Alternatively, as has been observed in the murine system, antigen-
specific suppressor cells may induce a state of Th cell unresponsiveness.(37)

It is known that exposure of lymphocytes to some viral antigens can lead to
nonresponsiveness of these lymphocytes in culture.4? Since BHV-1 is a sys-
temic virus, such exposure in vivo could account for the lower responses to
mitogens at the peak of viral replication and during clinical disease. Exposure
of lymphocytes from normal animals to BHV-1 antigens in vitro does result in
decreased blastogenic responses.(48) Regardless of whether the antigen was
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inactivated or live virus when used in the assays, it was found that high doses of
antigen dramatically suppressed mitogen induced lymphocyte proliferation in
vitro.(48) Specific antigen stimulation of lymphocytes from immune animals was
also suppressed at high antigen doses. Since suppression occurs with live or
inactivated virus and since there is no evidence of even an abortive infection of
bovine lymphocytes with BHV-1, it appears that viral replication is not re-
quired to induce immunosuppression in lymphocytes. It is possible that the
mere association of virus with lymphocytes can alter their function. Although
lymphocytes cannot be infected with BHV-1, the virus can bind to lympho-
cytes(16) (P. Griebel, M. Lawman, and L. A. Babiuk, unpublished observations).
This interaction appears to occur especially if T lymphocytes are activated.

Using both primary bovine T-cell cultures and T-cell clones, it has been
observed that infectious BHV-1 decreases the viability of these T cells without
detectable viral replication. Furthermore, both infectious and inactivated
BHV-1 decreases IL-2 responsiveness and activation of these T-cell clones by
phorbol esters (P. Griebel, M. Lawman, and L. A. Babiuk, unpublished obser-
vations). This finding supports the hypothesis that BHV-1 directly affects T-
cell function and responsiveness without the induction of antigen-specific Ts.
It was recently reported that herpes simplex virus (HSV) will replicate in acti-
vated human T lymphocytes.(49) Our contention is that BHV-1 may in-
fect/replicate in a small subpopulation of activated T cells (making its detection
by standard techniques, such as infectious center assays, difficult) and that
these infected T cells would be eliminated. This could reflect a major defect in
the CMI response without being an obvious defect in total T-cell populations.
This does not explain the observation that the general population of cells are
nonresponsive to mitogens.

No reports have described the specific protein or glycoprotein involved in
the suppression of lymphocyte function, but it is highly likely that one of the
viral glycoproteins is involved. Since these glycoproteins are released into the
extracellular environment during viral replication(50—53) and virus—cell in-
teractions are initiated by glycoprotein, it is highly likely that interaction of the
glycoprotein with the lymphocyte host cell membrane alters their function.
The availability of purified BHV glycoproteins makes this hypothesis feasible
to test.

Interferon production in nasal passages is evident within 2—3 days p.i.
Although very little free IFN is detectable in plasma from infected calves, it is
possible that it is rapidly cell associated and thereby alters lymphocyte reac-
tivity. Studies involving the pharmacokinetics of clearance of IFN clearly dem-
onstrates that exogenous IFN is rapidly cleared (half-life approximately 2 hr).
Coupled with the observation that IFN can alter lymphocyte function dramat-
ically, this suggests that rapid cell association is highly likely.39 IFN has been
shown to inhibit proliferation of bovine T cells in vitro (P. Griebel and L. A.
Babiuk, unpublished observations) and reduce their responsiveness to IL-2
and phorbol ester (P. Griebel and L. A. Babiuk, unpublished observations).
The observations that bovine IFN activity is enhanced at elevated tempera-
tures up to 40°C,(59) maximal immunosuppression correlates with peak tem-
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perature responses and that IFN is present in nasal secretions suggest that
even low levels of serum IFN may be important in reducing lymphocyte
reactivity.

A further observation that may or may not have relevance to BHV-1 is the
production of a suppressor lymphokine by Ts. This lymphokine has been in-
cluded with nonspecific mechanisms because despite its production by Ts, the
lymphokine is activated nonspecifically by phagocytic cells. The substance in
question is the soluble immune response suppressor (SIRS), first described by
Aune and Pierce(®5) in the mouse and subsequently described in humans.(56)
SIRS is produced by Lyt 2+ cells (murine Ts) in an inactive nonoxidized form. It
is activated (by oxidation) by H,O, produced by macrophages and presumably
polymorphonuclear leukocytes (PMNs). Once the substance is oxidized, it is
inhibitory not only to neoplastic cell replication but to immune cell functions as
well. If a bovine counterpart to the murine and human SIRS exists, infection
with BHV-1, which causes elevated production of toxic oxygen species, may well
indirectly activate this suppressor molecule and cause immune suppression.

2.3.2.b. Monocytes. Within the lung, alveolar macrophages are vital as the
main protectors of the alveolar airspaces against microorganisms and foreign
substances. Like other members of the mononuclear phagocytic system, the
alveolar macrophage may also participate in immunologic reactions by virtue
of their accessory cell capacity.(57.58) In addition to these functions, however,
which are generally considered beneficial to the host, the alveolar macrophage
also possess the capacity to synthesize and secrete a wide armamentarium of
mediators, including enzymes, monokines, complement components, and
prostaglandins, which have the potential to modulate the immune response or
induce lung injury either directly or through stimulation of other inflammato-
ry and immune cells.(59) Since the expression of various surface antigens on
macrophages can be correlated with functional activity, initial attempts were
made at identifying surface markers on alveolar macrophages and peripheral
blood macrophages following infection both in vivo and in vitro with BHV-1.

Following in vitro exposure of bovine alveolar macrophages to BHV-1, it
was found that although macrophages were more resistant to infection with
BHV-1 than were fibroblasts or epithelial cells, they could be infected. Once
infected, the number of Fc receptors on macrophages is dramatically reduced,
as is the ability of these infected macrophages to phagocytize erythrocytes or
Candida.® By contrast, there is an increase in complement receptors for the
first 3—12 hr p.i. At latter times postinfection, there is a decrease in comple-
ment receptors as the cells begin to suffer the effects of virus replication. In
these studies it did not matter whether the macrophages were lavaged from
IBR-seropositive or -seronegative animals, suggesting that arming of the mac-
rophages with antibody did not have any effect on the susceptibility to BHV-1
infection or their ability to participate in immune responses following BHV-1
infection.

Since alveolar macrophages could potentially be involved in the elimina-
tion of viral infections by a variety of mechanisms, the ability of infected mac-
rophages to function as effector cells in ADCC was investigated.(® Within 2—4
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hr post-BHV-1 infection in vitro, alevolar macrophages could not mediate
ADCC killing of virus-infected cells. Although it was possible to infect alveolar
macrophages in vitro, retrieval of alveolar macrophages from virus-infected
animals demonstrated that a very small percentage of the macrophages were
actually infected. However, infection of cells per se cannot totally explain the
reduced functional capacity of bovine macrophages following BHV-1 infec-
tion, as many macrophages retrieved from lungs of infected animals are not
infected but are functionally inactive. Similarly, blood monocytes collected
from infected animals, which have never been shown to be infected, are also
paralyzed with respect to their ability to produce various mediators.(60) These
results suggest that indirect effects of the virus on leukocyte function may be as
important as the direct effects of viral infection on a specific subpopulation of
macrophages.

Studies with human and rat blood macrophages and monocytes and al-
veolar macrophages have shown them to have both enhancing and suppressive
effects on immunoglobulin secretion and mitogen-induced proliferation of
peripheral blood lymphocytes.(61—67) Detailed studies in the human have
shown that functional heterogeneity of alveolar macrophages exists and that
the expression of one function in preference to the other is dependent on cell
numbers.®8) This dependence on cell density is important with respect not
only to the macrophage but to the PBL as well. In the above study, it was shown
that low numbers of PBMC and of alveolar macrophages enhanced lymphocyte
proliferation. However, in the presence of elevated numbers of monocytes or
macrophages inhibition of lymphocyte proliferation occurs. These investiga-
tors also stated that alveolar macrophages were 10-fold more suppressive than
peripheral blood monocytes.

In cattle, alveolar macrophages have been reported to suppress mitogen-
induced proliferation of PBMC.(69) This suppression was evident at levels at
which the macrophage comprised only 1% of the cells. These investigators
clearly demonstrated that this suppression was mediated via a soluble mediator
released by the macrophages. Similar suppression of mitogen induced lympho-
cyte proliferation can be demonstrated in vitro by increasing the ratio of pe-
ripheral blood monocytes to lymphocyte.(67)

Using flow cytometric analysis of Ia-positive monocytes and nonspecific
esterase staining of monocytes, it has been shown that there is a significant rise
in the number of monocytic cells in the PBMC, 3 and 8 days post-BHV-1
infection (P. Griebel, M. Lawman, and L. A. Babiuk, unpublished observa-
tions). This rise in monocyte numbers can increase to 10—30% of the PBMC
population. On the basis of the studies reported above, this increase in the
number of macrophages could easily be responsible for at least some of the
suppression observed 4—8 days p.i. It has also been shown by flow cytometry
that in addition to an increase in the number of Ia-positive cells in peripheral
blood 4 days after BHV-1 infection, there is also a shift (increase) in size.
Whether increased size is also correlated with the production of immu-
nomodulating factors (i.e., prostaglandins) complement and IFN-, need to be
investigated. Since all these mediators have been reported to have suppressive
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effects on the immune response, it is highly likely that the macrophage may be
pivital in BHV-1-induced immunosuppression.

Natural cytotoxicity is another function exhibited by a subpopulation of
mononuclear leukocytes. This activity, expressed against xenogeneic cell lines,
decreases following infection with BHV-1. As was the case for blastogenesis,
depression was seen 3-5 days p.i. but returned to normal more quickly and
actually rose above preinfection levels by 7 days p.i.(39 This increase in natural
cytotoxicity appears to be correlated with an increase in the number of mono-
cytes present in the peripheral blood.

2.3.2.c. Macrophage-Soluble Mediators of Suppression. Macrophages are a
major source of IFN,. Bovine IFN_ (recombinant) has been shown to down-
regulate the production of IL-2 and the number of circulating lymphocytes.(30)
Since IFN is produced very early in the infection cycle, these observations
suggested that IFN may be important in early immunosuppression. IFN, was
also shown to have direct antiproliferative activity on bovine T-cell cultures and
to have inhibited the cytotoxic activity of cloned bovine CTL (M. Lawman and
L. A. Babiuk, unpublished observations). Cultured bovine T cells were ren-
dered IL-2 unresponsive in the presence of IFN,; furthermore, activation of
bovine T cells by phorbol esters was suppressed (P. Griebel, M. Lawman, and L.
A. Babiuk, unpublished observations). Even though IFN levels in the pe-
ripheral blood are not elevated,30 this may not preclude the possibility that
IFN was removed by binding to target cells (in vivo) and therefore unavailable
for in vitro assays. Letchworth et al.(69 have shown that the antiviral effect of
bovine IFN is increased at 40°C. During BHV-1 infection, immunosuppression
is greatest between 3 and 5 days; it is at this time that the pyrexic response is
greatest (>41°C). On the basis of these observations, it would be interesting to
determine whether elevated temperatures also alter the immunomodulating
role of IFN.

One of the major immunosuppressive factors produced by macrophages is
prostaglandin (PG). PGs have been shown to downregulate various parameters
of the immune response. PGE-2, in particular, may inhibit T-cell function
blocking both proliferation(?® and IFN production.(7l) PGs have also been
shown to be responsible for alteration in macrophage function and receptor
expression.(72) Production of IL-1 is inhibited by PGE-2.(73) Thus, PGE-2,
which may be produced in response to IL-1,(74 may serve in the regulation of
IL-1 production by macrophage/monocytes. PGs have also been shown to be
responsible for alteration of macrophage function and receptor expression.(72)

Unpublished data from our laboratory indicate that serum levels of PGE-2
increase significantly 6—10 days post-BHV-1 infection. These levels of PGE-2
correlate with the concentration required to suppress mitogen-induced pro-
liferation in vitro. Plasma from BHV-1 infected cattle (4—10 days p.i.) is capable
of suppressing (>80%) lymphocyte responses significantly in blastogenic assays
at dilutions as high as 1:100. PGE, can also suppress IL-2 production.(75)
Furthermore, Chouaib and co-workers also have shown that PGE, induces
suppressor T lymphocytes. PG appears to be significant in modulating the
immune response to BHV-1 and this modulation may well be amplified by its
multiple effects.
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The monokine IL-1 is an important immunoregulatory molecule, with the
characteristics of upregulating the expression of cell-surface receptors, effector
cell functions, and proliferation of lymphocyte subsets.(76) One interesting
function of IL-1 that may have relevance to BHV-1 infection is that it has been
shown to interact with vascular endothelial cells and to cause the concomitant
release of PGE,.

Testing of alveolar macrophages from BHV-1-infected animals collected
from day 1-6 p.i. demonstrated a progressive decrease in IL-1 production or
activity. It was recently demonstrated that human macrophages, when exposed
to influenza or respiratory syncytial virus, are a source of an IL-1 inhibitory
substance.(7?) These two observations suggest that a similar situation may occur
in BHV-1 infections. Alternatively, the release from the liver of acute phase
proteins during early BHV-1 infection could be responsible for suppressing
IL-1 production.(73)

During the inflammatory reaction observed in BHV-1 infection, activated
phagocytic cells release toxic oxygen species. These oxygen radicals have been
shown to cause damage to DNA of innocent bystander cells.(78) Further work
by Carson et al.(79) has shown that DNA strand breakage caused by toxic oxy-
gen radicals can cause significant lymphocyte dysfunction of resting PBL.
These lymphocytes show marked suppression of proliferation in blastogenic
assays. This may also be of significance in BHV-1 infection. We have shown
that BHV-1 infection in cattle causes PMN and macrophages to produce ele-
vated levels of HyO, and superoxide at the time of maximum immunosuppres-
sion. The role of superoxide/H,O, production in lymphocyte suppression in
cattle by means of a mechanism as described by Carson et al.(79 needs critical
evaluation.

2.3.2.d. Polymorphonuclear  Leukocytes. Polymorphonuclear leukocytes
(PMN) are important components of the host defenses against bacterial infec-
tions. Their function in viral infections is somewhat unclear. They have been
shown to participate in ADCC in both humans and animals. In humans, they
have also been shown to enhance lymphocyte stimulation through the release
of soluble mediators.(80.81) More importantly, in terms of this review, PMN
have also been shown to be inhibitory to lymphocyte proliferation in hu-
mans(®2.83) and horses.(8%) Most of these studies have centered around depres-
sion of lymphocyte proliferation by increasing the PMN content of the PBL
culture. In cattle affected by shipping fever, an increase in the number of PMN
in PBMC populations isolated by ficoll-hypaque has been noted (M. Lawman,
unpublished observations). In some instances, this increase in the number of
PMN has been as high as 40% (range of 10-40%). If PMN are added to PBL
within the range seen in vivo, mitogen-induced proliferation is significantly
depressed (M. Lawman, unpublished observations). PMN, like macrophages,
are a potent source of toxic oxygen radicals. BHV-1 infection causes elevated
production of these toxic oxygen species at the time of maximum suppression.
Therefore, the activation of PMN, in terms of their respiratory burst, could be
a source of toxic oxygen that could potentially suppress lymphocyte function
by causing DNA damage. In our laboratory, the activation of bovine PMN by
recombinant IFN and/or adjuvants was shown to enhance their ability to sup-
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press blastogenesis (M. Lawman, unpublished data). PMN also are a source of a
soluble mediator capable of suppressing IL-1 production.®5) This inhibitor is
specific for IL-1, hence does not modulate other lymphokines. Since PMN
become activated in BHV-1 infection, they could modulate both lymphocyte
and monocyte/macrophage function(s).

2.3.2.e. Stress. Bovine respiratory disease is often associated with the
movement and mixing of animals. These factors are all considered to stress the
animals sufficiently to make them more susceptible to viral and bacterial infec-
tion. One explanation for this increased susceptibility has been the elevated
cortisol often found in stressed animals. It has recently been demonstrated that
cortisol can decrease IL-2 production by bovine PBL.86) Through reduction of
Th function, cortisol may be important in limiting the amplitude of the im-
mune response. Although not directly demonstrated, cortisol may also inhibit
production of IFN, which is closely linked with IL-2 production.(8?) Elevated
adrenocorticotropic hormone (ACTH), which is responsible for increased cor-
tisol production, may in itself have direct immunosuppressive effects on T
cells.(8® In addition, stress may be important in enhancing the replication of
BHYV-1.89 BHV-1 replication in vitro has been shown to be enhanced by inclu-
sion of serum from stressed calves. Thus, it is possible that some factors present
in the serum do allow higher levels of BHV-1 virus and antigens to be present
in the serum and thereby further cause immunosuppression by the mecha-
nisms previously described. In addition, the state of nervous excitement that
occurs during shipping may be of importance. Recent evidence suggests that
immune responses may be modulated by both the peripheral nervous system
and the CNS. In this regard, IL-1 has been implicated as an important link
between CNS and T-cell activation. There is also evidence to suggest that the
peripheral nervous system can modulate immunologic responses on mucosal
surfaces.(99 Such substances as somatostatin and vasoactive intestinal peptides
(VIP) act at the level of T lymphocytes decreasing proliferation and decreasing
colony-stimulating activity.(99 There is insufficient evidence to determine
whether stress increases or decreases these specific peptides or what their
precise function is in immune modulation of animals infected with BHV-1. It
should also be noted that following BHV-1 infection, animals become anorexic
and may completely go off feed for 3—4 days. Peak anorexia occurs approx-
imately 3—7 days p.i. It is possible that this anorexia has some impact on various
CNS-released peptides, which could then further cause immunosuppression.

Substance P, a sensory neuropeptide found in a subpopulation of different
neurons of the nervous system that supplies skin and mucous membranes,(®1)
has been shown to interact with human PMN and to activate their basic pha-
gocytic functions and increase HyO, production.(99 H,O, production can sup-
press lymphocyte proliferative responses by causing DNA breaks and by ox-
idizing SIRS to its active suppressor molecule.

Lymphocytes have also been shown to be a source of endorphins.(92) It has
also been shown that both y- and a-endorphins are immunosuppressive, with
a-endorphins being more highly active.(93) Enkephalins have also been shown
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to be suppressive for antibody production in in vitro assays.(93) Thus it seems
possible that local inflammatory responses caused by BHV-1 infection induce
the production of various neuropeptides or neuroendocrine hormones that
could shut down or suppress immune responses. These possibilities need fur-
ther investigation with respect to viral infections in general and bovine her-
pesviruses in particular.

2.3.2.f. Other Nonspecific Mechanisms of Immunosuppression. Recent studies
have shown the importance of iron-binding proteins, iron itself, and storage
proteins (transferrin, ferritin, and lactoferrin) in the immune response. A
recent symposium and articles suggest that the iron-binding property of cer-
tain proteins may in fact be a major factor in immune surveillance.(99 Trans-
ferrin has been shown to be important in lymphocyte proliferation, and the
amount of iron bound to transferrin is critical for proper immune regulation.
Thus, too much or too little can cause the suppression of Con A respon-
siveness. It has been suggested that differences in iron binding to transferrin
may be important in Th or Ts activity. This suggestion has been supported in
part by reports showing that activated T, +(Th) can synthesize transferrin, but
Tg+(Ts) cannot.(95) Ferritin, the iron storage protein, has also been shown to
have an inhibitory effect on mitogen-induced T-cell proliferation.(96) Since
BHV-1 does cause extensive cell death and hemorrhaging, it is highly likely
that BHV modulates iron availability by (1) releasing extracellular iron into the
circulation, (2) altering the efficiency of iron binding to transport proteins, and
(3) regulating the expression of transferrin receptors.

2.4. Summary

In the preceding section of this review, we have identified a number of
effects that BHV-1 infection exerts on the bovine immune system. In many
cases, the discussion centered on a specific direct or indirect interaction of the
virus with a specific cell type. However, we would like to emphasize that in vivo
during the development of an immune response, individual cells or their prod-
ucts interact with other cell types that can have dramatic repercussions on the
development of the immune response. In this final section, we would like to
summarize the various ways BHV-1 infection can either enhance or suppress
immune responses. In some cases, enhanced activity of one specific cell type
may have a negative effect on another cell. Thus, it is clearly evident that the
consequences of any modulation of the immune response by any pathogen,
including BHV-1, may be very complex. Figure 1 attempts, at least partially, to
explain the multitude of effects BHV-1 infection has on immune responses in
cattle. The events appearing in the upper portion of Fig. 1 are considered
enhancing, whereas those in the lower portion are clearly immunosuppressive.
It should be noted, however, that the components situated on the positive side
can have or trigger negative effects as well. Following BHV-1 infection, the
virus can interact with macrophages, which are good producers of IFN, and
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FIGURE 1. Summary of the effects BHV-1 has on various leukocyte functions. (—) Data are
available to support the interactions; (- - -) areas in which concrete evidence is lacking.

PGE,. These two components are known to be able to depress the proliferation
of T and B lymphocytes, as well as have a negative impact on the effector
function of these cells. Thus, even though BHV-1 infection does stimulate
CTL and Th cells that produce IL-2, the negative effect of the components
secreted by macrophages reduces their activity. Similarly, BHV-1 infection
activates PMN to secrete leukotrienes and reactive oxygen molecules. The
precise effect of the oxygen-free radicals on T- and B-cell proliferation and
effector cell function requires further investigation. In addition, BHV-1 infec-
tion alters various cell-surface markers of macrophages and PMN, such as Fc
receptors, complement receptors, and Ia antigens. These receptors are ex-
tremely important during phagocytosis and antigen presentation. Any de-
crease in these particular receptors may have devastating effects on antigen
presentation by macrophages, thereby inhibiting the development of an effec-
tive immune response. Little is known about how BHV-1 infection affects Ts
and Th or about the production and responsiveness of these cells to IL-2 or
other lymphokines. This also is an area in need of further investigation.

From this brief summary, it is evident that the interaction of BHV-1 with
the various immune cells of the host is extremely complex and that in many
areas further investigation is required before the therapeutic enhancement of a
specific function can be predicted to have a beneficial or negative effect on the
animal’s ability to deal with the infection.
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3. OTHER HERPESVIRUSES

This section briefly reviews some of the other herpesviruses that infect
leukocytes. No attempt is made to discuss all the potential mechanisms of
specific and nonspecific suppression, except to identify whether the viruses
infect specific leukocytes and whether the infection leads to a lytic infection or
transformation of leukocytes, which may lead to disruption of function.

3.1. Equine Herpesviruses

Infection of horses by various equine herpesviruses (EHV) can range from
very mild localized or systemic infection, as seen with EHV-2, to more severe
disease, as observed with EHV-1. In most instances, EHV appear to become
associated with leukocytes either in a latent nonproductive state or a lytic
state.(97) EHV-2 can be isolated from apparently healthy horses and can persist
in the presence of high levels of antibody. In these instances, no apparent
effect on immune responses is evident, and it has not been possible to establish
any direct association among EHV-2 infection, disease, and immunosuppres-
sion, even though the virus can be isolated from leukocytes.(97.98) By contrast,
infection with EHV-1 does result in functional and ultrastructural changes in
neutrophils and lymphocytes.(99.100) These alterations appear to be age relat-
ed, as does the severity of the disease. Thus, young animals are more severely
affected both with respect to disease and immunosuppression. In the case of
young animals, motility of PMN is increased 2 days p.i., whereas their ability to
ingest Staphylococcus aureus is decreased. Although there is an increase in PMN
migration, there is a decrease in their ability to act as effector cells in ADCC.(99)
In both instances, migration and ADCC effects are transient and return to
normal within 5 days p.i. Suppression of lymphocyte function as measured by
responsiveness to mitogens occurs approximately 10 days p.i.(100) Infection of
T and B lymphocytes and monocytes could be detected as early as 2 days p.i.
and peaked 4 days p.i., using infectious center assays.(101) These studies also
demonstrated that the T cell was the predominant leukocyte cell type harbor-
ing the virus, indicating that EHV-1 is a lymphotropic virus.

Since maximal T-cell infection occurred 4 days p.i. and maximum inhibi-
tion of mitogen responses occurred 10 days p.i., these results suggest infection
of lymphocytes may not be the sole reason for reduced lymphocyte reactivity.
These investigators suggested that a serum factor was not responsible for inhi-
bition of mitogen responses 10 days p.i., since serum from infected animals
could not consistently suppress immune responses of lymphocytes from
healthy animals. It is interesting to note that maximal suppression of lympho-
cyte responses occurred at the time when blastogenic responses to EHV-1
antigen was maximal.(190) This may suggest that the lymphocytes were re-
sponding to EHV-1 antigen and releasing some soluble factors such as IFN,
that could then suppress mitogen responses of lymphocytes.
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3.2. Pseudorabies Virus

Pseudorabies virus (PRV), also commonly referred to as Aujesky disease,
can cause acute infection of pigs as well as a wide variety of other domestic
species. In many cases, most of the signs are directly related to CNS involve-
ment with death occurring within 1 week p.i. In addition to infecting the CNS
and inducing latent infection,(102) virus can be demonstrated in many other
organs. One of the primary sites of initial virus multiplication appears to be in
the tonsillar area.(193) These studies, however, did not clearly demonstrate
whether the virus was replicating in the epithelial cells of the lymphoid nodules
of the tonsils or actually in lymphoid tissue. More recent studies indicate that
the virus can replicate in vitro in both macrophages and lymphocytes obtained
from swine(104) (T. Molitor, personal communication). In addition to being
able to replicate in pig lung macrophage cultures, the virus appears to be able
to infect macrophages in vivo and result in immunosuppression to the extent
that animals are more susceptible to secondary bacterial infection with
Pasteurella multocida similar to that observed with BHV-1 (M. Fuentes and C.
Pijoin, personal communication).

In vitro infection of alveolar macrophages indicates that their function is
suppressed as early as 2 hr p.i., well before cytopathology or virus assembly is
evident. Furthermore, virulent field strains of the virus are extremely cytotoxic
to both macrophages and lymphocytes but do not produce large quantities of
infectious virus. By contrast, some mutants, e.g., the Norden vaccine strain, are
not very cytotoxic for macrophages or lymphocytes; however, they do produce
large quantities of infectious virus (106—107 PFU) and eventually affect lym-
phocyte replication and function. In an attempt to determine whether specific
genes of pseudorabies virus are correlated with their ability to infect mac-
rophages and lymphocytes, Molitor (personal communication) has produced
deletion mutants of pseudorabies virus and tested their ability to infect mac-
rophages and lymphocytes in culture. Mutants, especially with deletions in the
unique short region, do not replicate at all in leukocytes. These results clearly
indicate that the leukocytes are susceptible to pseudorabies virus and that
specific genes within the virus determine the extent of viral replication and
cytotoxicity. These results also indicate that complete viral replication is not
required for suppression of function and cytotoxicity of leukocytes.

3.3. Avian Herpesviruses

Viruses capable of infecting avian species are listed in Table I1. Although a
large number of avian herpesviruses have been isolated and investigated with
respect to their ability to cause disease in a variety of birds, there is very limited
information regarding their interaction with lymphoid tissue. The exceptions
are Marek disease virus (MDV), turkey herpesvirus (HVT), and infectious
laryngotracheitis (ILT). MDV, like many other herpesviruses, can cause both
productive infections and nonproductive infections, depending on the specific
cell type involved.(105.106) Furthermore, the final outcome of the disease is
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related to the strain of virus as well as the genetic susceptibility of the animals.
Thus, it is possible to select chickens with specific disease-resistance genes. These
genetic resistance genes are associated with the major histocompatibility loci of
chickens.(107.108) In addition to the strain of chicken, the age at the time of
infection and the strain of virus also determine the final outcome of the disease.
HVT does not result in tumors but can protect chickens from virulent Marek
disease.(109.110) The strain of virus and chicken will determine the extent of
disease, as well as the extent of immunosuppression observed following infection
with MDV or HVT.(111.112) In both cases, suppression of mitogen-induced
lymphocyte proliferation occurs at 7 days p.i.(112) This initial transient suppres-
sion of mitogen-induced lymphoproliferation coincides with various stages of
virus lymphoid—tissue interactions. Acute cytolytic infection of lymphoid tissues,
notably bursal, thymus, and spleen, becomes apparent at 3 days p.i. and reaches a
peak at 5—7 days. This cytolytic infection is so extensive that it results in the
dramatic loss of bursal and thymus weight. Virus can infect both T and B
cells.(110) Certain strains of MDV can cause mortality during this phase of the
disease. Shortly after the initial cytolytic infection, immunologic responses begin
returning to normal and can even be enhanced(113) before undergoing a second
depression when birds begin developing lymphomas. During the secondary
depression of immune responses, deficiencies in humoral and cell-mediated
responses to various antigens are depressed,(114 allograph rejection is delayed,
and tuberculin hypersensitivity responses are impaired.(114) In birds infected
with nononcogenic MDV or HVT, following the initial immunosuppression, the
immune responses return to normal or are elevated approximately 2 weeks p.i.
These birds are then resistant to virulent MDV.

Although lymphoid destruction occurs during the acute cytolytic stage of
infection by MDV, it is unlikely to account entirely for the early immunosup-
pression, since similar immunosuppression is observed with nononcogenic
MDYV or HVT.(113) This suppression may be partially caused by one or more
viral glycoproteins present on the envelope of the viruses. Support for this
suggestion is forthcoming from studies by Wainberg et al.,(115) who demon-
strated that in vitro mitogenic responses can be inhibited by either infectious or
noninfectious MDV. Thus, viral replication is not a prerequisite for suppres-
sion. A second explanation for immunosuppression has been suggested to be
attributed to suppressor macrophages present in infected spleens.(116) It is also
possible that as a result of cytolytic infection, depletion of the responsive cells
results in immunosuppression. Suppressor cells have also been identified in
chickens bearing transplantable lymphomas.(117.118) Therefore, it is possible
that in the early stages of infection, immunosuppression may occur as a result
of direct virus or glycoprotein interaction with lymphoid cells, with subsequent
immunosuppression resulting from lymphoma formation and induction of
suppressor cells.

Infectious laryngotracheitis is an acute infection of chickens, resulting in
severe respiratory distress. Following infection, maximal febrile responses oc-
cur approximately 5 days p.i. Peak febrile responses and respiratory distress
correlate with maximal lymphopenia.(119-121) In an attempt to explain the
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possible cause for lymphopenia, a number of investigators have attempted to
determine whether leukocytes could be infected by virus. In vitro studies clearly
indicate that macrophages are susceptible to infection with ILT.(119 However,
they also demonstrate that both the cell genotype and the virus genotype are
important in determining the extent of viral replication. Thus, in some strains,
viral replication is restricted.

An even more interesting observation is that attenuated vaccine strains of
ILT replicate more efficiently in macrophages than do virulent virus
strains.(119) It must be emphasized that although infection of leukocytes with
ILT does occur in vitro, there is no evidence for leukocyte infection in vivo.
Whether this is an indication of the inability of virus to infect cells in vivo or
whether the infected cells are lost during the purification process remains to be
determined. A similar observation has been seen with BHV-1 wherein mac-
rophages can easily be infected in vitro, but it is extremely difficult to demon-
strate infection i vivo.(®) Since many herpesviruses are lymphotrophic, it
would not be surprising if some leukocytes could be infected in vivo and result
in a viremia. Whether leukopenia occurs as a result of direct infection of
circulating leukocytes or preventing production of macrophages (bone mar-
row-derived chicken macrophages are susceptible to infection with ILT virus)
remains to be determined. Although infection of macrophages occurs, replica-
tion appears to be restricted. Thus, large quantities of virus-specific mac-
romolecules are produced, but virus assembly appears to be blocked in some
way, similar to that observed with herpes simplex virus infection of mouse
macrophages.(122) Spleen lymphocytes, peripheral blood lymphocytes, thy-
mocytes, bursal lymphocytes, and activated T cells are refractory to infection
with ILT virus.(119

3.4. Rodent Herpesviruses

Mouse thymic virus (MTV) is a herpesvirus that causes extensive necrosis
of the thymic cortex and medulla 10—14 days p.i.(123) As a result of infection of
the thymus, animals have severe temporary impairment of T cell functions.
Lymphocytes obtained from these mice fail to undergo stimulation by T-cell
mitogens or to participate in vitro in antibody responses to T-dependent anti-
gens.(129) This virus is restricted to T cells, since B-cell numbers and their
functional ability to make antibody and proliferate when stimulated with B-cell
mitogens is unimpaired.(124) Although MTV can infect mice of all ages, the
neonatal mouse is the only one that suffers from thymic atrophy, suggesting a
specific tropism of the virus for thymocytes of newborn mice. Alternatively, it is
possible that mature mice can mount a very effective and rapid immune re-
sponse against the virus, thereby restricting viral replication to the salivary
glands.(123) Infection of mice with MTV also results in a marked decrease in
the capacity of thymocytes to respond to alloantigens in mixed lymphocyte
reactions and to generate CTL while sparing other T-cell functions. These
studies suggest that MTV selectively affects subpopulations of T cells. The
virus has no effect on the evolution of the capacity of B cells to respond to T-
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cell-independent antigens. Whether persistence of virus in salivary glands has
any relationship to the initial infection or alteration of T-cell immunity remains
to be determined. Although cellular damage produced by MTV infection af-
fects normal T-cell functions during the acute phase, these functions return to
normal 6—8 weeks later. However, these animals failed to produce a humoral
antibody response to MTV. Whether these animals became tolerant to the virus
or whether suppressor T-cell populations, which are elevated following MTV
infection,(123) resulted in depression of antibody production remains to be
determined. One of the most interesting aspects of MTV infection is that,
despite dramatic thymic destruction with suppressed immunologic functions,
many of these functions are transient, whereas some may become permanent.
This is generally a rare occurrence in most herpesviruses.

Guinea pig herpes-like virus (GPHYV), like other rodent viruses, has a
predilection for lymphocytic tissue present in the spleen, with virus infecting
both T and B cells as well as macrophages during acute infection.(125—128) In
addition to infection of most leukocyte cell types, the virus can also induce
latency in these cells.(125.128) In contrast to many other herpesviruses in which
there is lymphopenia, GPHV causes an increase in lymphocyte numbers.(126)
Studies indicate that this increase is predominantly of the T-cell subpopulation.

Herpesvirus sylvilagus is a natural pathogen of cottontail rabbits. Other
rabbit species cannot be infected with this virus. Following infection of cottontail
rabbits, there is extensive leukocytosis, splenomegaly, lymphoadenopathy, and
virus can be isolated from circulating mononuclear cells. In animals infected with
the virus, there is an elevation of up to 2.5 times the normal mononuclear blood
cell counts, as well as increased numbers of spleen cells (up to six-fold increase)
within 6 days p.i., with spleen size increasing approximately 10-fold. Approx-
imately 0.2% of all cells could develop infectious center assays 2 weeks p.i.,
indicating that lymphoid cells are the major site of replication of the virus.(130)
Virus continues to persist in these cells for extended periods of time postinfec-
tion. In contrast to GPHV and mouse CMV, herpesvirus sylvilagus does not
appear to infect macrophages.(129 The increase in lymphocyte numbers follow-
ing infection with the virus is predominantly associated with a T-cell popula-
tion.(128) Thus, in the rodent viruses, there is a spectrum of interactions; mouse
CMV predominantly infects mononuclear cells, MTV predominantly infects
thymic cells, and GPHV and herpesvirus sylvilagus infectboth T and B lympho-
cytes in vivo and in vitro.(125—127.129) As a result of these different interactions,
viruses can persist in leukocytes and establish latent infection or lead to transfor-
mation and resultin lymphoproliferative disorders. All these rodent herpesvirus
interactions can serve as excellent models to provide an understanding of her-
pesvirus persistence, transformation, and immunomodulation. These rodent
models also clearly emphasize that although they can interact with lymphoid
cells, the interactions are very specific concerning the virus and host in question.
In some cases, these are extremely restrictive to a specific species or genotype of
virus and host, whereas in other instances the virus can infect a large number of
different cell types from a wide variety of different species. Whether this indi-
cates a specific state of activation of lymphoid cells in vivo or whether there are
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indeed restrictions due to surface structures responsible for virus attachment or
potential transport and uncoating within the cell remains to be determined.

3.5. Varicella Zoster

Until recently, it often has been difficult to demonstrate a viremic phase
following natural infection with varicella zoster virus (VZV). However, the
hematogenous dissemination of VZV clearly has been demonstrated in immu-
nocompromised patients. More recently, hematogenous spread has been shown
in healthy children. Virus has been recovered from both adherent and non-
adherent cells obtained from patients suffering from acute VZV infec-
tion.(130.131) Whether this indicates that virus can infect both lymphocytes and
monocytes requires further characterization using monoclonal antibodies di-
rected against various lymphocytic subpopulations, to determine whether in-
deed lymphocytes can be infected with VZV. Ozaki et al.(131) suggested that since
there is decreased lymphocyte stimulation during VZV infection, there is a
lymphocyte-associated viremic stage at the onset of varicella infection. Although
this is highly possible, one must clearly demonstrate that the decrease in lympho-
cyte activity is directly related to viral infection of these lymphocytes. Thus,
infection of monocytes by the virus may lead to lymphocyte dysfunction. It has
been shown that macrophages infected with VZV can lead to reduced mixed
lymphocyte reactions.(132) Thus, at least in some instances, virus-related sup-
pression of lymphocyte responses in vitro may be due to dysfunction of mac-
rophages rather than of lymphocytes directly. Twomey’s group also suggested
that the anergy often observed during VZV infection is correlated very closely
with viral infection of macrophages.(132) It is known that monocytes can have a
suppressive effect on lymphocyte stimulation responses.(1333) In addition, it has
been shown that even removal of phagocytic cells did not remove immunosup-
pression following infection with varicella. Twomey et al. clearly demonstrated
that although the percentage of T lymphocytes was unchanged during the
infectious process, there was an alteration in the helper to suppressor/cytotoxic
subsets with the suppressor/cytotoxic cells increasing, resulting in a lower ratio
between the two subsets.(133) This alteration is similar to that observed with other
herpesviruses of humans. Whether preactivation of lymphocytes in vitro leads to
nonresponsiveness in PHA or pokeweed mitogen stimulation responses remains
to be determined. It is also possible that infection of macrophages in vitro may be
at least partially responsible for the transient anergy observed during viral
infections.
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Poxviruses

DAVID S. STRAYER

1. INTRODUCTION

The relationship of poxviruses and the immune system is the oldest recorded
association of its kind in medical literature. It began in 1798, when Jenner
showed that immunity to one orthopoxvirus, cowpox, prevented the develop-
ment of disease due to a related orthopoxvirus, variola, or smallpox. Initially,
the use of cowpox inoculation to prevent smallpox was not universally suc-
cessful. Other less benign vaccination techniques, including attenuated small-
pox, were used. Finally, the introduction of vaccinia virus vaccination for small-
pox and its widespread use resulted in the elimination of variola virus from the
list of human scourges a decade ago.

Despite the historical intimacy between immunology and poxvirus viro-
logy, and despite a wealth of information on the genetics and biochemistry of
poxvirus replication, little is known about the effects of poxviruses on the
immune system. This chapter reviews the current understanding of the effects
of poxvirus infections on immunologic function and of the means whereby
poxviruses alter lymphocyte function.

2. PROPERTIES OF POXVIRUSES

2.1. Physical Characteristics

Poxviruses are the largest, and probably most complex, of all viruses. They
are roughly ovoid and vary from 195-400 nm in length and 115-285 nm in
width. They are double-stranded DNA viruses with total genome weights rang-
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ing up to 150 MDa. Poxvirus DNA is circular, the ends of the two complemen-
tary strands of DNA being linked at their terminals by hairpin loops.

Structurally, they are composed of an outer envelope derived from the
plasma membrane of infected cells. This envelope is present only on extra-
cellular virions, as it is formed during the budding process. An inner envelope
is also present. It is topographically marked by surface tubular elements that
vary in size and arrangement, depending on the virus. Internal to this are a
variable number of lateral bodies of unknown function and the virus nucleic
acid core. The complexity of this arrangement is still being elucidated.

2.2. Genetics

To date, more than 110 virion proteins have been found in vaccinia virus.
The functions of these various proteins are mostly unknown. However, a great
deal of work has been done on some of them. The best studied of these is the
DNA-dependent RNA polymerase, which is required for viral gene transcrip-
tion, as poxviruses appear to remain entirely in the cytoplasm of infected cells.
Endonucleases and exonucleases have also been found associated with the
virions of poxviruses. Many other enzymes, as well as nonenzymatic proteins
and glycoproteins, have been identified in vaccinia and other poxviruses. This
literature was well reviewed recently by Dales and Pogo(D and by Moss.(2

Perhaps the most intriguing of the known gene products of poxviruses is
the 19-kDa protein, which acts as an agonist at the receptor level for epidermal
growth factor (EGF) in EGF-responsive mammalian cells.(® The importance of
this protein for vaccinia virus function is unknown. However, the EGF recep-
tor, a protein related to the oncogene v-erb®, may function as a cellular receptor
for vaccinia.( It has also recently been reported that vaccinia also codes for a
28-kDa protein that shows sequence homologies to the v-erb® protein and the
EGF receptor.(®

2.3. Classification

Poxviruses are classified principally by their host range. In 1979, the Inter-
national Committee on Taxonomy of Viruses proposed a classification of the
family Poxviridae. Table I is adapted from their classification(® and shows the
major genera of vertebrate poxviruses and representative members of these
genera.

2.4. Host Range

The host ranges of poxviruses may be either narrow or wide. Variola virus
may cause slight lesions in rabbits, for example, without systemic illness. Mol-
luscum contagiosum apparently infects only humans. Rabbit myxoma and fibro-
ma viruses do not infect rodents. However, vaccinia has a wide range of poten-
tial targets, as do the viruses of cowpox and monkeypox. One of the insect
poxviruses may even infect plants, under appropriate circumstances.
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TABLE I
Classification of Vertebrate Poxviruses

Orthopoxviruses: Vaccinia, cowpox virus, variola virus, ectromelia virus, rabbitpox virus
Auvipoxviruses: Turkeypox virus, fowlpox virus, pigeonpox virus

Capripoxviruses: Sheep pox virus, goatpox virus

Leporypoxviruses: Rabbit myxoma virus, Shope fibroma virus, malignant rabbit fibroma virus
Parapoxuviruses: Orfvirus, bovine pustular stomatitis virus

Swipoxviruses: Swinepox virus

Unclassified: Molluscum contagrosum, Yaba monkey tumor virus

Cellular tropisms of poxviruses vary from one virus to the next. Skin is the
most universally involved organ and is the principal portal of entry for many
poxviruses into the natural host. For some poxviruses, the skin may be the only
tissue infected. Molluscum contagiosum virus seems only to infect the squamous
cells of the skin. For other poxviruses, cutaneous involvement may be only a
part of a generalized disease, e.g., smallpox.

2.5. Tumor Formation

Poxvirus-induced tumors are well known. Shope fibroma virus infects
fibroblasts and other nonepidermal cells in the leporine subcutis. Infected cells
proliferate and produce a highly mucoid tumor rich in fibroblasts, inflammato-
ry cells, and vasculature. Virus antigen, however, seems to be confined to the
spindle cells comprising the bulk of the cellular portion of the tumor. Yaba
tumor virus induces a local proliferation of histiocytes at the inoculation site in
the subcutis. In both cases, the tumors behave in a benign fashion regressing
over time. The nature of the regression is not entirely clear but is thought to
involve cytotoxic T lymphocytes.

Rabbit myxoma virus, and its relative, malignant rabbit fibroma virus,
infect fibroblasts as well as other cell types (e.g., renal tubular cells, conjunctiva,
skin). Tumors produced by these viruses disseminate rapidly. Infected animals
die within a few weeks of inoculation, often within a week of the onset of
symptoms. Death in these cases is usually due to infection by gram-negative-
bacteria. The nature of tumors induced by these viruses is unclear. Incorpora-
tion of virus DNA into host genome has not been demonstrated following in
vivo virus inoculation. Similarly, although transformed cell lines have been
established with Shope fibroma virus infected SIRC cells, and although SFV
DNA has been found in the host nucleus, these cell lines lose their transformed
phenotype by 50 passages.(7)

3. EFFECTS OF POXVIRUSES ON IMMUNE FUNCTION

Although considerable information is available regarding poxvirus genetics
and structure, little is known about the immunosuppressive effects of poxvirus
infection. Some data are available in the case of vaccinia and variola, but most of
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what we know about the effects of poxviruses on the immune system derives
from the study of the oncogenic poxvirus, malignant rabbit fibroma virus. The
known effects of variola and vaccinia on the immune system are therefore
discussed briefly, followed by a more detailed review of the oncogenic leporipox-
viruses.

3.1. Smallpox

The effects of variola virus infection on the human immune system are
summarized by Fenner® but are not well understood. Following initial infec-
tion of epithelium, usually of the upper respiratory tract, the rapidly replicat-
ing virus is thought to infect local macrophages. These virus-bearing mac-
rophages act as the conduit for dissemination of variola infection. Virus
spreads to and replicates first in lymph nodes, then in bone marrow and
elsewhere.

In some cases, antibody and cytotoxic lymphocyte responses are adequate
to contain the infection. Infected macrophages and lymphocytes produce in-
terferon (IFN). At other times, viremia persists in high titer and is associated
with thrombocytopenia. Death ensues. In the latter case, the antibody and
cytotoxic lymphocyte responses to the virus are believed to be poor. The nature
of the factors determining the differences between these two outcomes is un-
clear. Although the lymphocytotropism of variola seems established, little is
known about either variola replication in lymphocytes and macrophages or its
effects on the functions of these cells.

As smallpox is no longer a clinical disease, the likelihood of our under-
standing the effects of variola virus on the immune system is small. Monkey-
pox, a simian virus similar to variola, produces comparable disease. Human
cases of monkeypox are quite uncommon and have not been well studied from
the immunologic perspective.

3.2. Vaccinia

Vaccinia virus infects the skin, underlying soft tissues, and lymphocytes. A
brief viremia normally follows vaccinia virus or cowpox virus inoculation. Unless
a primary immunologic deficiency is present, however, little systemic illness
occurs. The observation that patients with primary cellular, but not humoral,
immune deficits handled vaccinia infection poorly was one of the firstindications
of the importance of cell-mediated immunity for resisting viral infection.(9:10)

Systemic immunologic dysfunction has been reported in vaccinia virus
infection in vivo. Poor mitogen responses to concanavalin A (Con A) have been
noted in infected rabbits during the acute phase of the infection. These re-
sponses recover as infection clears. On reinfection, the extent of depressed Con
A-induced mitogenesis is decreased both in level and in duration .(1D Vaccinia
virus infects lymphocytes in vitro and has been recovered from them by infec-
tious center assay. The level of immune dysfunction incurred by these cells has
not been studied. However, as Bloom et al.(12) amply demonstrated for almost
all lymphocytotropic viruses, appreciable replication of vaccinia in lymphocytes
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does not occur in the absence of mitogenic stimulation. Its ability to infect
lymphocytes should make vaccinia a profoundly immunosuppressive agent, as
it turns off most ongoing host cell functions on initiation of infection. Protein
synthesis, DNA transcription, and RNA translation on the part of the host cell
are all converted to virus functions. The replicative cycle of vaccinia is also
quick and efficient. Although the virus replicates efficiently, vaccinia infection
is benign in its course and has not typically been associated with systemic
immunologic defects.

Some studies of vaccinia replication in macrophages have been performed.
Naive macrophages appear to support viral replication. However, mac-
rophages from immune or convalescent animals do not. Views differ as to the
nature of the block in this condition. Buchmeier et al.(13) describe abortive
replication of vaccinia in macrophages from previously infected rabbits. They
observed normal adsorption, uncoating, and production of virus DNA, but
very few mature virions, and conclude that a block occurs late in viral replica-
tion. Tompkins et al.,(19 however, noted that vaccinia did not even penetrate
macrophages from immune rabbits.

One report indicates that mice infected with vaccine virus show depressed
T lymphocyte responsiveness. These authors indicate that suppressor cells of
both adherent and nonadherent populations are induced by vaccine infection
in vivo.(14a)

3.3. Leporipoxviruses

Of all the poxviruses, leporipoxviruses have been most thoroughly charac-
terized regarding their immunosuppressive effects. This group includes three
principal oncogenic viruses: Shope fibroma virus (SFV), rabbit myxoma virus
(MYX), and malignant rabbit fibroma virus (MV).

These three viruses are closely related. Antisera to each will cross-neu-
tralize the others. All show similarities by restriction endonuclease analysis and
Southern blotting. MV appears to be a recombinant between SFV and MYX.
Depending on the enzymes used, restriction endonuclease analysis of MV and
MYX shows that 75-85% of the restriction sites in MV are also present in
MYX. The remainder of the restriction fragments are either shared with SFV
or are unique. McFadden et al.(15) found that the area of recombination be-
tween SFV and MYX to form MV lies in the inverted terminal repeat region.

Clinically, SFV, MV, and MYX produce distinct syndromes. All are tu-
morigenic. In the case of SFV, tumors remain localized. Local inoculation of
~107 focus-forming units (FFU) SFV induces benign tumors within 1 week.
These tumors regress by 2 weeks later, leaving rabbits immune to all three
viruses. The course of SFV infection varies somewhat according to the strain of
virus used to infect immunocompromised rabbits.(16) Rabbits bearing tumors
induced by SFV are immunologically normal. These rabbits, their spleen cells,
and SFV therefore often serve as controls for the immunologic dysfunction
induced by MV.

Very small doses of MYX and MV (for MV, LD, ,, =20 pfu) induce pro-
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gressive tumors that spread rapidly. These are complicated by lethal gram
negative infection. Clinical and pathologic differences between MV and MYX
have been noted.(17.18) However, most of the following comments regarding
the effects of MV on the immune system probably apply to MYX as well.

3.4. Effects on the Immune System of Malignant Rabbit Fibroma Virus
3.4.1. Effects on Cellular Proliferation

Malignant rabbit fibroma virus infection is associated with profound and
complex immunologic deficiency, both humoral and cellular. Spleen cells from
rabbits given MV proliferate poorly in response to both B- and T-lymphocyte
mitogens (Fig. 1). This impaired proliferative response is first noted about 5—-6
days following in vivo inoculation of 1000 PFU MV. Poor responsiveness is
observed thereafter until about day 11.

Similarly, lymphocyte proliferative responses are inhibited following pri-
mary in vitro exposure to MV. Dose—response curves indicate that a multiplicity
of infection (MOI) virus-to-lymphocyte ratio of at least 0.01 is needed to ob-
serve this effect. At a MOI of 0.05, we observe an in vitro lag time of 2 days
before radionucleotide incorporation is decreased.(19) The magnitude of the

FIGURE 1. Peak responsiveness in vitro to (a) concanavalin A (Con A) and (b) anti-Ig, which
are the optimal T- and B-lymphocyte mitogens, respectively, in rabbits. Rabbits with initially
normal PBL mitogen responses are given Shope fibroma virus (SFV) (hatched lines) or malig-
nant rabbit fibroma virus (MV) (closed bars) or virus-free control preparations (open bars).
After sacrifice 3, 6, and 10 days later, lymphocytes from spleen were tested for mitogen
responses, with [1251]-UdR uptake used as an index of blastogenesis. Mitogen responses de-
picted are from the day of assay at which [125] ]-UdR incorporation was maximal. (a) Con A
responses of splenic lymphocytes. (b) Anti-Ig responses of splenic lymphocytes. Comparable
results were obtained with PBL and lymph node lymphocytes. (From Strayer et al.19)
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deficit in proliferation, however, is profound. Con A responses may be less
than 1/100 of normal (Fig. 2a).

The mechanism by which MV alters lymphocyte proliferative responses is
not yet clear. Capping and internalization of caps are not impaired.(29 Initia-
tion of proliferation is not altered, as MV added to cultures 2 days after lectin

FIGURE 2. Effect of virus on
mitogen responses of normal
spleen cells. Spleen cells from
normal rabbits were placed in
culture with concanavalin A (Con
A). Mitogens were added on day
0, with spleen cells. Virus, either
malignant rabbit fibroma virus
(MV) or Shope fibroma virus
(SFV), was added on day 0 (a),
day 1 (b), or day 2 (c), at a multi-
plicity of infection (MOI) of 0.1.
Control cultures received an
equal volume of culture medium
instead of virus. Blastogenic re-
sponses of the spleen cell cultures
were measured daily after viral
addition by pulsing cultures with
[125]-UdR and harvesting them
24 hr thereafter. [1251]-UdR in-
corporation is shown as log;g
(cpm[125]]-UdR) for unstimulat-
ed (solid bars) and mitogen-stim-
ulated cultures *SEM. (From
Strayer et al.18)
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will still inhibit subsequent proliferative activity (Fig. 2b). Rather, MV seems to
inhibit proliferation of infected cells in a nonspecific manner. Lymphocytes are
clearly inhibited. In addition, the line of rabbit kidney epithelial cells (RK-13)
used to grow MV as well as SFV and MYX stop proliferating on exposure to
MYV but not SFV (D. S. Strayer, unpublished results).

3.4.2. Effects on Antibody Production

Rabbits given MV in vivo will not initiate new antibody responses. How-
ever, antibody responses already in progress will not be abrogated by giving
MYV to the immunized animal (Table II). This finding is in contrast somewhat
to the total inhibition of cellular functions observed in vaccinia infection. In
fact, the usual temporal decline in immunoglobulin M (IgM) antibody produc-
tion is blunted following MV infection, suggesting that somehow suppressor
activity is also impaired (however, see Ref. 19). When MV is added in vitro to
spleen cell cultures immunized with sheep erythrocytes (SRBC), the generation
of plaque-forming cells (PFC) to SRBC is inhibited.(19)

Despite the unmistakable inhibition of antibody responses to SRBC (and,
undoubtedly, to other unrelated antigens), MV-specific antibodies develop in
infected rabbits. By 11 days post-inoculation, very high titers of neutralizing
antibody are observed in the sera of MV tumor-bearing rabbits.(2!) The means
by which infected rabbits generate such antibody responses when responses to
other immunogens are prevented are unclear. These neutralizing antibodies
may play a role, however, in the recovery of immune function that is observed
with time.

3.4.3. Effects of MV Infection on Lymphokine Generation

Malignant rabbit fibroma virus alters both T and B lymphocyte function; so
one would expect it to affect helper lymphokine generation and/or action. MV

TABLE II
Effect of MV on Ongoing Antibody and Proliferative Responses to SRBCa.*

Received in vivo

PFC day 0 Response to SRBC¢
Day —11 Day —4 (PFC/106 cells) Added n vitro (PFC/106 cells)
SRBC 0 147 SRBC 10,691 * 3500
SRBC 0 147 SRBC + MV 00
SRBC SFV 50 SRBC 4398 + 1415
SRBC MV 1006 SRBC 694 + 284

2From Strayer et al.18

®Rabbits given SRBC on day —11 received 107 FFU SFV, 1000 PFU MV, or nothing on day —4 and were
sacrificed on day 0. Their spleen cells were assayed on day 0 for direct PFC and were cultured with SRBC
or SRBC + MV (MOI = 0.1). These cultures were assayed for direct PFC on day 4.

“PFC/106 spleen cells + SEM.
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TABLE II1
Effects of MV Infection on IL-1 Generation?

IL-1 generation?

Rabbit No LPS +LPS
Normal 1.80 3.30
SFV 2.14 2.79
MV 1.90 3.07

2Mock-infected rabbits, rabbits given SFV, or rabbits
given MV were sacrificed 7 days postinfection. Peri-
toneal wash cells were collected and allowed to adhere to
plastic plates. Plastic adherent cells were exposed to
Escherichia coli endotoxin (LPS) or not. Supernatants
were collected 2 days later and were tested for their
ability to support the proliferation of D.10G4 cells in the
presence of Con A.

®Results shown are for the prolferation of D.10G4 cells,
logo (cpm [*H]thymidine).

is present systemically in the fixed phagocytes, so it could logically be expected
to cause deficiencies in the ability of adherent cells to participate in immune
responses.

Adherent cell immune function was measured by assaying interleukin-1
(IL-1) production by peritoneal macrophages from MV and control rabbits.
The IL-1 responsive murine T-cell clone D.10G4 was used as a target cell
line.(22) Table I1I shows that IL-1 production in response to endotoxin was not
altered in adherent cells from rabbits bearing MV-induced tumors.(23)

The generation of and responses to interleukin-2 (IL-2) were studied as a
means of dissecting the level at which a defect might occur in the T lymphocyte
series. Spleen cells from MV-infected and control rabbits were stimulated with
Con A and the resulting IL-2 activity measured in the culture supernatant

TABLE IV
IL-2 Production in MV Tumor-Bearing Animals«

HT-2 proliferation®

Animal No Con A, Con A, No Con Ay Con Ay
Normal 2.68 4.00 2.75 4.29
Day 7 MV 2.41 3.06 291 3.44
Day 7 SFV 2.70 3.60 3.12 4.43

aSpleen cells from normal rabbits and from rabbits sacrificed 7 days following either MV or SFV inocula-
tion were cultured with either Con A or no mitogen. After 2 days of culture, supernates from these
cultures were assayed for IL-2 activity using HT-2 cells. Target cell (HT-2) proliferation was determined
by 24-hr [3H]thymidine incorporation after 2 days of culture. Results shown are for two separate
experiments.

bProliferative activity is indicated as log;, (cpm [3H]thymidine).



182 DAVID S. STRAYER

fluids using the murine IL-2 responsive cell line HT-2 (Table 1V). Spleen cells
from MV tumor-bearing rabbits were deficient in their ability to generate IL-2
in response to Con A. This deficiency was not absolute but resulted in much
lower IL-2 generation than was observed using control rabbits.(23)

Using cytofluorographic techniques, the ability of such cells to generate
cell membrane receptors for IL-2 was determined. The monoclonal antibody
7D4 recognizes both murine %) and leporine IL-2 receptors.(212 It was ob-
served (Fig. 3) that Con A-stimulated spleen cells from MV tumor-bearing
rabbits express receptors for IL-2 normally. This finding was somewhat sur-
prising, as most investigators believe that T-cell activation is required to pro-
mote the expression of IL-2 receptors on target cells.2>) The immunologic
defect in T lymphocytes from MV-infected rabbits is more profound than their
inability to produce normal amounts of IL-2. They also respond poorly to
lectins when IL-2 is added to the cultures (Table V).

Thus, the abnormality in T-cell function during infection with malignant
rabbit fibroma virus is complex. It involves at least these features: (1) gener-
alized poor ability to proliferate, (2) defective IL-2 elaboration in response to
stimulation, and (3) inability to respond to added IL-2 despite normal IL-2
receptor expression.

3.4.4. Suppressor Lymphokines

Malignant rabbit fibroma virus infection of lymphocytes is not adequate to
explain all manifestations of virus-associated immunologic dysfunction. MV
also induces host cells to elaborate a substance(s) capable of inhibiting certain
aspects of immune responsiveness. This activity is measurable in ultravirus
(UV)-treated culture supernatants and therefore does not represent infectious
virus. Suppressor supernatants have several capabilities that are different from
live virus. These capabilities include a more rapid mechanism of action and the
ability to turn off ongoing antibody responses.(19 The factor in question is
weaker than direct virus effects and cannot alter appreciably Con A responses.
It can diminish proliferative responses to less potent mitogens, however, such
as SRBC. Unlike MV, which infects only rabbits, the factor(s) generated by
rabbit cells in response to MV infection will suppress mouse spleen cell re-
sponses to antigen. This factor also suppresses the response of HT-2 cells to
IL-2.26)

Characterization of the suppressor factor has been hampered by its lability
to freezing and thawing, and even to prolonged storage at —70°C. Still, some
data are available regarding this substance.(26) The substance in question is not
produced in the presence of indomethacin, or of either cyclic adenosine mono-
phosphate (cAMP) or cyclic guanosine monophosphate (cGMP). Its molecular
weight is >25 kDa. Despite the apparent involvement of prostaglandins, when
serial depletions of adherent cells are performed, suppressor activity is still
present in supernatants of nonadherent cells. Eliminating T lymphocytes from
the MV spleen cell population eliminates the ability of the resulting pool of cells
to produce suppressor activity.
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TABLE V
Proliferative Responses of Spleen Cells from MV
Tumor-Bearing Rabbits with and without Added IL-2*

b

Proliferation
Cells No mitogen + Con A + Con A + IL-2
Normal 4.20 £ 0.03 4.75 = 0.01 4.73 = 0.02
Day 7 MV 2.66 = 0.17 3.01 = 0.12 2.75 = 0.15
Day 11 MV 3.14 + 0.06 4.44 £ 0.08 4.40 = 0.08

2Spleen cells from normal rabbits and from rabbits 7 and 11 days following intrader-
mal inoculation of 1000 PFU MV were cultured i witro for 3—5 days. To these
cultures, we added either nothing, Con A, or Con A + IL-2. The ability of these
spleen cells to proliferate was determined by measuring 24-hr [*H]thymidine incor-
poration. Responses shown are those of a representative experiment, indicating the
proliferation of the spleen cells in question on the day of maximal responsiveness.
%log,o (cpm [3*H]thymidine) *+SD.

3.4.5. Extent of the Need for Viral Replication for Induction of Immunologic
Dysfunction

The need for MV replication in order for it to suppress lymphocyte re-
sponsiveness or to induce the elaboration of suppressor factor was studied.
Phosphonoacetic acid (PAA) is a potent inhibitor of poxvirus DNA polymerase.
When added to normal spleen cell cultures exposed to MV at a MOI of 0.1 in
vitro, PAA does not alter the inhibition of lymphocyte responses by MV. Simi-
larly, PAA when added to spleen cell cultures from MV tumor-bearing rabbits
does not alter the ability of such spleen cells to produce suppressor factor. It
appears that both activities involve early genes, i.e., those expressed before
DNA replication.(27

3.4.6. Recovery of Immune Function in MV Infection

Malignant rabbit fibroma virus-induced immunologic impairment is not
permanent. This is so despite the progressive tumor and gram-negative infec-
tion that afflicts infected rabbits. In measuring immune responses to mitogens
11 days after in vivo administration of MV, we found that these responses had
largely recovered (Fig. 4). Furthermore, spleen cells from day 11 MV tumor-
bearing rabbits were less sensitive to the immunosuppressive effects of day 7
MV-infected spleen cells than were normal spleen cells (Fig. 4). The ability of
spleen cells from day 11 rabbits to transfer their acquired resistance to MV-
induced T-cell-mediated suppression was also studied. It was determined that
spleen cells from day 11 MV tumor-bearing rabbits elaborated a substance(s)
capable of inhibiting the suppressive effects of the suppressor material pro-
duced by day 7 MV-infected spleen cells.(2®) The mechanism of action of this
antisuppressive activity on the part of the former spleen cell population is not
yet clear, but it has been shown to be a T-cell product.
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FIGURE 4. Adult New Zealand white rabbits were given 1000 PFU MV intradermally in the
thigh on day 0. They were sacrificed 4, 7, or 11 days later, and their spleen cells cultured in
vitro with or without concanavalin A (Con A). Their ability to respond to Con A was measured
by 24-hr [3H]thymidine incorporation, and compared with the responses of normal rabbits.
Parallel cultures received day 7 cells + Con A as well as day 4, day 11, or normal cells, in a ratio
of 1:1. Background proliferation in these cultures was not different from that in cultures not
receiving day 7 cells (data not shown). (From Strayer and Liebowitz.24)

3.4.7. Interferon

Although vaccinia virus induces host elaboration of IFN, we have not
found any evidence of IFN in the MV system. Attempts to inhibit the replica-
tion of vesicular stomatitis virus and MV in appropriate target cells, either with
cell lysates or culture supernatants from MV- or SFV-infected lymphocytes
have failed to detect IFN activity.

3.5. Malignant Rabbit Fibroma Virus Replication within the Cells of
the Immune System

3.5.1. Characteristics of MV Replication in Lymphoid Cells Exposed to MV

The data regarding the inmunosuppressive effects of adding MV to lym-
phocyte cultures suggest that MV infects both B and T lymphocytes. MV
replication in lymphocytes was studied in two ways. First, lymphocytes from
infected rabbits were studied to determine the cellular tropism of MV, its
requirements for replication, and its presence in lymphocytes at selected time
points during oncogenesis. In addition, MV replication in lymphocyte cultures
was examined using both naive lymphocytes and those exposed to MV in vivo.

Malignant rabbit fibroma virus antigen was sought on lymphocyte cell
membranes by double labeling and cytofluorography. Using lymphocytes from
spleen cells 7 days after infection, it was determined that MV antigen was
expressed primarily on T lymphocytes (Fig. 5). However, following overnight
culture without added virus, a population of nonadherent non-T lymphocytes



186

DAVID S. STRAYER

FIGURE 5. Cytofluorographic
analysis of spleen cells from malig-
nant rabbit fibroma virus (MV)-in-
fected animals. Spleen cells from
normal rabbits (a) and rabbits re-
ceiving 1000 PFU MV 7 days pre-
viously (b) were analyzed for virus
and T-cell antigens by double-label
cytofluorography. After pretreat-
ment with normal rabbit serum,
these cells were treated with the
mouse  monoclonal  antibody
9AE10, which recognizes rabbit T
cells, followed by FITC-rabbit anti-
mouse Ig. This was followed by bio-
tinylated rabbit anti-SFV, then avi-
din—phycoerythrin. The double
label was analyzed by FACS (Bec-
ton-Dickinson). Some spillage of
fluorescein fluorescence into the
phycoerythrin range was noticed
(a). However, analysis of the plots
obtained using MV tumor-bearing
rabbit spleen cells (b) shows that the
population of spleen cells bearing
MV antigens i viwo also bears T-
cell antigens. Approximately 25%
of spleen cells from MV-infected
rabbits are positive for MV anti-
gens. A similar number also dem-
onstrate T-lymphocyte markers as
well.

(presumably B cells) also expressed MV antigen. Insufficient fresh virus is
elaborated by infected T cells after only overnight culture to infect this many B
cells. Thus, the B lymphocytes are undoubtedly infected with MV in vivo but,
for reasons as yet unknown, do not express virus antigen until given time ex

vivo to do so.
The ability of these spleen cells to permit MV replication was also deter-

mined. Virus recovery from spleen cells of any type is very low, no matter when
they are examined postinfection (maximum yield <20 PFU/105 spleen cells).
However, when spleen cells from MV-infected rabbits are cultured without
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added virus, recoverable virus titers increase approximately 10-fold daily up to
4 or 5 days of culture. In fractionating these cell populations, it was found that
T lymphocytes are most supportive of such viral replication, B lymphocytes less
so, and adherent cells least of all. Thymic T lymphocytes do not yield any MV
using this technique.

Since Bloom et al.(12) had reported that lymphocytotropic viruses do not
replicate in the absence of lymphocyte stimulation, the above results obtained
without added mitogen were unusual. Additional experiments were per-
formed to determine whether naive lymphocytes could support MV replication
without mitogens. MV was added to cultures of normal spleen cells with and
without Con A or LPS. Yields of MV from cultures of normal spleen cells were
found to be highest when stimulation was provided. However, MV replicated
well in spleen cells in the absence of added lectin (Fig. 6). This finding makes
MV unique among described lymphocytotropic viruses, with the exception of
human immunodeficiency virus (HIV), which also replicates in lymphocytes
without added lectin.

Finally, the time course of MV infection of lymphocytes was examined.
Spleen cells from rabbits 4, 7, and 11 days following inoculation were examined
for expression of virus antigen and ability to yield MV, to support replication
of added MV, and to affect other cells’ capacity to replicate MV. Lymphocytes
from rabbits 4 and 7 days postinfection both expressed MV antigen and
yielded high titers of MV following culture in vitro without added virus or
mitogen. Lymphocytes from day 11 rabbits showed no evidence of MV in this
assay. The latter did not alter the ability of MV to replicate in the former.

FIGURE 6. Growth curve of malignant
rabbit fibroma virus (MV) in spleen
cells. MV was added to normal spleen
cells at 0.001 multiplicity of infection
(MOI). No mitogen, Con A, or LPS was
added to these cultures. After sequen-
tial days, i witro cultures were frozen
and thawed. Titers of recoverable MV
are shown.
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However, when MV was added to cultures of normal, day 4, day 7, and day 11
spleen cells, lymphocytes from day 11 rabbits supported MV replication much
less than did other spleen cells.(2D

These findings suggest that a population of lymphocytes infected with MV
is lost between 7 and 11 days postinfection in vivo. While MV has not been
found to cause gross differences in viability in whole spleen cell cultures in
vitro,29 we cannot rule out the possibility that MV destroys a small population
of particularly susceptible cells. Such depletion of a population of lymphocytes
that preferentially replicate MV is supported by the poor replication of MV in
day 11, as compared with normal, spleen cells.

The means by which these lymphocytes would be eliminated is not clear.
By day 11 postinfection, rabbits have very high titers of neutralizing antibody
in their sera. Macrophages from such animals have been observed by fluores-
cence photography ingesting MV-infected lymphocytes.@D) In addition,
cytotoxic T cells (CTL) might develop. While T cells from MV-infected rabbits
do not proliferate in response to virus antigen 4 and 7 days following inocula-
tion in vivo,30) they do so by day 11.(28.3D)

Immunologic recovery from MV infection seems to be a complex phe-
nomenon. In light of the high titers and rise coincident with elimination of
circulating virus infected cells, antibody to virus probably participates. Direct
virus toxicity to, and subsequent loss of, the pool of lymphocytes most per-
missive to viral replication is possible. Cell-mediated immunity to virus is also
likely to be important. The role of the antisuppressive T-cell products remains
to be decided. However, several different processes undoubtedly participate.

4. ROLE OF IMMUNOSUPPRESSION IN THE PATHOGENESIS OF
POXVIRUS INFECTION

4.1. Orthopoxviruses
4.1.1. Variola

The probable role played by the immune response to variola virus in the
pathogenesis of smallpox has been discussed. The extent to which virus-in-
duced immunosuppression, and not other host factors such as genetic pre-
dispositions, determines this response is unknown.

4.1.2. Vaccinia

Several groups have examined various factors involved in the course of
immune function and recovery from vaccinia virus infection. Different conclu-
sions have been reached among these investigators. In their studies of the
immune responses of rabbits inoculated with vaccinia virus, Tompkins et al.
determined that while the immune responses to Con A were decreased in the
course of this infection, specific proliferative responses to virus antigen were
observable. The appearance of specific lymphoproliferative responses to vac-
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cinia corresponded temporally to macrophage resistance to viral replication.
On rechallenge, both phenomena were found to be more pronounced.(10)
Resistance to vaccinia in hamsters has been studied by the same group.
They determined that vaccinia virus induces two sets of lymphocytes capable of
killing virus-infected cells. One of these, found principally in the spleen, con-
sists of lymphocytes that are capable of killing target cells infected with other
viruses as well as vaccinia, and resistant to anti-T-cell antibody. These are most
likely natural killer (NK)-like cells.(32) A population of CTL is also found in the
peritoneal cavity and is considered important in clearing vaccinia infection.(33)

4.1.3. Ectromelia

Ectromelia virus produces a lethal disseminated disease in some strains of
mice. Studies of the effects of this virus on the immune system are in their
earliest stages (M. Buller, personal communication). However, some work has
been done on factors involved in the recovery from ectromelia infection.

Both macrophages and CTL have been implicated in the genetic and
induced ability of mice to resist ectromelia infection both in vive and in vitro.
Cohen et al.3% noted that C. parvum-primed macrophages block ectromelia
replication. They observed defective release of virus DNA in macrophages so
treated and therefore ascribe the resistance conferred by priming to the pro-
duction of IFN. Others have determined that both macrophages and T lym-
phocytes play an important role in recovery from ectromelia infection.(35 They
have correlated resistance to ectromelia virus with CTL as well as IFN produc-
tion.(36)

4.2. Leporipoxviruses
4.2.1. Shope Fibroma Virus

Shope fibroma virus is not lymphocytotropic, and is not immunosup-
pressive per se. However, neonates are inordinately susceptible to the on-
cogenic effects of SFV. They develop disseminated tumors. From these, the
neonatal rabbits follow a protracted course and may or may not recover. Neu-
tralizing antibody appears to be present in animals that die of progressive
tumor and those that recover. Adult rabbits receiving SFV and those neonates
that go on to reject their tumors do develop both delayed-type sensitivity to
SFV and the ability to produce migration inhibitory factor. Neonates that
succumb to disseminated tumor develop neither of these. Thus, it is likely that
CTL are important in the recovery from SFV infection, both in neonates and in
adults.37)

4.2.2. Malignant Rabbit Fibroma Virus

It is mainly, then, for the oncogenic leporipoxvirus, MV, that some hy-
potheses can be made. Clearly, MV infection involves immunologic dysfunc-
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tion. Other aspects of MV infection, such as myxosarcoma and epithelial
hyperplasia, are poorly understood. The interaction of MV-induced immu-
nologic dysfunction and these nonimmune phenomena is even more spec-
ulative. However, the profound immunosuppression engendered by MV sure-
ly facilitates virus spread and the development of opportunistic gram negative
infection in host rabbits. An important and as yet unanswered question is
whether, in light of the immunologic recovery, MV tumor-bearing animals
treated for their gram-negative infection would eventually recover not only
from their pasteurellosis but from their tumors as well.

The study of poxvirus biology to date has concentrated on orthopox vi-
ruses for the most part, primarily on the manner in which they infect and
replicate in target cells. Most of the work on the immunomodulatory effects of
poxviruses has been with malignant fibroma virus. The complexity of pox-
viruses as a group suggests that a wealth of information is to be found in
studying their effects on the immune system. These studies are just in their
infancy.
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Reovirus-Induced
Immunosuppression

CARLO GARZELLI and TAKASHI ONODERA

1. INTRODUCTION

1.1. Basic Properties of Reoviruses

Reoviruses are members of Reoviridae, a family of double-stranded (ds) RNA
viruses that infect vertebrates, insects, arthropods, and plants.() Mammalian
reoviruses are icosahedral virions, 76 nm in diameter, with a double capsid
consisting of a central core of 52 nm surrounded by an outer protein shell. The
viral genome consists of 10 fragments of ds RNA with molecular weight rang-
ing from 0.5 to 2.7 X 106 kDa. There are three large segments (L1, L2, L3),
three medium segments (M1, M2, M3), and four small segments (S1, S2, S3,
S4). Viral replication occurs in the cytoplasm of infected cells, in which each
genome fragment, corresponding to a single gene, is transcribed by a viral
transcriptase into a messenger RNA (mRNA) molecule and subsequently trans-
lated into a primary polypeptide. Viral assembly takes place within cytoplasmic
inclusions, and infected cells are ultimately destroyed with release of the pro-
geny virus.

Mammalian reoviruses can be divided into three serotypes (types 1, 2, and
3) on the basis of neutralization and hemagglutination inhibition assays. The
type-specific antigen is the sigma-1 protein, encoded by the S1 gene, and serves
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as the viral hemagglutinin.(® The presence of a segmented genome has made it
possible to isolate a number of recombinant viral clones containing reassorted
genome segments derived from either type 1 or 3 reoviruses, (3 providing an
excellent model for studying different aspects of viral pathogenesis at the
genetic and molecular level.(4.5)

1.2. Clinical Manifestations Associated with Reovirus Infections

Serologic studies have shown that infection with each of the three
serotypes of mammalian reoviruses is extremely common. Reoviruses can be
isolated from feces and respiratory secretions of healthy persons and children
with mild respiratory or intestinal diseases, but a precise relationship with
clinical illness in humans is not established. In this sense, respiratory enteric
orphan viruses, i.e., reoviruses, are indeed still orphan of disease.

Conversely, experimental infection of suckling mice with reoviruses causes
a serious disease characterized by an acute phase, in which the virus replicates
in cells of many organs, producing lesions notably in the liver, pancreas, central
nervous system (CNS), heart, intestine, lung, spleen, salivary glands, and skel-
etal muscle. At least in some cases, the viral hemagglutinin, which appears to be
solely responsible for the cell and tissue tropism, is a major factor in deter-
mining the pattern of disease: in the CNS, reovirus type 1 infects primarily
ependymal cells, often leading to hydrocephalus, whereas type 3 infects neu-
rons, resulting in severe encephalitis®); similarly, reovirus type 1 infects the
anterior pituitary, while type 3 infects the intermediate and posterior pitu-
itary.(®)

In a proportion of animals, the acute phase of illness is usually followed by
a chronic, apparently virus-free, disease expressed as a runting syndrome char-
acterized by retarded growth, oily hair, alopecia, and steatorrhea. The precise
mechanisms of reovirus-induced runting are not clear, but it is thought to be
immunologically mediated. In reovirus type 1 infection, autoimmunity to en-
docrine tissues and hormones seems to be important(; in fact, autoantibodies
reactive with the anterior pituitary and growth hormone, with the pancreatic
islets and insulin, and with the thyroid and thyroglobulin (Fig. 1) are detectable
in the serum of infected mice. Monoclonal autoantibodies with a similar pat-
tern of reactivity have also been isolated from hybridomas obtained by fusing
spleen cells from reovirus type l-infected mice with mouse myeloma cells.(®
Autoantibodies to thymic lymphocytes® and to splenic T lymphocytes (C.
Garzelli, personal observations) have also been found in the serum of infected
mice. Further evidence that autoimmunity contributes to reovirus type l-in-
duced runting and polyendocrinopathy is the observation that the severity of
both disorders can be appreciably reduced if the animals are given immu-
nosuppressive treatments before infection.(®)
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FIGURE 1. Autoantibodies to thyroid antigens in the serum of newborn SJL/J mice infected
with reovirus type 1 (Lang strain) 3 weeks previously, as determined by indirect immu-
nofluorescence. (A) Bouin’s fixed section of thyroid tissue of normal mice incubated with
serum of infected mouse. Antiacinar cells and antinuclear antibodies are seen. (B) Methanol-
fixed section of thyroid tissue of normal mice incubated as above, showing the typical floccular
puffy pattern of staining, characteristic of antithyroglobulin antibodies.
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2. MODULATION OF IMMUNITY BY REOVIRUSES

2.1. Interaction of Reoviruses with Cells of the Immune System

Reoviruses bind to the surface of murine and human lymphocytes. In
particular, reovirus type 3 binds to a subset of murine and human T and B
cells, whereas reovirus type 1 binds minimally and only to human lympho-
cytes.(10) Murine and human T lymphocytes bearing the receptor for reovirus
type 3 belong predominantly to the suppressor/cytotoxic subset, in that they
express the Lyt 2,3 and T8 antigens, respectively.(!D One documented func-
tional consequence of reovirus type 3 binding to lymphocytes is the generation
of suppressor T cells, which inhibit the proliferative response of murine spleen
cells to mitogens.(12) This effect, as well as the capabilities of lymphocyte bind-
ing, is a property of the viral hemagglutinin. However, reovirus types 1 and 3
seem unable to grow in either normal or mitogen-stimulated lymphocytes.

Much less is known about the interactions of reoviruses with macrophages.
In vitro, both reovirus type 1 and 3 infect and grow in the mouse macrophage-
like cell line P388D;. Non-neutralizing antibodies directed to virus surface
proteins other than the hemagglutinin, or subneutralizing concentrations of
antibodies to the viral hemagglutinin enhance viral growth in these cells.(13)

2.2. Suppression of Inmune Responsiveness by Reoviruses

Experimental infection of adult mice with reoviruses has practically no
significant consequences regarding immune system function, but intra-
peritoneal infection of newborn mice with reovirus type 1 has been shown to
cause strong alterations of immune responsiveness. The most striking immune
defect associated with reovirus type 1 infection is undoubtedly the develop-
ment of a vast array of autoantibodies, most of which are directed toward
endocrine tissues and hormones.(7-8) This effect seems to be a property of the
S1 gene product, i.e., the viral hemagglutinin. Recombinant viral clones con-
taining the S1 gene segment from type 1, but not those containing the same
segment from type 3, reproduce the ability of the parental type 1 virus to
induce the production of autoantibodies to hormones, such as growth hor-
mone and thyroglobulin( (T. Onodera and C. Garzelli, unpublished obser-
vations).

Infection of newborn mice with reovirus type 1 is also followed by a
marked suppression of the antibody response to sheep erythrocytes (SRBCs),
as measured by the splenic plaque-forming cells (PFC) assay.(19 The PFC
produced are usually less than 1% of that detected in uninfected control ani-
mals. In addition, reovirus types 2 and 3 cause reduction of antibody produc-
tion in newborn mice, but the immunodepression is usually slight and transient
(T. Onodera and C. Garzelli, unpublished observations). The S1 gene segment
of reovirus type 1 is also required for the immunosuppression, in that recombi-
nant viruses containing the S1 gene segment from reovirus type 1, but not
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from type 3, have immunosuppressive properties comparable to that of the
type 1 parental virus.(1D)

Other immunologic abnormalities observed in reovirus type l-infected
mice are listed in Table I. At least in severely runted mice, the lymphoid organs
show histopathologic alterations; the thymus is usually smaller than normal,
and atrophy of the cortex and increased numbers of Hassal’s bodies can be
observed (Fig. 2a); the spleen, although larger in size, shows depletion of
lymphocytes in the thymus-dependent and follicular areas (Fig. 2b). Such
changes are probably due to a selective depletion of particular subsets of T
lymphocytes, since in the spleen of most infected animals the proportion of
cytotoxic/suppressor Lyt 2.2+ cells is decreased, whereas the numbers of help-
er Lyt 1.2+ cells are not altered (Fig. 3). The autoantibodies to T lymphocytes,
present in the serum of type l-infected mice, could be responsible for these
changes. A further important immunologic abnormality seen in reovirus type
l-infected mice is a polyclonal activation of B cells, as evidenced by increased
numbers of splenic PFC spontaneously producing immunoglobulins (Ig) or
antibodies to SRBCs. Serum levels of IgM and IgG are also generally higher (T.
Onodera and C. Garzelli, unpublished observations).

On the basis of these findings, it is difficult to delineate a possible picture of
events that might account for reovirus type 1-induced immunosuppression;
however, several obvious possibilities immediately come to mind. First, the virus
might destroy cells of the immune system through cytolytic infection of lympho-
cytes; reportedly, reovirus type 1 does not bind to lymphocytes of adult mice in
vitro,(10) but there are no data dealing with lymphoid cells of newborn mice in
vivo. A variety of factors could influence the induction and expression of recep-
tors to reovirus and the susceptibility of lymphoid cells to the infection, as already
shown in other cases of virus—lymphocyte interactions.(15 A second possibility is
also that the cells of the immune system are destroyed by virus-induced anti-
lymphocyte autoantibodies, which might lead to hyporesponsiveness to anti-
genic stimuli. A third possibility is that the endocrine abnormalities induced by
infection of endocrine organs, such as the anterior pituitary, might influence
immune responsiveness in a negative manner.(16)

TABLE I
Immunologic Abnormalities in Newborn Mice Infected with Reovirus Type 1

Histopathologic changes in the thymus and spleen

Suppression of antibody responses to foreign antigens

Decreased numbers of suppressor/cytotoxic lymphocytes

Polyclonal B-cell activation

Autoantibodies to thymocytes

Autoantibodies to endocrine tissues (pituitary, pancreatic islets, thyroid, gastric mucosa) and
hormones (growth hormone, insulin, thyroglobulin)
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FIGURE 3. T-lymphocyte subpopula- a0k
tions in the spleen of newborn SJL/]
mice infected with reovirus type 1 (Lang
strain) 3 weeks previously, as detected
by complement-dependent cytotoxicity
assayed by Trypan blue dye exclusion.
(@) Lyt 1.2+ helper/inducer lympho-
cytes. (O) Lyt 2.2+ cytotoxic/suppressor
lymphocytes. Data expressed as specific
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3. SIGNIFICANCE OF VIRUS-INDUCED IMMUNOMODULATION
IN VIRAL PATHOGENESIS

The available information does not permit delineation of the contribution
of viral immunodepression to reovirus-induced pathogenesis. In experimental
reovirus type 1 infection of newborn mice, virus-induced immunosuppression
is probably irrelevant to the infectious phase of the disease, since the virus
rapidly disappears from the body, even if the animals have been treated with
immunosuppressive agents before infection. Therefore, immunosuppression
would appear to represent an epiphenomenon of infection rather than a
means by which the virus avoids or delays immune elimination and successfully
spreads through the body. By contrast, the observation that the same molecule,
i.e., the viral hemagglutinin, is required for the induction of both autoim-
munity and immunosuppression could suggest that, at least in the reovirus type
1 model, the two effects are closely related or even interdependent. Although
the coexistence of both immunosuppression and autoimmunity is not unprece-
dented, the mechanisms leading to the paradoxical occurrence of an antibody
response to many autoantigens and the inability of making an immune re-
sponse to newly presented foreign antigens remain unexplained.
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Immunosuppression by Avian
Infectious Bursal Disease
Virus and Mouse Hepatitis
Virus
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1. INTRODUCTION

This chapter briefly discusses two viruses that infect diverse species of animals
but that share an important similarity in that both viruses are lymphotropic and
cause profound immunosuppression in their respective hosts. Infectious bursal
disease (IBD) of chickens, also referred to as Gumboro disease, is an eco-
nomically important disease of commercial chickens. In unprotected chickens,
the IBD virus (IBDV) rapidly destroys the lymphocyte population in the bursa
of Fabricius, the principal organ that regulates humoral immunity in the chick-
en. Continued economic loss due to IBD in the field and recent general interest
in viral immunosuppression have stimulated renewed efforts in understanding
the characteristics of the immunosuppressive effects of this disease. The mouse
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hepatitis virus (MHV), also a common infection in laboratory mouse colonies,
causes a debilitating disease accompanied by severe immunosuppression. The
influence of MHV on immune functions of the host seems to be related to a
close interaction between virus particles and host lymphoid cells.

This discussion is not intended to be a comprehensive review of IBDV and
MHYV. Only the important features of the infections are discussed, with empha-
sis on the influence these viruses have on the immune capabilities of the host.

2. IMMUNOSUPPRESSION BY AVIAN INFECTIOUS
BURSAL DISEASE VIRUS

2.1. A Characterization of the Virus and the Disease

Infectious bursal disease virus is widespread in the environment and in-
fects most commercial populations of chickens early in life. The virus nu-
cleocapsid is a naked icosahedron with 32 capsomeres and a diameter of 55—63
nm.(1) The IBDV genome is double-stranded RNA.(2 Recent molecular clon-
ing studies with an Australian isolate of IBDV have demonstrated that the
genome has a large segment of 3400 bp and a small segment of 2900 bp.® The
large segment codes for five proteins of molecular weights 52, 41, 32, 28, and
16, kDa, respectively, whereas the small segment codes for a single protein of
90 kDa. Several viral structural proteins identified from purified virus prepa-
rations have been examined for their immunogenic potential.4)

In the laboratory, IBDV can be propagated in embryonated chicken eggs.
Best virus yields may be obtained by inoculating 9- to 10-day-old embryos from
IBDV-free flocks by the dropped chorioallantoic membrane route.(5) Some
isolates of IBDV have been adapted to cell cultures of avian and mammalian
origin. Chick embryo fibroblast cells are used most frequently for in vitro stud-
ies with cell-culture-adapted IBDV.®)

The chicken is the most common natural host of IBDV, although natural
infection may also occur in other avian species, particularly turkeys. The IBDV
isolates may be classified into serotypes 1 and 2. The two serotypes cross-react
by the immunofluorescent test but not by the virus neutralization test.(7.8) Most
isolates of chicken origin fall into serotype 1 and most isolates of turkey origin
into serotype 2, although there is no strict species restriction of the two
serotypes. Under natural conditions, turkeys exposed to IBDV do not develop
clinical disease or detectable immunosuppression.

Cosgrove® first reported the disease in chickens. Chickens acquire infec-
tion from contaminated premesis; there is no evidence for vertical transmis-
sion. The virus replicates in B lymphocytes and one of the first detectable
lesions is necrosis of lymphoid elements in the bursa of Fabricius.(10) Bursal
necrosis is accompanied by inflammatory changes. Other lymphoid organs
such as spleen and thymus also experience transient lymphoid cell depletion.
Bursal degeneration is permanent. Predilection of IBDV for B lymphocytes
was also demonstrated in vitro. Established lymphoid cell lines of B but not of T
cells were susceptible to infection with IBDV.(11
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The age of the chicken at the time of infection with IBDV seems to deter-
mine the nature of the ensuing disease. In chickens younger than 3 weeks,
IBDV does not cause high mortality, although the chickens develop bursal
atrophy and severe immunosuppression. In older chickens, clinical disease
occurs and is characterized by sudden onset, variable but often high mortality,
and rapid recovery of survivors.

The principal economic concern with IBDV in commercial chicken flocks
is the effect of this disease on immune competence of young chickens. Because
infection occurs soon after hatching, under natural conditions the infected
chickens respond poorly to vaccines used routinely to protect against common
viral infections. Infected chickens also become vulnerable to opportunistic in-
fections. The nature of IBDV-induced immunosuppression in humoral and
cellular responses is described below.

2.2. Influence on Circulating B and T Lymphocytes

Several attempts have been made to study the effect of IBDV on circulat-
ing B and T lymphocytes.(12—14) In general, infection with IBDV reduced the
number of circulating B cells. The depression in B-cell numbers was more
pronounced in chickens exposed to the virus in ovo or at the time of hatching
than in those in which exposure was delayed until the birds were 3 weeks of age
or older. The reduction in circulating B cells was detected within 1 week after
virus inoculation and persisted through the observation period of 8 weeks.

The influence of IBDV on circulating T lymphocytes was variable. In one
study,(14) T-cell numbers were reduced below control levels if infection oc-
curred at the time of hatching but were increased if the infection was delayed
until birds were 3 weeks of age. In another study,(13) this relationship of age at
the time of infection with numbers of circulating T cells was the reverse of the
previous findings.

2.3. Influence on Antibody Production

Infectious bursal disease virus severely compromises the ability of chickens
to mount antibody responses against a variety of infectious and noninfectious
antigens including viral, bacterial, and protozoan antigens.(13.15—21) The age at
which chickens become exposed to the virus has a profound effect on the degree
of B-cellimmunosuppression. Infection during the first 2 weeks of age results in
much more severe immunodepression than does infection at older ages.(22) Both
primary and secondary antibody responses may be reduced.(13.16) B-cell immu-
nosuppression following infection with IBDV during the early posthatching pe-
riod is probably persistent, although the duration of immunosuppression has
not been well established.

Infection with IBDV also affects serum immunoglobulin (Ig) levels. Serum
IgM levels generally dropped following IBDV infection; whereas IgG levels
varied depending on the age of the chicken at the time of infection.(13.16) The
IgG levels measured at eight weeks of age were lower in virus infected chickens
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than in age-matched control chickens if infection occurred before or at the
time of hatching but the levels were elevated if infection occurred at one week
of age or older.(13) IBDV also caused a defect in the IgM that was produced.
Ivanyi and Morris (16) noted that chickens infected with IBDV exclusively
produced IgM as a 7S monomer. Further, the IgM of infected chickens lost the
MI=a allotypic marker normally present on chicken IgM.(23)

2.4. Influence on Cellular Immune Functions

Circumstantial evidence strongly indicates that IBDV may compromise
cell-mediated immune functions. For example, infection with IBDV results in
(1) extensive histologic lesions in the thymus and the virus replicates to high
titers in the thymus (10.24); (2) reduction in circulating T cells(!4); (3) poor
efficacy of Marek disease vaccine that appears to protect mainly via cell-medi-
ated immunity(25); and (4) exacerbation of disease conditions in which defense
by cellular immune mechanisms if important.(19.26) Despite compelling indica-
tions that IBDV may influence cell-mediated immunity, relatively meager
efforts have been devoted to study this influence.

There have been conflicting reports on the ability of young chickens ex-
posed to IBDV to reject allogeneic skin grafts; in one study, the rejection was
delayed,(27) while in the others it was not.(12.18) The evidence that IBDV may
influence cellular immunity comes from in vitro studies. Most efforts have been
directed toward delineating the mitogenic response of T cells,(28—31 although
other cellular functions have also been examined.(28.31.32)

Preparations of T cells obtained from IBDV-exposed chickens respond
poorly to mitogens such as phytohemagglutinin (PHA) and concanavalin A
(Con A). Infection at the time of hatching as well as at 3—4 weeks of age
influenced mitogenic response. The depression in the mitogenic response was
transient, although the time when it occurred following viral inoculation var-
ied. When whole blood cultures were used, the T-cell responsiveness was re-
duced during the first 2 weeks postinfection,(28.30.31) a]though in one study,(28)
maximum reduction occurred 6—7 weeks after viral infection. In assays con-
ducted with peripheral blood leukocytes fractionated on Ficoll-Hypaque39 or
spleen cells,31) the mitogenic hyporesponsiveness was consistently transient
and occurred during the first 1-2 weeks of viral infection followed by complete
recovery of responsiveness.

Peripheral blood leukocytes from IBDV-infected chickens were also defi-
cient in mounting a mixed lymphocyte reaction when cocultured with al-
logeneic stimulator cells.(28) A reduced mixed lymphocyte response was de-
tected in chickens exposed to IBDV at the time of hatching or at 3 weeks of
age; chickens infected at the time of hatching were more severely affected than
were those infected at 3 weeks. Interestingly, unlike the mitogenic response
that was affected transiently, the defect in mixed lymphocyte reaction was
persistent and was detectable until the birds were 10 weeks of age, the longest
interval between infection and testing. The ability of cells from virus-infected
chickens to serve as stimulator cells in the mixed lymphocyte reaction assay has
not been examined.
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The natural killer (NK) cell activity of spleen effector cells from virus-
exposed chickens was compared with that of the effector cells obtained from
age-matched normal chickens.31) No consistent differences in the activity be-
tween the two groups were noted. Similarly, IBDV did not cause detectable
alteration of phagocytic activity of circulating phagocytes.(32)

2.5. Influence on Soluble Immune Factors

Little is known about the effect of IBDV on soluble mediators of immu-
nity. Interferon-B (IFN,) was detected in a variety of tissues and serum follow-
ing inoculation with IBDV at 1 day or 3 weeks of age.(33) The role played by
IFNg in regulating immune functions is unknown. Currently, avian lympho-
kines are being actively studied; it should be of interest to examine possible
modulation of these by IBDV.

2.6. Mechanism of Immunosuppression

2.6.1. B-Cell Immunity

It is likely that one of the major reasons for depressed antibody synthesis
in chickens exposed to IBDV is that the virus selectively infects and lyses B
lymphocytes. The observation that infection during the early posthatching
period is more immunodepressive than infection after 3 weeks of age indicates
that B-cell precursors within the confines of the bursa may be more susceptible
to the cytopathic effects of IBDV than are mature B cells in circulation. Indeed,
when Ivanyi and Morris(16) delayed infection with IBDV from less than 6 up to
42 hr after hatching, they noted progressively decreasing proportions of birds
with immune deficiency in anti-sheep erythrocyte (anti-SRBC) antibody re-
sponses. Decreased number of circulating B cells following IBDV infection of
neonates(12—14) may also indicate intrabursal destruction of B-cell precursors
resulting in reduced peripheralization of B cells to the circulation. Selective
susceptibility of B cells with IgM but not IgG receptors(!D) further suggests that
the virus is more cytopathic for B cells during early stages of differentiation
before the switch from IgM to IgG expression occurs.

The mechanism by which IBDV induces the production of altered IgM,
i.e., monomeric IgM that fails to polymerize and loses allotypic marker MI3, is
not known.(16) The virus may destroy IgM-producing cells that may be re-
placed by a population of B cells with functional impairment expressed by
production of altered IgM.

Other mechanisms may also be involved in the suppression of B-cell func-
tion. For example, IBDV may compromise antibody production by damaging
helper T cells or other accessory cells such as macrophages that play an impor-
tant role in generating B-cell responses to certain antigens. In addition to
destroying B cells, IBDV may also stimulate the appearance of suppressor cells
that may participate in inhibiting antibody responses.(3%)
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2.6.2. T-Cell Immunity

The mechanism of hyporesponsiveness of T cells to mitogen stimulation
has been examined.(29.31) We noted that spleen cells of chickens undergoing
acute infection with IBDV responded poorly to PHA but that their response
was restored to near normal levels if the responder cells were pretreated with
carbonyl iron.31) Thus, the spleen cell response was being inhibited by sup-
pressor cells that could be removed by carbonyl iron treatment. The sup-
pressor cells shared several characteristics with macrophages, i.e., the sup-
pressor cells were adherent to plastic, were phagocytic, and resisted treatment
with antithymocyte and antibursa cell sera. Suppressor cells isolated from
spleen of IBDV-infected chickens were able to inhibit the mitogenic response
of spleen cells of normal virus-free chickens. We recently confirmed the pres-
ence of suppressor cells in IBDV spleens using Con A as a T-cell mitogen and
have shown that addition of exogenous conditioned medium with high in-
terleukin-2 (IL-2) activity was ineffective in restoring the mitogenic response of
spleen cells of IBDV-infected chickens.(35)

The above observations suggested that reduced mitogenic response of
lymphocytes in IBDV-infected chickens was not due to lack of functional T
cells but to the presence of suppressor cells. Other mechanisms of T-cell immu-
nosuppression may be involved as well. Confer and MacWilliams(29 suggested
that the mitogenic hyporesponsiveness of whole blood cells from IBDV-in-
fected chickens was associated with increased number of circulating large im-
mature lymphocytes incapable of mitogen-induced blastogenesis.

3. IMMUNOSUPPRESSION BY MOUSE HEPATITIS
VIRUS

3.1. Biology of the Virus

Mouse hepatitis viruses are classified as coronaviruses.36) They are
pleomorphic or rounded enveloped particles with a diameter of 60—220 nm,
surrounded by a fringe or layer of typical club-shaped spikes. Their genome
consists of single-stranded polyadenylated RNA of positive polarity. Viruses
are released by internal budding into cytoplasmic vesicles derived from the
endoplasmic reticulum.

The antigenicity of coronaviruses is related to three major antigens.(37.38)
Surface glycoproteins of murine coronaviruses are responsible for the induc-
tion of neutralizing, complement-fixing, and hemagglutination-inhibiting anti-
bodies.(39—41) Hybridization with MHV-specific complementary DNA (cDNA)
showed a close relationship among murine strains MHV-A59, MHV-3, and
JHM.“2) Oligofingerprinting demonstrated genomic variations in MHV
strains that could be related to neurovirulence.(42—44 These variations did not
seem to correlate with the serologic relationships of these viruses.

The coronavirus genome is a positive single-stranded infectious molecule
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of RNA containing about 18,000 nucleotides.5) T, oligonucleotide mapping
indicated that no extensive sequence reiteration occurred in the coronavirus
genome(3.:46:47) and that the 3’ end of the genomic RNA was polyadenylated
and formed a 3’-coterminal nested sequence.(48:49 Synthesis of each of the
intracellular RNAs is initiated independently and is not processed from a large
precursor protein.(50.51) Subgenomic RNAs, as well as genomic RNA, con-
tained the 5'-cap structure.(52) These RNA molecules were also found to act as
individual mRNAs and to be translated into single proteins of a size corre-
sponding to the coding capacity of the unique 5'-terminal sequences not pre-
sent in the next smallest RN A.(53—55)

The nucleocapsid protein possesses a molecular weight of 50-60kDa and
is nonglycosylated.(56) A cyclic adenosine monophosphate(cAMP)-independent
protein kinase is associated with the virion, but it is not yet known whether the
enzyme is virally coded or is a sequestered host cell enzyme.(5?) A high homolo-
gy of amino acid sequences has been found between nucleocapsid proteins
from neuropathogenic JHM and nonpathogenic A59, although two regions of
lower homology are present.(58)

The virion possesses a lipid envelope containing matrix and peplomer
proteins. All coronavirions have a glycoprotein of 20-30kDa. A small glycosy-
lated portion of the molecule is peripheral to the lipid membrane,(39 whereas a
second strong hydrophobic domain is thought to correspond to a portion of
the molecule integrated into the lipid membrane.(®9 A stable complex between
this protein and the viral RNA could be formed in vitro, suggesting a third
domain in the protein which is internal to the lipid membrane and responsible
for the interaction with viral nucleocapsids.(60.61)

Peplomer proteins are glycoproteins of molecular weight 80—-200 kDa with
one or two major species derived from a single primary translation product but
modified by post-translational cleavage.(2) Glycosylation of the MHV pep-
lomer protein was inhibited by tunicamycin. The lack of reabsorption and cell
fusion observed in tunicamycin-treated cells suggested that the peplomer pro-
tein plays a role in the reception of virions on cell surfaces and in the induction
of cell fusion.(69 In addition, trypsin treatment of A59 virus, which cleaves the
180 kDa to two 90-kDa subunit polypeptides, greatly increases the capacity of
the virus to cause cell fusion.(63)

3.2. Pathogenesis of Mouse Coronaviruses

The MHV-JHM strain, the first murine coronavirus to be isolated,®%) is a
neurotropic virus causing acute and chronic demyelinating diseases. Infection
with other mouse hepatitis viruses results in hepatitis, encephalomyelitis
and/or enteritis. It is impossible, however, to classify virus strains according to
target organs since several organs can be affected. The virulent strains MHV,
and MHV; and the less virulent MHV,, MHV; and MHV 4 5 can cause hepati-
tis in newborns and adult mice, whereas MHVg induces enteritis in newborns.

MHV; is the most virulent strain of MHV. The severity and the type of
infection however are related to age, immune resistance, and genetic factors.
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Most strains of mice display a full susceptibility, leading to death within a few
days. The A/J strain is unique, as it is the only full resistant strain with 100%
survival of infected adult animals. Other mouse strains are semisusceptible,
and animals surviving the acute disease develop chronic manifestations with
progressive neurologic involvement.(65)

3.2.1. Acute MHV ; Infection

In some strains of mice, e.g., C57BL/6, DBA/2, BALB/c, or NZB, parent-
eral administration of 10 LDy, of MHVj, always leads to fulminant hepatitis
and death. Peritoneal macrophages, and liver Kupffer cells are the major sites
of viral replication. Infectious virions are disseminated to all organs during the
viremic phase.(66) By contrast, full resistance to MHVj is observed in the A/]
mouse strain even after the administration of large doses of virus (107 LD;).
Histopathologic studies showed an absence of lesions. During the first 4 days of
infection, virus was recovered from the liver of resistant as well as susceptible
strains of mice. In A/] strain mice, viral titers were consistently <103 LDy,
whereas in susceptible DBA/2 mice, titers greater than 104 were always found.
In the resistant mouse strain, infectious virus was cleared from the liver, brain
and serum within 7 days, whereas virus continued to replicate in susceptible
animals until death.(65)

3.2.2. Persistent MHV ; Infection

In contrast to full susceptibility or resistance, other mouse strains, such as
C3H or hybrid animals resulting from a cross between susceptible and resistant
parents, exhibit an intermediate sensitivity. In this type (semisusceptibility),
MHV; causes a chronic disease with paralysis, virus persistence, and immu-
nodepression. The virus could be recovered from brain, liver, spleen, lymph
nodes, or peritoneal macrophages for several months.(67) This type of disease
and the clinical outcome vary greatly, however, with age, immune resistance,
and genetic factors. Immunologic immaturity as observed in mice during the
first 2 weeks of life, or T-cell deprivation following neonatal thymectomy or
treatment with antilymphocyte antiserum, induce a full susceptibility to MHV 4
infection in mice of the normally resistant A/] strain.(68) Similarly, genetic
factors are of a primary importance in MHV infection. The first evidence of an
association of host genes with resistance was reported for MHV,.(69) Genetic
study of MHV g infection indicated that at least two recessive genes are involved
in resistance to acute and chronic diseases and showed that the genes involved
in both diseases are different. The capacity to resist the development of paral-
ysis is conferred to heterozygote as well as to homozygote mice by H-2f or H-24
alleles, indicating that resistance to paralysis is H-2 linked.(70) It was also shown
that such an action was mostly mediated through the expression of mouse class
I antigens of the major histocompatibility complex.(7D
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3.3. MHV;-Induced Immunosuppression

MHVj infection in mice induces a marked nonspecific immunosuppres-
sion during the acute as well as the chronic phase of the disease. Sequential
determination of Ig levels in chronically infected mice revealed a progressive
decrease of all Igs during the first 3 months of infection. At the end of that
period, most animals were severely hypogammaglobulinemic, and some suf-
fered from infections.(72) In addition, a marked decrease of the antibody re-
sponse against T-cell-dependent and -independent antigens was observed in
semisusceptible mice chronically infected with MHV . In these experiments, it
was observed that, when tested 40 and 80 days postinfection, primary and
secondary plaque-forming cell (PFC) responses and serum antibody titers
against SRBC T-dependent antigen and lipopolysaccharide (LPS) T-indepen-
dent antigen were markedly diminished in paralyzed as well as in nonparalyzed
mice.(72)

3.4. Immune Functions of MHV ;-Infected Mice

It was noteworthy that chronically infected mice, in spite of their hypo-
gammaglobulinemia, developed anti-MHV3 complement-fixing antibodies.
Such antibodies were detectable 2—4 weeks following viral infection, showed an
important rise by day 60 and reached a maximum level by days 100—130 after
which titers decreased in surviving animals. No correlation was observed, how-
ever, between the onset of paralysis and the increase of MHV4 antibody, in
spite of the fact that bound Igs associated with antigens were found in chronic
plexus vessels.(73) In addition, most of the anti-MHVj antibody produced in
chronically infected mice was of the IgM class.

Antiviral antibodies are capable of modifying a lytic acute infection into a
subacute and persistent infection or even to prevent the induction of the
chronic disease.(74) The effectiveness of humoral immunity seems to depend
on the titer, avidity, and neutralizing capacity of the antibody. In rats infected
with the strain JHM, cerebrospinal antibodies seem to occur only in animals
expressing a JHM-induced disease with viral replication in the central nervous
system (CNS). Nevertheless, localized production of IgG was unable to protect
rats from either the acute or the chronic neurologic disease.(75)

Specific cell-mediated immune reactions against MHV 3 antigens were de-
tected in chronically infected mice and protection, using lymphoid cells, could
be transferred from MHYV 3-paralyzed animals into susceptible newborns. Simi-
larly, a specific cellular immunity was observed during the course of MHV-
JHM infection in rats. Wege et al.(76) showed that spleen cells obtained from
diseased animals not only proliferated in the presence of basic myelin proteins
in vitro but adoptive transfer of such cells was followed by the occurrence of
experimental allergic encephalomyelitis-like lesions in the CNS. Such results
suggest that MHV-JHM replication in the CNS may lead to alteration of mye-
lin, and/or to cell membrane changes by insertion of viral proteins that may
trigger, in turn, an immune response against myelin.
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3.5. Mechanism of Immunosuppression

The nonspecific immunodepression always observed in MHV -infected
animals after antigenic challenge could be related to a direct effect of the virus
on one or several components of the immune response. This was tested by
studying the PFC response in lethally X-irradiated normal F; hybrids recon-
stituted with T, B, or spleen cells originating from MHV;-infected or -nonin-
fected syngeneic animals. These experiments clearly showed that the immu-
nocompetence of T and B lymphocytes originating from MHYV s-infected mice
was normal. In addition, macrophage functions, as tested by phagocytosis of
yeast particle<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>