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PREFACE

This volume marks the first issue of a biannual publication for the
Advances in Clinical Chemistry series. Starting this year, the series will be
published twice a year to keep the readership abreast of the rapid changes
and latest developments in clinical chemistry, clinical laboratory science, and
laboratory diagnostics.

This volume, number 39 in the series, contains chapters on topics of wide
interest, including advances in assay methods such as immuno—polymerase
chain reaction technology and proteomic assessment. Other chapters focus
on the development and potential applications of novel biomarkers of
chronic conditions such as Alzheimer’s disease, cancer, cardiovascular dis-
ease, and depression. In addition to these long-term debilitating diseases,
several chapters specifically address molecular and biochemical findings in
the aging process. I hope these reviews will provide insight into the evolving
role of the clinical laboratory in meeting the healthcare challenges of
21st-century diagnostics.

I personally thank each of the authors in making this volume a continuing
resource for clinical laboratory scientists and practitioners. I also extend my
deepest appreciation to colleagues who participated in the peer review pro-
cess. I would like to acknowledge Ms. Pat Gonzalez of the Elsevier staff for
her effort and fine attention to detail throughout the publication of this
volume.

I hope the readership will enjoy the first volume of 2005 and actively use it.
As always, I warmly welcome comments and solicit participation in keeping
subsequent volumes of the Advances in Clinical Chemistry series in the
forefront of clinical laboratory sciences.

As customary and in keeping with the tradition of the series, I would like to
dedicate this volume to my wife Melinda for her support and scientific
interest in making this series a continuing reality.

GREGORY S. MAKOWSKI
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ISCHEMIA-MODIFIED ALBUMIN MEASURED BY THE
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1. Introduction

Seven to eight million patients with chest pain present annually to urgent
care centers and emergency departments (EDs) [1]. Five million members of
this group are judged to have suspected acute coronary syndromes (ACSs) or
unstable ischemic heart disease and are admitted to the hospital to rule out
acute myocardial infarction (MI). Less than half of those admitted ultimately
are found to have a cardiac diagnosis, resulting in costly unnecessary admis-
sions. Two to three million members of this group are discharged from
the ED each year, and approximately 50,000 of these patients are inadver-
tently discharged without the diagnosis of MI. Mortality rates of missed
diagnoses in patients sent home are twofold greater than those patients
admitted. Therefore, there is a considerable clinical interest and clinical
research effort underway to identify biomarkers of myocardial ischemia
that could be monitored during the early, reversible stage of ACSs, to assist
in the appropriate triage of patients presenting with symptoms indicative
of ACS.

0065-2423/05 $35.00 Copyright 2005, Elsevier Inc.
DOI: 10.1016/S0065-2423(04)39001-3 All rights reserved.
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Given the understanding that release of cardiac troponin into the circula-
tion reflects myocardial cell death, it is understandable why, clinically, thera-
pies are oriented toward inhibiting the pathophysiologic processes of
thrombosis, fibrinolysis, platelet aggregation, and inflammation leading to
ischemia and, ultimately, myocardial cell death. Several markers of ischemia
have been proposed [2], and research and development studies are underway
to adequately validate their clinical usefulness or lack of evidence. These
include the topic of this chapter (ischemia-modified albumin [IMA]), as well
as choline, unbound free fatty acids, and nourin.

At present, cardiac troponin, a marker of myocardial cell necrosis, is the
biomarker defined by the European Society of Cardiology/American College
of Cardiology/American Heart Association as the “standard” for detection
of myocardial injury [3, 4]. Further, in the clinical setting of ischemia, an
increased cardiac troponin is the basis of the diagnosis of MI. However, as
it may take 2-6 hours before cardiac troponin increases above a predeter-
mined reference limit in the circulation, the quest to identify an early and,
ideally, cardiac tissue—specific marker of myocardial ischemia continues. The
purpose of this chapter is to present a general overview of the clinical and
analytical issues pertaining to the albumin—cobalt binding (ACB) test, which
measures IMA—the first Food and Drug Administration (FDA)-cleared
assay to rule out myocardial ischemia [5].

2. IMA and the ACB Test

The observation that serum albumin in patients with myocardial ischemia
produced a lower metal binding capacity for cobalt than did serum albumin
in nonischemic normal controls lead to the development of the recently
FDA-cleared ACB test [5-7]. The precise mechanisms for production of
IMA during coronary ischemia are not known. Modifications have been
localized to the NH,-Asp-Ala-His-Lys sequence of human albumin and are
postulated to be caused by the production of free radicals during ischemia or
reperfusion, acidosis, reduced oxygen, and cellular electrolyte pump disor-
ders [8, 9]. Bhagavan and coworkers have also shown that a deletion defect of
the NH, terminus was responsible for reduced cobalt binding, leading to a
false-positive test for ischemia [10]. The ACB test is a quantitative assay that
measures IMA in human serum. In principle, in the serum of patients with
ischemia, cobalt added to serum does not bind to the N-terminus of IMA,
leaving more free cobalt to react with dithiothreitol and form a darker color.
At present, the assay is configured (and FDA cleared) to be measured on the
COBAS Mira Plus instrument with an absorbance read at 500 nm [5]. Pro-
tocols are being developed by the manufacturer (Ischemia Technologies,
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Denver, CO) on additional instruments, using the colorimetric assay as well
as investigations into the use of an immunoassay technology (personal
communication with manufacturer, Donna Edmonds).

According to the manufacturer’s package insert [5], specific preanalytical
requirements need to be followed, including avoiding the use of collection
tubes with chelators, performing assay analysis within 2.5 hours or freezing at
<20 °C, and avoiding sample dilutions. In addition, ACB test results
should be interpreted with caution when serum albumin concentrations are
<2.0 g/dl or >5.5 g/dl. Because of specificity issues, increased IMA values may
be found in patients with cancer, infections, end-stage renal disease, liver
disease, and brain ischemia. The analytical characteristics of the assay appear
to be good, with no known drug interferences (including several commonly
used medications: acetaminophen, aspirin, heparin, ibuprofen, and fluoxe-
tine), acceptable assay total imprecision (<9% coefficient of variation [CV]) at
the medical decision cutoff, a lower limit of detection at 14 U/ml, and linearity
to 200 U/ml. Expected (normal) values, determined from a population of 283
healthy subjects, ranging in age from 35 to 98 years and equally distributed
between males and females, ranged from 52 to 116 U/ml, with a 95th percen-
tile at 85 U/ml. The manufacturer recommends that each laboratory establish
its own reference values and clinical cutoff concentrations, which may vary
depending on geographic, dietary, and environmental factors.

3. Clinical Studies Review

This review includes several clinical studies that have evaluated the perfor-
mance of the ACB test for monitoring IMA in various ischemic populations.
Studies were typically performed in small numbers of patients with various
study designs. As a consequence, published data are preliminary and still
need to be confirmed in larger studies and trials. The goals of these studies
have been to demonstrate that the ACB test is a sensitive, early marker of
reversible and irreversible cardiac ischemia and to demonstrate that IMA
increases before markers of myocardial necrosis (cardiac troponin). How-
ever, many questions remain unanswered. The ACB test needs to be evalu-
ated by incorporating it into decision-making algorithms under ED
conditions. The highest expected benefit of the test would be to rule out
ACS in low to moderate pretest probability conditions with negative necrosis
markers and a negative ECG (electrocardiogram). This was the language for
which the ACB test was cleared by the FDA for clinical use.

Table 1 summarizes the clinical studies reviewed. In the first descriptive
clinical study published, IMA was measured in 99 patients with cardiac chest
pain and 40 patients with noncardiac chest pain [7]. Samples were collected



TABLE 1
SUMMARY OF CLINICAL STUDIES MEASURING ISCHEMIA-MODIFIED ALBUMIN BY THE ALBUMIN-COBALT BINDING TEST

Number of NPV for PPV for
Reference Setting patients ischemia ischemia Outcome measure Type of study

Bar-Or, 2000 [7] ACS 139 NA NA Final diagnosis of ischemia Prospective enrollment

Christenson, 2001 [9] ACS 224 96% 33% c¢Tnl at 6-24 hours Prospective enrollment

Bar-Or, 2001 [8] PTCA 54 NA NA Change in albumin—cobalt binding assay Prospective enrollment
value after procedure

Bhagavan, 2003 [10] ACS 167 91% 92% Final diagnosis of ischemia Retrospective enrollment

Sinha, 2003 [11] PTCA 30 NA NA Change in albumin—cobalt binding assay Prospective enrollment
value after procedure

Quiles, 2003 [12] PCI 34 NA NA Ischemia-modified albumin changes related to  Prospective enrollment
number and duration of inflation during PCI

Garrido, 2004 [13] PCI 90 NA NA Ischemia-modified albumin increases related to  Prospective enrollment
PCI and collaterals present

Roy, 2004 [15] DCCV 24 NA NA DCCYV for A fib caused increases in Prospective enrollment
ischemia-modified albumin

Sinha, 2004 [16] ACS 245 72% 59% Compare PPV and NPV of ischemia-modified ~ Prospective enrollment

albumin vs. other biomarkers and
electrocardiogram

NPV = negative predictive value; PPV = positive predictive value; ACS = acute coronary syndrome; PTCA = percutaneous transluminal
coronary angioplasty; PCI = percutaneous coronary intervention; DCCV = direct-current cardioversion; A fib = atrial fibrillation; NA = not

applicable.
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within 4 hours of presentation to the ED in patients with the primary
complaint of chest pain. Ninety-five of 99 patients with cardiac chest pain
had increased IMA levels, and 37 of 40 patients with noncardiac chest
pain had normal values. However, no other biochemical markers or ECG
status were reported at the time of presentation for comparison.

A separate multicenter study involving 224 ED patients with signs and
symptoms indicative of ACS [9] examined the ability of the ACB test to
predict a cardiac troponin (¢Tn) positive or negative result within 6-24 hours
after presentation. All patients had a negative cTnl result at presentation.
Patients were considered troponin positive if one or more c¢Tnl values were
above the upper limit of normal within 6-24 hours. At the optimum cut-off
for the ACB test, sensitivity and specificity were 70% and 80%, with a
negative predictive value of 96%. There were 6 false negatives and 131 true
negatives. cTnl alone was used as the outcome measure, and ECG status at
presentation was not considered in the design of the study. A control group
of 109 healthy adults (ages 20-85 years) was also tested to determine refer-
ence limits. The cut-off value of 75 U/ml for the study group, derived by the
receiver—operator characteristic curve, was lower than the 80.2 U/ml value
that represented the 95th percentile of the control population, demonstrating
overlap between normal and increased values. This resulted in a positive
predictive value of 33%.

In another study, by Bhagavan and coworkers [10], ACB assay results
were correlated with final discharge diagnoses in 75 ED patients with myo-
cardial ischemia and 92 patients with general good health. A clinical diagno-
sis of myocardial ischemia was based on clinical signs and symptoms,
imaging, ECG, and other biochemical markers. A subgroup had MI, the
diagnosis that was based on the new European Society of Cardiology/
American College of Cardiology criteria [3, 4]. The sensitivity and specificity
for myocardial ischemia were 88% and 94%, and the positive and negative
predictive values were 92% and 91%, respectively. The ACB test, however,
was a poor discriminator between ischemic patients with and without MI.

The inflation of a balloon during angioplasty causes transient myocardial
ischemia in humans. On the basis of previous reports demonstrating that
percutaneous transluminal coronary angioplasty (PTCA) can be used as an
in vivo model of mild transient myocardial ischemia in humans, a fourth
study examined 41 patients undergoing elective PTCA [8]. The ACB test,
CK-MB, myoglobin, and ¢Tnl were monitored before, immediately after,
and 6 and 24 hours after PTCA. During the procedure, 37 of 41 patients had
stents placed, and 33 had signs, symptoms, or ECG signs of ischemia. Of 41
patients, 34 had increased IMA values immediately after the procedure,
representing a 10.1% mean difference for IMA concentrations between
those with and without a change. There was no significant mean percentage
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change of IMA from baseline at either 6 or 24 hours, however. There also was
no significant difference between the patients who did and who did not have
signs and symptoms of ischemia during the procedure.

CK-MB, myoglobin, and ¢Tnl showed no changes immediately after the
procedure, but at 6 and 24 hours there were significant IMA increases.
However, no patients showed an increase above their respective upper refer-
ence limits. Further, there was no correlation between ACB test results and
the other biomarkers. In addition, a control group of 13 patients was also
tested; they had coronary angiography without angioplasty and stenting.
None had symptoms and signs of ischemia during the procedure and no
significant mean percentage changes from baseline were found for any bio-
chemical markers. This study demonstrated that changes in IMA occurred
minutes after the onset of transient ischemia and returned to baseline at 6
hours in the PTCA setting. No samples were taken, however, between the
procedure and 6 hours postprocedure. Thus, kinetic data, which were not
demonstrated in this study, are needed for a better understanding of the
mechanisms of IMA formation, release, and clearance.

In a recent study by Sinha and coworkers [11], IMA and c¢TnT were
compared before, immediately after, 30 minutes after, and 12 hours after
elective PTCA. The study group consisted of 19 patients who had >70%
single-vessel disease and who had chest pain or ischemic ECG changes
during the procedure. Stents were deployed as required. IMA levels were
elevated from baseline (72 U/ml) in 18 of 19 patients both immediately after
(101 U/ml) and 30 minutes after (87 U/ml) the procedure and returned to
below baseline at 12 hours. None of the patients had ¢TnT levels above the
upper limit of normal. A control group of 11 patients undergoing diagnostic
angiography were also included who did not have significant changes in
IMA levels.

Quiles and coworkers also confirmed and expanded previous reports that
IMA was a marker of ischemia in the setting of percutaneous coronary
intervention (PCI) [12]. In 34 patients who underwent elective single-vessel
PCI for the management of stable angina, IMA was monitored both 10
minutes before and within 5 minutes after the last balloon inflation. All
serum specimens collected were frozen within 2 hours and were batch ana-
lyzed. Before PCI, IMA levels were 59.9 U/ml (SD19) and increased to 80.9
U/ml (SD22) after angioplasty (both values are within the normal reference
interval of the assay). IMA levels were higher in patients with more balloon
inflations (>5; 88.8 vs. 70.9 U/ml), higher-pressure inflations, and longer
inflation duration (duration of inflations 151.6 £+ 1.01 seconds). Overall,
these data support IMA as a marker of the occurrence of balloon-induced
myocardial ischemia. Similar observations were also made by Garrido and
coworkers, who demonstrated that IMA levels increased 10 minutes after
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PCI, with larger increases occurring in patients without collateral vessels
(4.8% with vs. 14% without) [13]. Although these studies indicate that IMA
is an early marker of transient ischemia in the PTCA setting, larger trials are
necessary to validate this hypothesis.

In an abstract presented at the 2003 meeting of the Society of Academic
Emergency Medicine, the utility of IMA in making risk stratification deci-
sions at ED presentation was projected by reviewing 251 records in a pro-
spective design [14]. A risk level was assigned to each patient based on the
reviewer’s clinical practice, using demographics, cardiac risk profile, signs
and symptoms, ECG, and biochemical marker status. After 2 weeks, risk
levels were reassigned, adding the IMA concentration measured at presenta-
tion into the assessment. The study population was at low risk, with a 10%
frequency of ACS. Without knowledge of the IMA result, 66 “very low risk”’
risk assessments (consistent with expeditious discharge home) were made.
With the knowledge of IMA, 236 cases were identified as very low risk. No
patients with negative IMA results were found to have ACS, demonstrating a
negative predictive value (NPV) of 100%.

Roy and coworkers studied 24 patients who underwent elective direct
current cardioversion for atrial fibrillation [15]. Serum collected before and
at both 1 and 6 hours after direct current cardioversion was frozen at 70 °C
within 2 hours and batch analyzed after thawing. At baseline, IMA was 62
U/ml and increased to 80 U/ml 1 hour after direct current cardioversion in
patients with ECG changes. However, in patients with ECG changes, no
changes were observed (pre: 61 U/ml; post 63 U/ml). Overall, the authors
postulate that IMA release was indicative of cardiac ischemia relating to
ECG changes. As noted earlier, the manufacturer’s package insert of the
ACB assay states that a combination of the ACB test with a negative cardiac
troponin, a nondiagnostic ECG, and appropriate risk stratification may
bring about a near 100% negative predictive value [5]. These observations
were recently reported by Sinha and coworkers [16] in their study of 208
patients suggestive of ACS presenting to the ED within 3 hours of acute chest
pain. In this study, IMA, in conjunction with ECG and ¢TnT, was moni-
tored. Results, alone and in combination, were correlated with final diag-
noses (nonischemic chest pain, unstable angina, MI). Sensitivities and
specificities at presentation were as follows: IMA alone 82%, 46%; ECG
alone 45%, 91%; c¢TnT alone at >0.05 ug/l cutoff 20%, 99%; ECG and
cTnT 53%, 90%; IMA and cTnT 90%, 44%; IMA and ECG 92%, 43%;
IMA, ECG and c¢TnT 95%, 42%. These data showed that the sensitivity of
IMA alone was no different than IMA and ECG combined and that IMA
was highly sensitive for the diagnosis of myocardial ischemia.

The role of IMA, even with the low specificity of 46%, was thought to be
useful, pending larger trials, to improve diagnostic strategies for patients
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with acute chest pain presenting to EDs. However, this study did not monitor
IMA prospectively (all samples were frozen and batch analyzed), as would be
necessary to be implemented in an ED decision algorithm. To be truly
effective in a rapid triage ED chest pain evaluation protocol, near-bedside
(point of care) testing, with a 24 hours a day, 7 days a week turn-around time
of <30 minutes would be desirable. The test had limited specificity with many
false positives, with considerable overlap between normal and ischemic IMA
levels. A positive ACB test result also did not appear to discriminate between
unstable angina and early myocardial necrosis. However, a negative ACB
test effectively differentiated these two groups from noncardiac patients with
angina-like symptoms.

4. Future Needs and Unanswered Questions

IMA, which appears to be an indicator of oxidative stress, may not be
specific for cardiac ischemia. There is limited data about IMA levels in
noncardiac ischemia. There is anecdotal evidence indicating that IMA
increases in stroke, end-stage renal disease, and some neoplasms [12]. In a
group of marathon runners, IMA did not increase immediately after a
marathon run, indicating that skeletal muscle ischemia during exercise does
not change IMA levels [17]. However, there were significant increases at
24-48 hours after the run, which were attributed to exercise-induced latent
gastrointestinal ischemia. This latent increase is an issue that may potentially
complicate the use of the test in clinical practice. Further, resolving the
influence of fluid shifts, effects of increased lactic acid concentrations, and
albumin concentration changes on the ACB test, which occur following
strenuous exercise and other pathologies, need to be more fully understood.

Future studies that are needed for the evolution of this new assay include
normal population distributions by gender and ethnicity; an optimum cut-off
value for a high versus normal concentration in ACS patients, comparing IMA
levels in common disease states both with or without accompanying cardiac
disease; and added information in common diseases that coexist with car-
diac ischemia, such as congestive heart failure, diabetes mellitus, chronic
renal disease, hypertension (18). A better understanding of IMA kinetics over
the early hours after the onset of an ACS is essential to understanding the
interpretative value, if any, of serial monitoring of IMA after presentation.

Of the numerous questions that remain, the most prominent is how clin-
icians will interpret a positive IMA finding. The positive predictive value of
the ACB test seems to be too low for use in ruling in ischemia, a use that
clinicians hope the laboratory could provide. It is not known whether
patients with negative ECG and necrosis markers (cardiac troponin) and a
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positive IMA result might benefit from early triage and intervention accord-
ing to stratified pretest probabilities. Therefore, outcome and risk stratifica-
tion studies monitoring IMA alone and in combination with other clinical
and biomarkers findings are needed. In clinical practice, this lack of infor-
mation can potentially lead to overtreatment of low-risk patients, with a
positive (IMA) result. Whether positive (IMA) results in noncardiac patients
may be associated with significant clinical conditions that justify admission
for a more detailed examination needs to be explored.

5. Summary

IMA measured by the ACB test is proposed as a novel marker that appears
sensitive to cardiac ischemia. It has the potential to become a triage tool in
suspected ACS patients, especially to rule out ACS, and might also find utility
in stroke, stress testing, nuclear imaging, and states of noncardiac ischemia
and oxidative stress. Rapid-testing platforms will be necessary to achieve the
optimal goal of assisting in the triage of chest (ACS) patients that present to
EDs. However, it does not appear to be highly tissue or clinically specific.

There is a continued need to improve the clinical and analytical evidence
base of IMA to substantiate its clinical use in diagnostics and outcomes
assessment. The search for a marker, whether IMA or another marker that
establishes an evidence base, that would effectively rule in as well as rule out
early cardiac ischemia continues. The ACB test has barely begun the explo-
ration of the exciting challenges and discoveries that lie ahead in assisting
clinicians in the early detection of myocardial ischemia to assist and improve
patient triage, therapy, and management.
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1. Introduction

Kallikreins are serine proteases with diverse physiological functions. Until
recently, it was thought that the human kallikrein gene family included only
three members, but recent studies have led to the complete characterization
of the human kallikrein gene locus and identification of all 15 members of
this family. Kallikreins are expressed in many organs, most prominently in
endocrine-related tissues such as the prostate, breast, ovary, uterus, vagina,
and testis. Many kallikreins are regulated by steroid hormones in cancer
cell lines, and several lines of investigation have supported a link between
kallikreins and cancer.

Prostate-specific antigen (PSA, hK3) and, more recently, human glandular
kallikrein 2 (hK2) are used as tumor markers for prostate cancer. Several
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other kallikreins, including hK5, hK6, hK8, hK10, hK11, and hK14, are
emerging as new serum biomarkers for ovarian cancer diagnosis and prog-
nosis. Some other kallikreins are differentially expressed at both the mRNA
and protein levels in various endocrine-related malignancies. The coexpres-
sion of many kallikreins in several cancer types and other information points
to the possibility of their involvement in a cascade-like pathway that may
be associated with cancer pathogenesis or progression. Finally, in addition
to their diagnostic/prognostic utilities, kallikreins may be attractive novel
therapeutic targets.

2. Discovery of the Human Tissue Kallikrein Gene Locus:
A Short Historical Perspective

Until approximately 1998, it was thought that the human kallikrein gene
locus included three genes: pancreatic/renal kallikrein (KLKI), glandular
kallikrein (KLK?2), and PSA (KLK3). Several early estimates of the size of
the human kallikrein gene family were contradictory. Southern blot analysis
indicated that the size of this family varied from just three to four genes[1] to
as many as 19 genes [2]. Starting around 1996, several independent groups
reported the cloning of new serine proteases that colocalized at the chromo-
somal region 19q13.4 and shared a high degree of homology with the known
kallikreins (also called the “classical” kallikreins in this review). Extensive
work from our laboratory and from other groups analyzing genomic sequen-
ces in the vicinity of chromosome 19q13.4, available through the Human
Genome Project, has lead to the cloning of all 15 members of the human
kallikrein gene family. Table 1 summarizes information from genomic and
protein databases for all tissue kallikreins. Later, we present the detailed
description of the locus and contrast these data with information derived
from the independent analysis of the DNA sequence of chromosome 19 [3].

3. Kallikreins in Rodents and Other Species

Kallikreins are found in both primates and nonprimates. Kallikrein
genes and proteins have been identified in six different mammalian orders:
Primates, Rodentia, Carnivora, Proboscidea, Perissodactyla, and Artiodac-
tyla [4]. The number of kallikreins varies among species, and kallikreins in
rodents and other animal species have been extensively described in a number
of excellent reviews [2, 5-8]. In this section, we provide only a quick overview
and some recent updates about kallikrein families in different species, with
special emphasis on their structural and localization relationships with the
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TABLE 1

Official gene name Other names/symbols Genbank accession number ~ Unigene cluster ~ Merops ID  SwissProt ID
KLKI Pancreatic/renal kallikrein, hPRK M25629 Hs.123107 S01.160 Q07276
M33105
KLK2 Human glandular kallikrein 1, hGK-1 M18157 Hs.181350 S01.161 P20151
KLK3 Prostate-specific antigen, PSA, APS X14810 Hs.171995 S01.162 P07288
M24543
M27274
KLK4 Prostase, KLK-L1, EMSPI1, PRSS17, AF113141 Hs.218366 S01.251 QIY5K2
ARMI1 AF135023
AF148532
KLKS KLK-L2, HSCTE AF135028 Hs.50915 S01.017 Q9Y337
AF168768
KLK6 Zyme, Protease M, Neurosin, PRSS9 AF013988 Hs.79361 S01.236 Q92876
AF149289
U62801
D78203
KLK7 HSCCE, PRSS6 L33404 Hs.151254 S01.300 P49862
AF166330
KLKS Neuropsin; Ovasin; TADG-14, PRSS19, AB009849 Hs.104570 S01.244 060259
HNP AF095743
AB010780
AF055982
KLK9 KLK-L3 protein AF135026 Hs.448942 S01.307 QIUKQ9
KLKI0 NESI1, PSSSL1 AF055481 Hs.69423 S01.246 043240
NM_002776
KLKI11 TLSP/Hippostasin, PRSS20 AB012917 Hs.57771 S01.257 QIUBX7
KLKI2 KLK-LS protein AF135025 Hs.159679 S01.020 Q9UKRO
KLKI3 KLK-L4 protein AF135024 Hs.165296 S01.306 QI9UKR3
KLKI14 KLK-L6 protein AF161221 Hs.283925 S01.029 QIPOG3
KLKI5 prostinogen, HSRNASPH AF303046 Hs.250770 S01.081 Q9H2RS

“According to the Human Gene Nomenclature Committee (http://www.gene.ucl.ac.uk/nomenclature).
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human kallikreins. More detailed discussion can be found in our recent
review [9].

3.1. THE MousE KALLIKREIN GENE FAMILY

In the mouse, kallikreins are represented by a large multigene family,
initially thought to include 25 genes. Among those, at least 14 genes
were presumed to be encoding for serine proteases [5]. Recent data from the
Mouse Genome Project (http:/www.ncbi.nlm.nih.gov/genome/guide/mouse/)
indicate the existence of 36 mouse kallikrein genes (including annotated
genes). Olsson and Lundwall published the organization of the kallikrein
gene family in the mouse through sequence analysis of different databases
[10]. Mouse tissue kallikrein genes reside in a locus that spans approxi-
mately 310 kb at or near the Tam-1 locus on mouse chromosome 7. Data
from the human/mouse homology maps (http:/www.ncbi.nlm.nih.gov/
projects/Homology/) show that this region is highly syntenic to the human
chromosome 19q13.4, which harbors the human kallikrein genes (up to 75%
sequence similarity). Sequence analysis indicated the presence of possible
mouse orthologues for the human kallikreins 1 and 4 through 15, but not
for the classical kallikreins KLK2 and KLK3. Comparing the human and
mouse kallikrein loci, however, indicated that although the distance bet-
ween the human KLK/ and KLKI5 genes is only 1.5 kb, the same area in
the mouse genome is 290 kb in length and harbors the rest of the mouse
kallikreins [10]. All mouse kallikrein genes are transcribed in the same direc-
tion and share a high degree of structural homology at both the mRNA and
protein levels (70%-90%). They also share the same genomic organization,
being formed of five coding exons and four introns, with completely
conserved exon-intron splice sites. A TATA box variant “TTAAA” and
consensus polyadenylation signal sequences were found in all mouse kallik-
reins [11-13]. All mouse kallikreins code for pre-pro-kallikreins that are 261
amino acids in length, with an 18-amino acid signal peptide followed by a
profragment of six amino acids. Similar to the human family, only one mouse
kallikrein (mGK6) has a true kininogenase activity [11]. Other mouse kalli-
krein proteins have different types of activities. mGK3 and mGK4 are nerve
growth factor-binding and nerve growth factor—processing enzymes; mGK9,
mGK13, and mGK22 are epidermal growth factor-binding proteins; mGK22
is a nerve growth factor—inactivating enzyme; mGK]I6 is «-renin and mGK26
is prorenin-converting enzyme-2 [14, 15]. With the expansion of the mouse
kallikrein gene family and the identification of new mouse orthologues of the
human kallikreins, a revision of the mouse, human, and other species’
kallikrein nomenclature, based on map sequence and evolutionary analyses,
should be considered in the future.
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3.2. THE RAT KALLIKREIN GENE FAMILY

Another large family of about 13 kallikreins was originally identified in
the rat, of which at least 10 are transcriptionally active [16]. More recent
data from the Rat Genome Database (http://ratmap.gen.gu.se/) show the
possibility of the existence of additional kallikreins in the rat genome (see
following). Rat kallikreins are clustered in the same chromosomal region
and share a high degree of structural similarity. They also have the same
conserved structure of five coding exons and four introns, with most of the
similarity in the exonic, rather than intronic, regions [17]. Ten of the 13 rat
kallikreins code for potentially active serine proteases that are 261 amino
acids in length; the rest are assumed to be pseudogenes. As is the situation
in the human and the mouse, only one rat kallikrein (rKLKI) meets the
functional definition of a kallikrein [18]. rKLK2 codes for tonin, which
converts angiotensinogen to angiotensin II [19], and rKLKI0 codes for a
kininogenase, which cleaves T-kininogen to release T-kinin [19]. Rat kalli-
krein mRNA levels were found to be responsive to hormonal manipulation,
and castration of male animals resulted in a decrease of mRNA, which could
be restored by testosterone [20]. Pituitary rKLKI has been found to be
upregulated by estrogen [8]. Interestingly, rodent kallikreins are mainly
expressed in the salivary gland, with very few of them having a wider tissue
expression pattern [8].

Recently, Olsson et al. reported a more precise genomic organization of
the rat kallikrein locus [21]. The rat KLK locus spans approximately 580 kb
on chromosome 1q21, contains 22 genes and 19 pseudogenes, and is devoid
of KLK2 and KLK3 orthologues. This locus contains nine duplications of an
approximately 30-kb region harboring the KLKI, KLKI5, and pseudogene
WKLK2,and KLK4, resulting in nine paralogues of each gene. However, only
the KLKI paralogues seem to be functional. For more details, see Olsson
et al. (2004) [21].

3.3. THE MAsTOMYS KALLIKREIN GENE FAMILY

Mastomys is an African rodent that is intermediate in size and that has
physical characteristics between the mouse and rat. It has been studied
because of the presence of an androgen-responsive prostate in the female.
Fahnestock reported the cloning of cDNAs from Mastomys. Two of these
cDNAs were expressed in the kidney as well as the submandibular gland, and
one is hypothesized to code for a true tissue kallikrein [22]. A third kallikrein
was found only in the submandibular gland. DNA sequence analysis and
hybridization studies demonstrate that Mastomys represents an interesting
hybrid between mouse and rat [22].


http://ratmap.gen.gu.se/

HUMAN TISSUE KALLIKREINS 17

3.4. THE MONKEY AND CHIMPANZEE KALLIKREIN GENE FAMILIES

A cynomolgus monkey tissue kallikrein gene has been characterized from
a monkey renal cDNA library and has been shown to be 90% homologous to
its human counterpart at the nucleotide level [23]. The ¢mKLKI encodes a
tissue kallikrein of 257 amino acids, which is 93% homologous to the human
kallikrein protein. The key residues important for kininogenase activity are
entirely conserved. A rhesus monkey prostatic KLK3 cDNA encoding the
simian counterpart of PSA (KLK3) has also been cloned [24]. It consists of
1515 nucleotides, encoding a preproenzyme of 261 amino acids, with a long
3/ untranslated region. The deduced amino acid sequence is 89% homologous
to human hK3 and 71% to human hK2. Tyr®?, a residue important for the
kininogenase activity of the human kallikrein 1, is replaced by a serine,
indicating that rmKLK3 will lack kininogenase activity, as does its human
counterpart.

Recent data from the Chimpanzee Genome Project have revealed that the
chimpanzee KLK locus is strikingly similar to the human locus, spans about
350 kb of genomic sequence on chromosome 20, and contains orthologues to
all human kallikrein genes, with an overall >99% sequence similarity at the
DNA and amino acid levels (our unpublished data).

3.5. THE DoG KALLIKREIN GENE FAMILY

Only two kallikreins have been identified in the dog: dKLKI, encoding a
true tissue kallikrein based on functional definition, and dKLK?2, encoding
a canine arginine esterase [25]. dKLKI encodes a polypeptide of 261 amino
acids with a typical 24-residue pre-pro-peptide, a conserved catalytic triad of
serine proteases, and a tissue kallikrein substrate-binding pocket. A prostatic
c¢DNA and the gene encoding for canine arginine esterase (dKLK2) have both
been cloned. As for all other mammalian kallikrein genes, dKLK2 consists
of five exons and four introns, with fully conserved exon/intron boundaries,
and an “AGTAAA” polyadenylation signal identical to that of human hK1.
The dKLK?2 gene product shows a wide pattern of tissue expression and has
less overall conservation (~50%) with kallikreins of other species.

3.6. KALLIKREINS IN OTHER SPECIES

No more than three tissue kallikreins were identified up to now in the
guinea pig [26]. Two kallikreins were cloned in the horse—a renal kallikrein
[27] and a horse prostate kallikrein [28], which is a homologue of human
PSA. Southern blot analysis data detected KLK2- and KLK3-positive
bands in several nonhuman primate species including macaque, orangutan,
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chimpanzee, and gorilla, but not in cows and rabbits [29]. Kallikreins
were also isolated from the pancreas, colon, and submadibular gland of
the cat [30]. Nonprimates do not contain any prostate-localized proteins
homologous to PSA [31].

Completion of many other future genome projects will facilitate accurate
comparisons of the KLK families in many species.

4. Characterization and Sequence Analysis of the Human
Tissue Kallikrein Gene Locus

4.1. Locus OVERVIEW

The first comprehensive attempt to characterize the human kallikrein
locus was reported by Riegman et al. [32], who proposed that the locus is
formed of only three genes, KLKI, KLK2, and KLK3. These three genes
were found to be clustered in a 60-kb region on chromosome 19q13.4. Their
alignment in the genome is centromere-KLKI-KLK3-KILK2-telomere. KLK?2
and KLK3 are transcribed in the direction from centromere to telomere.
KLKI is transcribed in the opposite direction [32, 33].

Recently, with the discovery of all human kallikrein genes, we were able to
fully characterize the human kallikrein gene locus with high accuracy and to
precisely localize each of the 15 members of the human tissue kallikrein gene
family, as well as to determine the distances between them and their directions
of transcription [34]. The human tissue kallikrein gene locus spans a region
of 261,558 bp on chromosome 19q13.4 and is formed of 15 kallikrein genes
with no intervening nonkallikreins. More recently, a potential kallikrein-
processed pseudogene has been cloned [34a], and the possibility exists
for the presence of at least another two pseudogenes [35]. The kallikrein
gene family is flanked centromerically by the testicular acid phosphatase
gene [36] and telomerically by the CAG (cancer-associated gene) [37] and the
Siglec family of genes [38]. The latest analysis of the genomic region confirmed
and extended our previous findings, as shown in Fig. 1 and Table 2. Minor
differences are a result of discrepancies in noncoding regions.

The kallikrein genes are clustered together, and the distances between
two adjacent genes range from 1.5 (KLKI and KLKI5) to 32.5 kb (KLK4
and KLK5). Detailed information about the locus is presented in Fig. 1 and
Table 2. The locus has been extensively analyzed for the presence of other
kallikreins [34, 35, 39]. It is thus unlikely that new members will be identified
inside the locus or on either end, with the possible exception of more
pseudogenes.
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FIG. 1. Schematic representation of the human kallikrein gene locus on chromosome
19q13.4. Genes are represented by arrowheads indicating the direction of transcription.
Kallikrein genes are shown in blue, and nonkallikrein genes and pseudogenes are presented by
grey and white arrows, respectively. Official gene symbol is shown above each gene, and the
approximate gene length is shown below each gene in kilobytes. The approximate intergenic
regions are shown in red in Kb. CAG, cancer associated gene (GenBank accession AY279382 );
ACPT, testicular acid phosphatase (GenBank accession AF321918). The position of the PPIA
pseudogene is provisional and the length of the intergenic regions (shown with asterisks) may
change in the future. MGC, mammalian gene collection; these two genes have not as yet been
characterized.

4.2. REPEAT ELEMENTS AND PLEOMORPHISM

The kallikrein locus was also analyzed for the presence of repeat elements
[40]. The entire sequence has 49.59% GC content, which is comparable
to other genomic regions. Approximately 52% of the region was found to
contain various repetitive elements (on either strand). Short interspersed
nuclear elements, such as ALU and MIR repeats, are the most abundant
repetitive elements (22.53%), followed by the long interspersed nuclear ele-
ments, which represent 13.1% of the repetitive elements. Other repeat
elements, including Tigger2, MERS, and MSRI1, were also identified in
KLK4 introns [41].

The human kallikrein locus contains a unique minisatellite element that
is restricted to chromosomal band 19q13, and ten clusters of this minisatellite
are distributed along the kallikrein locus. These clusters are mainly located
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TABLE 2
COORDINATES OF ALL GENES AND PSEUDOGENES CONTAINED WITHIN THE HUMAN
KALLIKREIN LOCUS NUMBERS ARE GIVEN ACCORDING TO GENBANK CONTIG NT_011109

Number Intergene

Name Strand Start End Length of exons region
ACPT + 23561862 23566671 4810 11 2479
MGCI13170 - 23576164 23569151 7014 2 12962
MGC 45922 + 23589127 23590324 1198 2 269
KLK1 - 23595233 23590594 4640 5 1501
KLKI15 - 23608659 23596735 11925 5 17701
KLK3 + 23626361 23632210 5850 6 12668
KLK?2 + 23644879 23650051 5173 5 8299
KLKW¥1 - 23659265 23658351 915 1 18532
KLK4 - 23682184 23677798 4387 6 16794
WPPIAY - 23699479 23698977 503 1 15269
KLKS5 - 23724466 23714749 9718 6 5611
KLK6 - 23741119 23730078 11042 7 6799
KLK7 - 23755340 23747919 7422 6 12113
KLK8 - 23773148 23767454 5695 6 810
KLK9 - 23781080 23773959 7122 5 4635
KLK10 - 23791472 23785716 5757 6 2204
KLKI11 - 23799480 23793677 5804 6 1057
KLKI12 - 23806338 23800538 5801 6 21314
KLK13 - 23836557 23827653 8905 5 12206
KLK14 - 23855692 23848764 6929 8 14272
CAG® - 23876037 23869965 6073 3 20317
SIGLEC9 + 23896355 23901757 5403 7 —

“Coordinates for WPPIA are provisional.
5CAG is also known as LOC90353.

in the promoters and enhancers of genes, as well as in introns and in the
untranslated regions of mRNAs. Polymerase chain reaction (PCR) analysis
of two clusters of these elements indicates that they are polymorphic, and thus
they can be useful tools in linkage analysis and DNA fingerprinting. Interest-
ingly, one of the clusters was found to extend from the last part of exon 3 of the
KLKI4 gene. Our preliminary data show that the distribution of the different
alleles of these minisatellites might be associated with malignancy [40].

5. Structural Features of the Human Tissue Kallikrein
Genes and Proteins

Extensive analyses over the last few years have led to the identification of
many common structural features of kallikreins. Some of these features
are shared with other members of the S1 family of serine proteases (see
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following). Other features, however, are unique to certain kallikreins. As
mentioned above, some of the kallikrein-specific features are conserved
among species (e.g., all kallikreins have five coding exons, and only one
member in each species has true kininogenase activity). Human tissue kalli-
krein gene lengths range from 4 to 10 kb, with most of the differences
attributed to introns.

5.1. CoMMON STRUCTURAL FEATURES

The common structural features of kallikreins can be summarized as fol-
lows (see also Table 3) [34, 42-44]. First, all genes possess five coding
exons (except for a KLK4 variant, which has four exons), and most of them
have one or two extra 5 untranslated exons. The first coding exon always
contains a 5 untranslated region, followed by the methionine start codon,
located 37-88 bp away from the end of the exon. The stop codon is always
located 150-189 bp from the beginning of the last coding exon. Second, exon
sizes are very similar or identical. Third, the intron phases of the coding
exons (i.e., the position where the intron starts in relation to the last codon of
the previous exon) are conserved in all genes. The pattern of the intron phase
is always I-1I-1-0. Fourth, the positions of the residues of the catalytic triad
of serine proteases are conserved, with the histidine always occurring
near the end of the second coding exon, the aspartate at the middle of the
third coding exon, and the serine residue at the beginning of the fifth
coding exon. Fifth, all kallikrein proteins are predicted to be synthesized
as pre-pro-peptides, with a signal peptide of 16-57 amino acids at the
N terminus, followed by an activation peptide of about three to nine amino
acids, followed by the enzymatically active (mature) protein (223-252 amino
acids). Sixth, the amino acid of the substrate-binding pocket is either aspar-
tate (11 kallikreins) or glutamate (1 kallikrein), indicating trypsin-like
specificity (12 kallikreins), or another amino acid (probably conferring
chymotryptic or other activity), as is the case with hK3 (serine), hK7 (aspar-
agine), and hK9 (glycine). Seventh, in addition to the conservation of the
catalytic amino acid triad, seven additional protein motifs were also found
to be highly conserved in kallikreins [44]. Eighth, most, if not all, kallikrein
genes are under steroid hormone regulation. Ninth, all proteins contain
10-12 cysteine residues, which will form five (in hK1, hK2, hK3, and
hK13) or six (in all other kallikreins) disulphide bonds. The positions of
the cysteine residues are also fully conserved. Finally, classical or variant
polyadenylation signals have been found 10-20 bases away from the poly-A
tail of all kallikrein mRNAs. All three classical kallikreins have the
same variant polyadenylation signal AGTAAA [5, 33, 45-47]. Multiple
alignments of all kallikrein proteins have been published previously [43].



SUMMARY OF HUMAN TISSUE KALLIKREIN PROTEIN CHARACTERISTICS

TABLE 3

Protein name pl“ MW?  Full length®  Signal peptide’  Activation peptide’ ~ Mature protein®  Cysteines”  Substrate specificity®
hK1 4.62 28.9 262 17 7 238 10 Trypsin-like
hK2 6.44 28.7 261 17 7 237 10 Trypsin-like
hK3 6.78 28.8 261 17 7 237 10 Chymotrypsin-like
hK4 4.71 27.0 254 26 4 224 12 Trypsin-like
hKS5 8.64 32.0 293 57 9 227 12 Trypsin-like
hK6 7.15 26.8 244 16 5 223 12 Trypsin-like
hK7 8.82 27.5 253 22 7 224 12 Chymotrypsin-like
hK8 8.61 28.5 260 28 4 228 124 Trypsin-like
hK9 7.10 27.5 250 19 3 229 12 Chymotrypsin-like
hK10 8.95 30.1 276 33 9 234 12 Trypsin-like
hK11 8.80 275 250 18 3 229 12/ Trypsin-like
hK12 7.57 26.7 248 17 4 227 12 Trypsin-like
hK13 8.78 30.6 277 20 5 252 10 Trypsin-like
hK14 9.30 27.5 251 18 6 227 12 Trypsin-like
hK15 8.27 28.1 256 16 5 235 12 Trypsin-like

“Isoelectric point.

®Molecular weight of the full-length protein in kilodaltons, excluding any post-translational modifications.

“Number of amino acids.

9The number of cysteine residues in the mature enzyme.

“Some substrate specificities have not been experimentally verified.
/Has an extra “C” residue in a nonconserved position.
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5.2. THREE-DIMENSIONAL STRUCTURE

The crystal structure has been revealed for some rodent kallikreins. The
three-dimensional structure of a horse orthologue of the human hK3 has also
been reported [28]. In contrast, hK1 and hK6 are the only human kallikreins
for which crystal structures have been determined [48-50]. Most of the
discussion in this section is derived from comparative model building of the
human kallikrein proteins.

Kallikreins can be roughly divided into two categories, the classical kal-
likreins (hK1, hK2, and hK3) and the “new”” kallikreins. The new kallikreins
appear to be unique in their three-dimensional structure and share some
features with trypsins and other features with the classical kallikreins. Com-
parative protein models show that the pattern of hydrophobic side-chain
packing in the protein core is nearly identical in all human kallikreins, and
the observed differences occur within the solvent-exposed loop segments.

An 11-amino acid residue insertion relative to the trypsin sequences in
loop E (residues 91-103 in the bovine chymotrypsinogen consensus number-
ing), also known as ‘“‘the kallikrein loop,” is a unique feature of the three
classical kallikreins. Loop E is located between the fifth (residues 81-90) and
the sixth strand (residues 104-108), and loop G between the seventh and the
eighth strand (residues 156-163). None of the new human kallikreins con-
tains this loop in its entirety. Loop E in hK10 is longest, with an eight-
residue-long insertion relative to the trypsin sequences. Loop E overhangs
the substrate-binding groove on the surface of the protease molecule, and its
length and sequence can directly influence substrate recognition.

The KLK15 gene is particularly interesting, as it lies between two classical
tissue kallikrein genes, KLK/ and KLK3 [51], yet the sequence and structure
of hK 15, with six disulphide bonds and no insertion in the so-called kallikre-
in loop (E), clearly place it among the new kallikreins. Moreover, in loop G,
hK15 has an eight-residue insertion [51] that is not found in any other
kallikrein. In the three-dimensional structure, the extended loop G lies on
the opposite side of the active site relative to loop E, and although it is more
distant to the substrate-binding groove, loop G may also participate in
substrate and inhibitor recognition.

6. Sequence Variations of Human Kallikrein Genes

Sequence changes, including polymorphisms and mutations, are clinically
important. In addition to medicolegal applications, they can also be indica-
tors for susceptibility and prognosis for different malignancies [52]. KLK3 is
the most extensively studied kallikrein in this respect. Comparison of the
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published mRNA sequences of KLK3 revealed infrequent and inconsistent
sequence variations. Baffa et al. found no evidence of mutations in the KLK3
mRNA sequence in prostate cancer compared to matched normal tissues
from the same patient [53]. Similarly, no mutations were found in the coding
portion of the KLK3 gene in breast cancer tissues and cell lines, with the
exception of a polymorphism in exon 2 in some breast tumors [54]. Three
distinct forms of KLKI mRNA, differing in one or two amino acid substitu-
tions, were identified in different tissues [1, 55, 56]. Experimental evidence,
however, indicates that the protein products of these variants have no
difference in their protein activity [57]. Probably the most polymorphic
sequence of KLK4 is that deposited by Hu et al. [41]. In addition to a large
insertion in the 3’ untranslated region, there are 18 differences between their
sequence and those deposited by others. These probable polymorphisms will
affect the derived amino acid product [41]. We have recently identified a
germline single nucleotide variation in exon 3 of the KLKI0 gene that will
change the amino acid from alanine to serine. This polymorphism is less
prevalent in prostate cancer patients in comparison to control subjects [58].
Also, four other polymorphisms were identified in exon 4 of the same gene.

Within a 5.8-kb promoter/enhancer region of KLK3, 16 different muta-
tional hotspots (appearing more than once in nine tumors) were found in
breast cancer [54]. A single nucleotide variation (G — A) was identified at
position —158 within androgen response element 1 (ARE-1). Univariate Cox
regression modeling showed a 28% reduction in the risk of death in patients
with homozygous G genotype compared to those with homozygous A [59].

In general, the examination of sequence variation within the 300-kb kalli-
krein locus has not been performed in detail, and it is therefore possible that
inactivating mutations within the coding region of kallikrein genes exist but
await discovery. Kallikrein gene inactivation in human diseases would likely
provide clues for the physiological functions of these diseases.

7. The Tissue Kallikreins in the Context of Other Serine
Proteases in the Human Genome

Proteases are enzymes that cleave proteins by hydrolyzing peptide
bonds. On the basis of their catalytic mechanisms, they can be classified
into five main types: proteases that have an activated cysteine residue
(cysteine proteases), an activated aspartate (aspartate proteases), a metal
ion (metalloproteases), or an activated threonine (threonine proteases), and
proteases with an active serine (serine proteases). Within each type, en-
zymes are separated into “clans” (also referred to as “superfamilies’) based
on evidence of evolutionary relationship [60, 61] from the linear order of
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catalytic site residues and the tertiary structure, in addition to distinctive
aspects of catalytic activity such as specificity or inhibitor sensitivity. Each
clan is given a two-letter identifier, of which the first letter is an abbreviation
for the catalytic type. Next, proteins are classified into families (each denoted
by a unique number) and subfamilies (denoted by another letter) based on
sequence similarity to a chosen type example for that family.

7.1. GENoMIC OVERVIEW OF SERINE PROTEASES

According to our recent survey, and studies by others, there are approxi-
mately 500 confirmed, nonredundant proteases in the human genome, in-
cluding nonpeptidase homologues [62-65]. This represents about 2% of all
gene products in humans [60]. This number increases to about 700 when the
“predicted” genes and proteins are included. Approximate figures indicate
that proteases are distributed as follows: 4% are aspartate proteases, 26% are
cysteine proteases, 34% are metalloproteases, 5% are threonine proteases,
and 31% are serine proteases.

Serine proteases (SP) are a family of enzymes that use a uniquely activated
serine residue in the substrate-binding pocket to catalytically hydrolyze
peptide bonds [66]. SP carry out a diverse array of physiological functions,
of which the best known are digestion, blood clotting, fibrinolysis, fertiliza-
tion, and complement activation during immune responses [67]. They have
also been shown to be abnormally expressed in many diseases including
cancer, arthritis, and emphysema [42, 43, 67-70].

Out of the estimated 500 proteases in the human genome, 31% are predicted
to be serine proteases [71]. This large family includes the digestive enzymes
(e.g., trypsin, chymotrypsin), the kringle domain-containing growth fac-
tors (e.g., tissue plasminogen activator), some of the blood clotting factors,
and the kallikreins. In terms of absolute numbers, a total of 150 serine
proteases have been identified in the human genome and are distributed in
all chromosomes except 18 and Y [62]. The density of serine proteases varies
from just one to two genes in most chromosomes to up to 23 genes on
chromosome 19. Most SP are localized sporadically, and relatively few clus-
ters exist. Kallikreins represent the largest cluster of serine proteases in the
human genome.

7.2. STRUCTURAL AND SEQUENCE ANALYSIS

From a structural point of view, kallikreins belong to the serine protease
family of enzymes. The essential features of serine proteases that are pre-
served in the kallikreins can be summarized as follows: only one serine
residue of the protein is catalytically active; two residues, a histidine and an
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aspartate, are always associated with the activated serine in the catalytic site,
forming together what is known as the “catalytic triad” of serine proteases;
each of the catalytic triad residues is surrounded by a highly conserved motif
[the motif GDSGGP surrounds serine, TAAHC surrounds histidine, and
DIMLL surrounds aspartate residues [60]]; the active serine is situated in
an internal pocket, and the aspartate and histidine residues are closely
located in the three-dimensional structure; the catalytically essential histidine
and serine are almost immediately adjacent to their exon boundaries; they
are initially produced in a “zymogen” form; they exhibit a high degree of
sequence similarity; and they contain most of the 29 amino acids that are
reported by Dayhoff to be invariable in many species [72].

Kallikreins belong to the S1 family (also known as the trypsin family), of
clan SA of serine proteases. This is supported by sequence, structural, and
phylogenetic analyses. We have recently performed detailed analyses for
79 protein sequences representing this family, according to the latest infor-
mation from the Human Genome Project and other databases [63]. Our
results show that seven residues are absolutely conserved in this family. An
additional 15 showed almost complete conservation (>95%), and in total,
48 residues were found to be more than 80% conserved, and 87 residues were
found to display greater than 50% conservation. Conserved residues tended
to group together, likely representing certain necessary structural or func-
tional domain elements. This conclusion is supported by the fact that in most
cases of substitution, a residue of similar character (i.e., size, hydrophobicity,
or polarity) was inserted. This implies that the overall character of the local
region is conserved for proper function, more so than some of the individual
amino acid identities. In addition to the conserved motifs around the resi-
dues of the catalytic triad, we recently identified 32 other highly conserved
amino acid motifs in the S1A family of SP, including tissue kallikreins [63].
The biological significance of these motifs has yet to be determined. Multiple
alignment showed the presence of a conserved domain (R/K)(I/V)(V/I)(G/N)
at the N-terminal cleavage site of the zymogen (proenzyme) end of most
members of this family. Most enzymes are cleaved after an Arg or Lys,
indicating the need for a trypsin-like enzyme for activation. In the case of
trypsin, cleavage occurs between residues Lys'> and Ile'® (chymotrypsinogen
numbering). After cleavage Ile'® forms the new N terminus of the protein,
and Asp'®* rotates to interact with it. This rotation, and the resulting salt
bridge, produces a conformational change that completes the formation of
the oxyanion hole and the substrate binding pocket, both of which are
necessary for proper catalytic activity. Certain sequences did not display
conservation of this trypsin cleavage site, with substitutions at either the
15th or 16th positions (e.g., the granzymes). These substitutions likely result
in either cleavage by a protease with different specificity or no cleavage at
all. The presence of Asp at position 189 indicates that most members of
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the STA family will have a trypsin-like specificity. In chymotrypsin and
chymotrypsin-like proteases (e.g., hK3), there is a serine at this position.

Structurally conserved regions usually remain conserved in all members of
the family and are usually composed of secondary structure elements, the
immediate active site, and other essential structural framework residues of
the molecule. For instance, Ser >'* in chymotrypsin-like proteases contributes
to the S1 binding pocket and appears to be a fourth member of a catalytic
tetrad [73]. Between these conserved elements are highly variable stretches
(also called variable regions). These are almost always loops that lie on the
external surface of the protein and that contain all additions and deletions
between different protein sequences. The former regions (structurally con-
served regions) have been successfully used as the basis for predicting
the three-dimensional structure of newly identified SP based on information
on existing members [74]. The latter (variable regions) are important for
studying the evolutionary history of SP.

Certain residues with a variable degree of conservation can be investigated
for their usefulness as “‘evolutionary markers” that can provide insight into the
history of each enzyme family or clan and allow comparative analysis with
other families or clans. Krem and Di Cera [75] identified several such markers
with proven evolutionary usefulness. In addition to the use of these markers for
rooting the phylogenetic trees, attempts were made to classify serine proteases
into functional groups based on these markers or their coding sequences.

Serine proteases exhibit preference for hydrolysis of peptide bonds adja-
cent to a particular class of amino acids. In the trypsin-like group, the
protease cleaves peptide bonds following basic amino acids such as arginine
or lysine, as it has an aspartate (or glutamate) in the substrate-binding
pocket, which can form a strong electrostatic bond with these residues. The
chymotrypsin-like proteases have a nonpolar substrate-binding pocket and
thus require an aromatic or bulky nonpolar amino acid such as tryptophan,
phenylalanine, tyrosine, or leucine. The elastase-like enzymes, however,
have bulky amino acids (valine or threonine) in their binding pockets, thus
requiring small hydrophobic residues, such as alanine [76].

Activation reactions catalyzed by serine proteases (including kallikreins)
are an example of “limited proteolysis’ in which the hydrolysis is limited to
one or two particular peptide bonds. Hydrolysis of peptide bonds starts with
the oxygen atom of the hydroxyl group of the serine residue that attacks the
carbonyl carbon atom of the susceptible peptide bond. At the same time, the
serine transfers a proton first to the histidine residue of the catalytic triad and
then to the nitrogen atom of the susceptible peptide bond, which is then
cleaved and released. The other part of the substrate is now covalently bound
to the serine by an ester bond. The charge that develops at this stage is
partially neutralized by the third (asparate) residue of the catalytic triad.
This process is followed by “deacylation,” in which the histidine draws a
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proton away from a water molecule and the hydroxyl ion attacks the car-
bonyl carbon atom of the acyl group that was attached to the serine. The
histidine then donates a proton to the oxygen atom of the serine, which will
then release the acid component of the substrate.

8. Tissue Expression and Cellular Localization of the
Kallikrein Genes

8.1. OVERVIEW

Many kallikreins are transcribed predominantly in only a few tissues, as
indicated by Northern blotting. By using the more sensitive reverse transcrip-
tase (RT)-PCR technique, kallikreins were found to be expressed at lower
amounts in several other tissues. Many kallikreins are expressed in the sali-
vary gland—the tissue in which most of the rodent kallikreins are expressed.
In addition, several kallikreins were also found in the central nervous system
and endocrine-related tissues such as the prostate, breast, and testis. A more
detailed review of the expression of kallikreins in different tissues by various
techniques can be found elsewhere [44]. A global view of kallikrein expression
in 36 different tissues, as determined by RT-PCR, is presented in Fig. 2.

8.2. IMMUNOHISTOCHEMICAL EXPRESSION OF HUMAN
TissUE KALLIKREINS

Most studies use quantitative methods such as quantitative RT-PCR to
reveal the expression of human tissue kallikreins in benign and malignant
tissues. The recent development by our group of monoclonal and polyclonal
antibodies against many kallikrein proteins has helped in defining their
distribution in tissue extracts [77-79]. Furthermore, using the streptavidin—
biotin method with monoclonal and polyclonal antibodies, we have already
studied the immunohistochemical expression (IE) of seven hKs (hKS5, hK6,
hK7,hK10, hK11, hK13, and hK14) in several normal human tissues, as well
as in the corresponding malignant tissues [6, 80-85, and our unpublished
data). Different antibodies used for each kallikrein (polyclonal and mono-
clonal) revealed a similar immunostaining pattern in many tissues. The
IE was always cytoplasmic and in some tissues displayed a characteristic
immunostaining pattern that was membranous, droplet-like, supranuclear,
subnuclear, and luminal.

Comparison of the IE patterns of a few studied kallikreins in different
tissues revealed no major differences, indicating that they may share a com-
mon mode of regulation. It is worth mentioning that our results concerning
the IE of the studied hKs in different normal human tissues correspond fairly
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FIG. 2. Expression map of human tissue kallikreins in a variety of tissues, as determined by
reverse transcriptase polymerase chain reaction. The relative semiquantitative expression levels
for each gene are indicated.
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well with other data based on ELISA assays and RT-PCR. According to these
studies, except for KLK2 and KLK3, none of the remaining KLKs is tissue-
specific, although certain genes are preferentially expressed in some organs
[31, 86-88]. Many hKs were immunohistochemically revealed in a variety of
tissues, indicating that no protein is tissue specific. Immunohistochemistry
has advantages over other methods, as it defines the protein distribution in
different cell types independent from its quantity in the tissue. A tissue may
therefore immunohistochemically express a kallikrein and yet yield negative
results using a quantitative method. This likely explains why we did not find
any immunohistochemical difference in the tissue expression among the
different hKs, whereas other methods showed tissue preferences for each hK.

In recent RT-PCR studies, many kallikreins have been proposed as new
biomarkers for malignancies other than prostate cancer. Breast, ovarian, and
testicular cancers are the most studied. Certain kallikreins were found to be
differentially expressed in various malignancies (up- or downregulated), and
the increase or decrease of their expression may be associated with prognosis
[43, 58, 70, 89-94]. We have immunohistochemically evaluated some kal-
likreins in malignant diseases, including two series of prostate and renal cell
carcinoma, and have examined their prognostic values [84, 85].

In malignancy, glandular epithelia constitute the main kallikrein immunoex-
pression sites, and staining of their secretions indicating that these proteases are
secreted. Similar to the IE pattern in normal glandular tissues, all hKs are
expressed in adenocarcinomas. In the future, it is clearly worthwhile to study
the relation of the IE of all hKs with prognosis of several malignancies and to
correlate these results with those obtained by other methods.

In Figs. 3-5, we present immunohistochemical data for various kallikreins.
For more discussion, please refer to our detailed publications [80-85].

Regarding immunohistochemical localization, hK4 appears to be a nota-
ble exception. Recently, Xi e al. suggested that hK4 is a predominantly
nuclear protein that is overexpressed in prostate cancer [95]. It appears that
the vast majority of KLK4 mRNA lacks exon 1, which codes for the signal
peptide. These preliminary data need to be reproduced.

9. Regulation of Kallikrein Activity

9.1. AT THE MRNA LEVEL

Promoter analysis and hormonal stimulation experiments allowed us to
obtain insights into the mechanisms that regulate expression of the human
kallikrein genes. In addition to KLK3 and KLK?2, and more recently KLKI0,
no other kallikrein gene promoter has been functionally tested.
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Fi1G. 3. Immunohistochemical expression of (a) hK7 by the epithelium of eccrine glands of
the skin (monoclonal antibody, clone 73.2), (b) hK13 by the epithelium of the bronchus
(monoclonal antibody, clone IIC1), (c) hK5 by the ductal epithelium of the parotid gland
(polyclonal antibody), (d) hK7 by the esophageal glands (monoclonal antibody, clone 73.2),
(e) hK13 by the gastric mucosa (monoclonal antibody, clone 2-17), (f) hK6 by the large
intestine mucosa (polyclonal antibody), (g) hK10 in an islet of Langerhans in the pancreas
(monoclonal antibody, clone 5D3), (h) hK11 by the epithelium of the urinary tubuli (mono-
clonal antibody), (i) hK11 by a papillary renal cell carcinoma (monoclonal antibody).

TATA box variants are found in the three classical kallikreins. KLK/ has
the variant TTTAAA, whereas KLK2 and KLK3 share another variant,
TTTATA. [5, 33, 45-47]. In addition, two AREs have been identified and
experimentally verified [96]. Another ARE was mapped in the far upstream
enhancer region of the gene and shown to be functional and tissue specific
[97, 98]. More recently, five additional low-affinity AR Es have been identified
close to ARE-III [99], and three distinct regions surrounding ARE-III were
found to bind ubiquitous and cell specific proteins. A functional ARE
was also identified in the KLK2 promoter [100]. Interestingly, a negative
regulatory element was also found between —468 and —323 of KLK2 [100],
and another ARE was identified between —3819 and —3805 of the KLK2
promoter [101].

Apart from KLKI, KLK2, and KLK3, no obvious TATA boxes were
found in the promoter of other kallikreins. Two major obstacles exist in
predicting the promoter response elements: the inaccurate localization of
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FIG. 4. Immunohistochemical expression of: (a) hK10 by a low-grade urothelial carcinoma
(monoclonal antibody, clone 5D3), (b) hK11 by the secretory epithelium of the prostate gland
(polyclonal antibody), (c) hK11 by a Gleason score 6 prostate carcinoma (polyclonal antibody),
(d) hK14 by the spermatic epithelium and the stromal Leydig cells in the testis (polyclonal
antibody), (e) hK10 by epithelial elements in a testicular immature teratoma (monoclonal
antibody, clone 5D3), (f) hK14 by lobuloalveolar structures of the breast (polyclonal antibody),
(g) hK14 by a ductal breast carcinoma, grade II (polyclonal antibody), (h) hK13 by the

glandular epithelium of the endometrium (polyclonal antibody), (i) hK14 by luteinized stromal
cells of the ovary (polyclonal antibody).

the transcription start site and the presence of more than one splice variant
with more than one transcriptional start site. Recently, by using EST analysis
alone, Grimwood et al. extended the 5-end of many published mRNAs from
chromosome 19 by more than 50 bp [3].

9.2. AT THE PROTEIN LEVEL

There are different mechanisms for controlling serine protease activity
by which unwanted activation is avoided and precise spatial and temporal
regulation of the proteolytic activity is achieved. One important mechanism
is by producing kallikreins in an inactive “proenzyme’ (or zymogen) form,
which will be activated as necessary. The N-terminal extension of the mature
enzyme, or the “prosegment,” sterically blocks the active site and thus
prevents binding of substrates. It is also possibly implicated in folding,
stability, and intracellular sorting of the zymogen. For more detailed
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F1G. 5. Immunohistochemical expression of (a) hK14 by the ovarian surface epithelium
(polyclonal antibody), (b) hK14 by a cystadenocarcinoma of the ovary (polyclonal antibody),
(c) hK10 by hyperplastic follicles of the thyroid gland (monoclonal antibody, clone 5D3),
(d) hK6 by a papillary thyroid carcinoma (polyclonal antibody), (¢) hK13 by endocrine cells
in the pituitary gland (monoclonal antibody, clone 2-17), (f) hK10 by glial cells in the brain
(monoclonal antibody, clone 5D3), (g) hK13 by the choroid plexus epithelium (monoclonal
antibody, clone 2-17), (h) hKS5 by a glioma (monoclonal antibody, clone 6.10), (i) hK7 by the
ducts of the submucosal glands of the tonsils (monoclonal antibody, clone 85.2).

discussion, see the recent review by Khan and James [102]. The activation of
the zymogen can occur intracellularly (i.e., in the trans-Golgi apparatus
or in the secretory granules) or extracellularly after secretion, and it can
be autolytic or dependent on the activity of another enzyme (see following).
Interestingly, all of the “proforms” of the kallikrein enzymes, with the
exception of hK4, are predicted to be activated by cleavage at the C-terminal
end of either arginine or lysine (the preferred trypsin cleavage site), indicating
that they need an enzyme with trypsin-like specificity for their activation.
This observation has been experimentally demonstrated for some kalli-
kreins. For example, hK5 and hK7 can be converted to the active enzyme
by trypsin treatment [103, 104], and hK11 can be activated by enterokinase.
Autoactivation is a common phenomenon among kallikreins—hK?2, though
not hK3, is capable of autoactivation [105]. hK3 has chymotryptic activity,
but it needs a trypsin-like activating enzyme. hK4 is also autoactivated
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during the refolding process [106], and there is evidence that hK6 is also
capable of autoactivation [107]. hK13 is also autoactivated on secretion
(G. Sotiropoulou, personal communication). This autoactivation can be
explained by the finding that many kallikreins have trypsin-like substrate
activity and that the same type of activity is needed for their activation.

Proteolytic activation is irreversible. Hence, other means of switching off
the activity of these enzymes are needed. Once activated, serine proteases are
controlled by ubiquitous endogenous inhibitors. Laskowski and Qasim divide
all known inhibitors into two categories: inhibitors devoid of significant class
specificity, and class-specific inhibitors [108]. The former includes proteins of
the a,-macroglobulin family, which bind proteases through a molecular trap
mechanism and inhibit them by steric hindrance [109]. With respect to specific
serine protease inhibitors, at least 23 structurally distinct families are current-
ly known, including the Kunitz, soybean trypsin inhibitors—Kunitz, Kazal,
and hirudin families, as well as the serpins (serine proteinase inhibitors)
[108]. Many of the specific inhibitors are capable of inhibiting the same serine
protease, and the same inhibitor may inhibit several serine proteases [108].
Some molecular complexes of kallikreins with protease inhibitors have
clinical applicability because they can improve the diagnostic sensitivity or
specificity of cancer biomarkers such as PSA [110].

The majority of hK3 (PSA) in the prostate and seminal plasma is in its free
form, with less than 5% complexed with protein C inhibitor [111]. In serum,
the majority of hK3 binds to protease inhibitors, and only 15%-25% is in the
free form. The hK3-«a;-antichymotrypsin complex constitutes 70% —85% of
total serum hK3, with the hK3-a,-macroglobulin and hK3—«;-antitrypsin
complexes representing 15% and 3%, respectively [112-114].

hK2 has been shown to complex with protease C inhibitor both in in vitro
studies and in seminal plasma [115]. In serum, most of hK?2 is in the free form,
with only a small amount complexed with «;-antichymotrypsin [116, 117].
ar-macroglobulin [118], and antithrombin III [119] have also been shown to
be able to bind hK2. hK2 was also found to be bound to a,-antiplasmin and
plasminogen activator inhibitor 1 [120]. More recently, hK5 was found to
form complexes with «j-antitrypsin [121], «j-antichymotrypsin was iden-
tified as an inhibitor for hK6 [122], and hK13 was reported to form com-
plexes with aj-antichymotrypsin [123]. Another mechanism for controlling
the activity of proteases is by internal cleavage and subsequent degradation.
Self-digestion is reported for hK7 [104]. Around 30% of hK3 in seminal
plasma is inactivated by internal cleavage between lysine 145 and lysine 146
[124], and about 25% of hK2 was also found to be internally cleaved between
amino acids 145-146 (Arg-Ser) [125]. Other internal cleavage sites have also
been identified for hK2 and hK3, but the enzymes responsible for such
cleavages are not yet known.
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9.3. Locus CONTROL OF KALLIKREIN EXPRESSION

The coexpression of many kallikreins in the same tissues and the parallel
differential regulation of groups of kallikreins in pathological conditions
(e.g., the upregulation of seven kallikreins in ovarian cancer [126]) raise the
possibility of the existence of a common mechanism that controls the expres-
sion of groups of kallikrein genes in a cluster known as a locus control region
(LCR). Added to this are the relatively short distances between adjacent
kallikreins [which could be as short as the 1.5 kb between KLK/ and KLK15
[34]] and the absence of classic promoter sequences, as shown by prediction
analysis, in all kallikreins except KLK2 and KLK33. Clustering of coex-
pressed homologous genes could be explained by the evolutionary history
of the genomic region. The probable mechanism in this case would include
local duplication and divergence of amplified copies, resulting in an array of
paralogues that may retain common regulatory elements [127].

Previous studies have shown that two sequence elements were essential for
initiating DNA replication of an adjacent group of beta globin genes: the
initiation region and the LCR, residing 50 kb upstream of the initiation
region. The beta globin LCR is located 6-20 kb upstream of a cluster of
five functional globin genes. It consists of five DNAse hypersensitive sites
and numerous binding sites for transcription factors. LCRs are operationally
defined by their ability to enhance the expression of linked genes to physio-
logical levels in a tissue-specific and copy number—dependent manner [128§].
Although their composition and locations relative to their cognate genes are
different, LCRs have been described in a broad spectrum of mammalian gene
systems, indicating that they play an important role in the control of eukary-
otic gene expression. Other intergenic sequences, such as domain boundaries
or barriers, and chromatin architecture might also be involved. Acquisition
of knowledge about these processes is a key step toward the understanding of
the role of kallikreins in normal physiology and pathobiology.

Another proposed regulatory mechanism is gene potentiation, which is the
process of opening a chromatin domain that will render genes accessible to
the various factors required for their expression. The formation of an open
chromatin structure is central to the establishment of cell fate and tissue-
specific gene expression. Many eukaryotic genes are organized into function-
al chromatin domains. This facilitates their coordinated regulation during
development [129]. The ability of individual cells to regulate the genes
contained within such chromatin domains is of paramount importance for
their differentiation. Perturbations in chromatin structure can act both local-
ly, to alter the accessibility of trans-acting factors to cis-regulatory elements,
and globally, to affect the opening and closing of entire chromatin domains
[130]. The potentiated state of a gene can also be influenced by alterations in
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the local chromatin environment. For example, many eukaryotic genes
are differentially expressed by altering their methylation status. These
genes are largely unmethylated in cells where they are transcribed but fully
methylated in all nonexpressing cells [131]. Histone acetylation also acts
on the local gene environment during the transition from the 30-nm fiber
to a more open structure that can be linked to a 10-nm fiber, stabilizing
the more relaxed open structure [132]. It has also been postulated that DNA
methylation patterns may serve to modulate histone acetylation, thereby
maintaining local chromatin states. Both DNA demethylation and histone
acetylation render increased accessibility of ubiquitous and tissue-specific
trans-acting factors to cis-regulatory elements, facilitating transcriptional
activation [133].

9.4. EPIGENETIC REGULATION OF KALLIKREIN GENE EXPRESSION

In human cancers, numerous mechanisms may contribute to loss of tumor
suppressor gene function, including homozygous deletions, allelic loss in
combination with mutations, abnormal splicing, and CpG island methyla-
tion [134]. Methylation contributes to inactivation of numerous genes, in-
cluding the cell cycle regulator p16 [135], the growth suppressor ER [136], the
epithelial cadherin E-cadherin [137], the DNA repair gene MGMT [138],
the Ras-associated domain family 1A gene RASSFI1A [139], the angiogenesis
inhibitor THBSI [140], and the metastasis suppressor T7IMP3 [141]. In
addition, hK10 can also be inactivated by CpG island hypermethylation
in breast cancer [142] and acute lymphoblastic leukemia [143].

The physiological function of hK10 is still unclear. However, recent data
indicate that KLKI0 may have a tumor suppressor function, based on its
downregulation in breast and prostate cancer cell lines and the finding that
overexpression of KLKI0 in nude mice can suppress tumor formation
[144, 145]. The expression of the protein in certain tissues and its homology
to other members of the kallikrein family should provide a starting point in
the search for physiologically relevant substrates.

This putative tumor suppressor activity prompted us to speculate that
this gene may be a target for either somatic mutations or hypermethylation,
in analogy to other tumor suppressor genes that are inactivated by mutations
or methylation and that thereby predispose to cancer development or pro-
gression. A previous study from our laboratory [58] examined in detail the
polymorphic and mutational status of the KLK/0 gene, using DNA isolated
from normal tissues and from cancers of the breast, ovary, prostate, and
testis. Bharaj ez al. confirmed that the KLK/0 gene does not seem to be a
target for somatic mutations in either breast, ovarian, prostate, or testicular
cancer. A single nucleotide variation at codon 50, however, was associated
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with increased prostate cancer risk. Recently, Li et al. demonstrated an
important role for CpG island methylation in the loss of KLKI0 gene
expression in breast cancer [142].

Despite the discovery of KLKI0 as a tumor suppressor through gene
downregulaton, recent data indicate that one major mechanism of KLKI0
inactivation may be at the epigenetic level. The frequent loss of KLKI0 ex-
pression indicates that inactivating the function of KLKI/0 may be a criti-
cal step toward carcinogenesis. By treating KL K/0 nonexpressing cells with a
demethylating agent and using methylation-specific PCR and sequence anal-
ysis of sodium bisulfite-treated genomic DNA, Li et al. [142] demonstrated a
strong correlation between KLKI0 exon 3 hypermethylation and loss of
KLKI10 mRNA expression in a panel of breast cancer cell lines and primary
breast tumors. Furthermore, this study supports the notion that KLKI0
expression and its methylation status can be used as a molecular marker in
breast cancer. These results justify using larger follow-up studies to evaluate
the methylation status of KLKI(0 as a screening tool for the detection of
breast cancer, as well as other malignancies such as leukemia [143].

For the remaining human kallikrein genes, in none of them has methyla-
tion been tested as a potential mechanism for inactivation in the development
or progression of cancer. Accumulating data provide indirect evidence that
these kallikrein genes may be involved in the development of various malig-
nancies, as a subset of these genes are downregulated in many cancers [43]. It
is possible that some of these genes are epigenetically suppressed or silenced
through CpG island methylation. Clearly, there is a need to characterize the
CpG islands within these genes and to better understand the mechanism and
role that epigenetic regulation plays within the human kallikrein locus.

10. Hormonal Regulation of Kallikreins

Steroid hormones, acting through their receptors, play important roles in
the normal development and function of many organs. In addition, they are
involved in the pathogenesis of many types of cancer [146]. Several reports
confirmed that many kallikreins are under steroid hormone regulation in
endocrine-related tissues and cell lines [100, 147-155].

An interesting observation is the tissue-specific pattern of hormonal regu-
lation of several of these genes in different tissues. For example, KLK4 is
upregulated by androgen in prostate and breast cancer cell lines [148] and by
estrogen in endometrial cancer cell lines [147]. Also, KLK12 was found to be
upregulated by androgens and progestins in prostate cancer cell lines and by
estrogens and progestins in breast cancer cell lines [156]. KLK14 and KLK15
are mainly regulated by androgens. Recent preliminary kinetic and blocking
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experiments indicate that this upregulation is mediated through the androgen
receptor [155, 157].

In general, it can be concluded that most, if not all, kallikrein genes are
regulated by steroid hormones, either predominantly by androgens or by
estrogens/progestins/glucocorticoids. Because most of the data have been
generated in cell lines, which contain variable amounts of various steroid
hormone receptors, it will be very interesting to delineate the hormonal
regulation of these genes in vivo. Manipulation of kallikrein gene expression
by steroids may have therapeutic potential in some diseases such as cancer,
psoriasis, or others.

Recently, Palmer et al., working with human colon cancer cell lines, reported
dramatic up-regulation of kallikreins 6 and 10 by 1«, 25-dihydroxyvitamin D3
[158]. This finding raises the possibility that some kallikreins could be regulated
by a multitude of nuclear receptors.

11. Evolution of Kallikreins

The glandular kallikreins are simple secreted serine proteases. Some stud-
ies have investigated the phylogenetic relationship between different serine
proteases, but no definitive conclusions regarding the glandular kallikreins
could be drawn [62, 63, 159]. A more thorough phylogenetic analysis of the
serine proteases is needed to elucidate the origin of the glandular kallikrein
family.

A comparison of the genes in the glandular kallikrein family of man and
mouse, combining phylogenetic analysis with a structural analysis of the loci,
provided important clues about the evolution of the genes within this family
[10]. The kallikreins from KLK4 through to KLK15 are well conserved in the
two species, but the classical glandular kallikreins (KLKI, KLK2, and KLK3)
differ significantly, and only KLKI (encoding tissue kallikrein) is present in
both species. When the separation of the murine lineages from mammals of
higher orders took place approximately 115 million years ago [160], 14
glandular kallikrein genes existed. These genes were KLK4 to KLKI5 and
two classical glandular kallikreins, KLK/ and a progenitor of the human
genes encoding PSA and hK2. After the division of the two species, this
progenitor was silenced in the mouse lineage (this pseudogene is referred to
as UmGK) and in the lineage leading to humans it was duplicated, resulting in
the genes encoding PSA and hK2. KL K/ was kept unaltered in human, but in
mouse, it was extensively duplicated, resulting in another 24 paralogues.
When studying the evolution of glandular kallikreins, it is tempting to
speculate that the evolutionarily older and conserved kallikreins from
KLK4 to KLKI5 may be involved in processes that are more fundamental
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than the younger classical glandular kallikreins. Further, the classical glan-
dular kallikreins, which vary dramatically between species, appear to be
involved in physiological processes that are more species specific.

12. Cross-Talk Between Kallikreins: A Possible Novel
Enzymatic Cascade Pathway

Interactions between serine proteases are common, and substrates of
serine proteases are usually other serine proteases that are activated from
an inactive precursor [66]. The involvement of serine proteases in cascade
pathways is well documented. One important example is the blood coagula-
tion cascade. Blood clots are formed by a series of zymogen activations. In
this enzymatic cascade, the activated form of one factor catalyzes the activa-
tion of the next factor. Very small amounts of the initial factors are sufficient
to trigger the cascade because of the catalytic nature of the process. These
numerous steps yield a large amplification, thus ensuring a rapid and
amplified response to trauma. A similar mechanism is involved in the disso-
lution of blood clots. A third important example of the coordinated action
of serine proteases is the intestinal digestive enzymes. The apoptosis pathway
is another important example of coordinated action of other types of
proteases.

The cross-talk between kallikreins and the hypothesis that they are
involved in a cascade enzymatic pathway are supported by strong, but mostly
circumstantial evidence, as follows: many kallikreins are coexpressed in the
same tissue (e.g., the adjacently localized kallikrein genes KLK2, KLK3,
KLK4, and KLK5 are all highly expressed in the prostate); some kallikreins
have the ability to activate each other and the ability of other serine proteases
to activate kallikreins (see following); the common patterns of steroid hor-
monal regulation; the parallel pattern of differential expression of many
kallikreins in different malignancies (e.g., at least seven kallikrein genes are
up-regulated in ovarian cancer, and at least seven kallikreins are down-
regulated in breast cancer); and serine proteases commonly use other serine
proteases as substrates.

Recent experiments have shown that hK3 can be activated by hK15 [161].
hK4 has also recently been shown to activate hK3 and does so much more
efficiently compared to hK2 [106]. hK5 is predicted to be able to activate
hK7 in the skin [103]. The activation of hK3 by hK2 is also possible.
Although Takayama et al., reported the ability of hK2 to activate hK3
[162], Denmeade et al. reported the opposite [105] and hypothesized that
additional proteases may be required. It will be interesting to study all
possible combinations of interactions among kallikreins, especially those
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with expression in the same tissues. Bhoola et al. have recently provided
strong evidence of the involvement of a “kallikrein cascade” in initiating
and maintaining systemic inflammatory responses and immune-modulated
disorders [163].

Kallikreins might also be involved in cascade reactions involving nonkal-
likrein substrates. This is evident from the reported, but questionable, ability
of hK3 to digest insulin-like growth factor—binding protein [164] and to
inactivate parathyroid hormone-related protein [165]. Similar properties
were reported for rodent kallikreins. There is also experimental evidence
that hK2 and hK4 can activate the pro-form of another serine protease, the
urokinase-type plasminogen activator [106, 125]. As mentioned above, other
serine proteases, such as enterokinase and trypsin, are predicted to be able to
activate many kallikreins. Furthermore, hK4 can degrade prostatic acid
phosphatase in seminal plasma; hK7 can degrade the alpha chain of native
human fibrinogen, and it is hypothesized that it is involved in an apoptotic-
like mechanism that leads to skin desquamation [166]. A proposed model for
the involvement of kallikreins in a cascade-like reaction and its association to
the pathogenesis of ovarian cancer has recently been published [167].

13. Isoforms and Splice Variants of the Human Kallikreins

The mechanism of a single gene giving rise to greater than one mRNA
transcript is referred to as differential splicing. This system is often tightly
regulated in a cell-type or developmental stage—specific manner and in-
creases genome complexity by generating different proteins from the same
mRNA.

The presence of more than one mRNA form for the same gene is common
among kallikreins. These variant mRNAs may result from alternative splic-
ing, a retained intronic segment, or use of an alternative transcription initia-
tion site. To date, there are at least 49 documented splice variants of the 15
kallikrein genes (Table 4), and more are currently being investigated (our
unpublished data). Some of these variants may hold significant clinical
value. Slawin et al. reported the prognostic significance of a splice-variant-
specific RT-PCR assay for KLK2 in detecting prostate cancer metastasis
[168]. Nakamura et al. reported differential expression of the brain and
prostate-types of KLKII among benign, hyperplastic, and malignant pros-
tate cancer cell lines [169]. A novel ovarian cancer—specific variant of hK5 has
been recently reported [170], and another KLKS5 transcript with a short 5'-
untranslated region and a novel KLK7 transcript with a long 3’-untranslated
region were highly expressed in the ovarian cancer cell lines OVCAR-3 and
PEOL, respectively, but were expressed at very low levels in normal ovarian



HUMAN TISSUE KALLIKREINS 41

epithelial cells. Both Western blot and immunohistochemistry analyses have
shown that these two enzymes are secreted from ovarian carcinoma cells.
Thus, the short KLK5 and long KLK7 transcripts may be useful as tumor
markers for epithelial-derived serous carcinomas [170].

Some of these alternatively spliced forms were also found to be tissue
specific. A 1.5-kb transcript of KLKI4 was only found in the prostate, and
another 1.9 kb transcript was found only in skeletal muscle [171]. Several
splice variants of KLKI3 were found to be testis specific [172]. Type 2 neu-
ropsin (KLKS) is preferentially expressed in the hippocampus of the human
adult brain [173], and a new splice variant of KLK4 was isolated from
prostatic tissue [174]. A KLK6 splice variant (GenBank accession no.
AY279381) was strongly expressed in adult brain compared to fetal brain.
Some of these splice variants were found to be translated [175, 176].

Evolutionarily conserved sequences ensure that the 3’ and 5 splice sites
are correctly cleaved and the two ends properly joined. These consensus
sequences contain invariant dinucleotides at each end—GT (donor site)
and AG (acceptor site)—and are associated with a more flexible sequence,
AG:GT(A/G)AGT....CAG:G. However, exceptions to the tightly regulated
splice sites can arise. An alternative GT-GC intron may exist, but unlike
a possible AT-AC intron boundary, it will still be processed by the same
splicing pathway as the conventional GT-AG introns. The GT-GC bound-
ary is present in some kallikrein splice variants including the 5’-untranslated
region of KLK5 splice variant 2 (GenBank accession no. AY279381) and
intron 3 for KLKI0 transcript variant 2 (GenBank accession no. 145888).

14. Kallikreins in Normal Physiology

Little is known about the physiological functions of kallikreins in normal
tissues. However, accumulating evidence indicates that kallikreins might
have diverse functions, depending on the tissue and circumstances of expres-
sion. hK1 exerts its biological activity mainly through the release of lysyl-
bradykinin (kallidin). It cleaves low—molecular weight kininogen to produce
vasoactive kinin peptides. Intact kinin binds to bradykinin B, receptor
in target tissues and exerts a broad spectrum of biological effects including
blood pressure reduction via vasodilatation, smooth muscle relaxation
or contraction, pain induction, and mediation of the inflammatory re-
sponse [177]. Low renal synthesis and urinary excretion of tissue kallikrein
have been repeatedly linked to hypertension in animals and humans [178§].
It has also been reported that tissue kallikrein cleaves kininogen sub-
strate to produce vasoactive kinin peptides that have been implicated in
the proliferation of vascular smooth muscle cells. Abnormalities of the
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TABLE 4
REPORTED SPLICE VARIANTS OF THE HUMAN KALLIKREIN GENES

Gene and splice variant name Splice variant description Reference
KLKI
Intron containing kallikrein Deletion of exon 2 + alternative first exon [257]
mRNA
ND* 104 bp deletion at beginning of exon 5 [258]
KLK2
GK-10A Additional 37 bp at the end of exon 4 + early 3 UTR” [150]
AF188745* 13-bp deletion at beginning of exon 4 + 37-bp extension at end of exon 4 + deletion of exon [259]
5+ early 3 UTR”
AF188747* 37-bp extension at end of exon 4 + early 3 UTR” [259]
AF336106* Extension of exon 1 + deletion of exons 2, 3, 4, and 5 + early 3’ UTR? 1]
KLK3
PSA-RPI1/PA 525 Alternative acceptor site for exon 5 starts 442 bp upstream of classical® exon 5 — 2 [175]
variations of PSA-RP1 with different 3 UTRs”
PSA-RP2 Extension from exon 3-4 + deletion of coding exon 4 and 5 + early 3’ UTR® [2]
PSA-RP3 129-bp deletion in beginning of exon 3 [176]
PSA-RP4 123-bp deletion in middle of exon 3 [2]
PSA-RP5 386-bp extension at end of exon 4 + deletion of coding exon 5 + early 3 UTR® [175]
PSA-LM 269-bp extension of coding region at end of exon 1 + early 3 UTR” — 2 variations of [1,2]
PSA-LM with different 3 UTRs”
PA 424 Joining of exons 3 and 4 4+ 105-bp deletion at end of exon 4 + deletion of exon 5 + early 3’ [45, 260]
UTR’
KLK4
ND“ 12-bp extension at end of exon 2 + early 3 UTR” [174,261]
KLK4-S Deletion of exon 1 and 4 + exon 2 (alternative first exon) starts 61 bp downstream [147]
beginning of classical® exon 2 + early 3 UTR®
ND“ Additional sequence in ¥ UTR? [41]
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KLK4-L

ND(I
KLK5
Kallikrein 5 splice variant 1

Kallikrein 5 splice variant 2

Ovarian cancer klk5-long
Ovarian cancer klk5-short

KLK6
Kallikrein 6 splice variant 1
KLK7
KLK7 long
KLK?7 transcript variant 2
KLKS8
Neuropsin type 2
Neuropsin type 3
Neuropsin type 4
TADGI14
KLK9
KLKO9 splice variant-1
KLKI0
KLK10 transcript variant 2

KLKI11
Brain-type TLSP

KLKI2
KLK12 related protein-1
KLK12 related protein-2

Exon 3 extended to exon 4 + exon 2 (alternative first exon) starts 61 bp downstream
beginning of classical® exon 2 + early 3 UTR?
Alternative first exon starts 61 bp downstream beginning of classical® exon 2

203-bp deletion at end of noncoding exon 1 (5 UTR’] + 45 bp upstream extension in
beginning of noncoding exon 1

135-bp deletion in middle of noncoding exon 1 (5 UTR?] + 45 bp upstream extension in
beginning of noncoding exon 1

40 bp upstream extension at beginning of noncoding exon 1

40 bp upstream extension at beginning of noncoding exon 1 + 204-bp deletion at end of
noncoding exon 1 (5 UTR?]

Deletion of coding exon 2 + early 3 UTR”

144 bp upstream extension to noncoding exon 1
Noncoding exon 1 starts 36 bp downstream from the end of classical® noncoding exon 1

135 bp upstream extension of second coding exon
Deletion of coding exons 2 and 3

Deletion of exons 2, 3, and 4 + early 3’ UTR?
Additional 491 bp in 5 UTR®

106-bp deletion at the end of exon 3 + late 3’ UTR®

Noncoding exon 1 starts 122 bp downstream end of classical noncoding exon 1 + second
noncoding exon starts 3 bp downstream beginning of classical®

Prostate-type variant is located 282 bp downstream end of brain—type specific noncoding
exon 1

Split last coding exon with an intervening intron of 129 bp + late 3 UTR?
Deletion of coding exon 3 + early 3 UTR®

[261]
[261]
AY279380%
AY279381%
[170]
[170]
AY279383*

[170]
[152]

[173]
[233]
[233]
[262]
AF135026

[239]

[263]

[156]
[156]

(continues)
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TABLE 4 (Continued)

Gene and splice variant name Splice variant description Reference
KLKI3
Short KLK-L4 variant 211-bp deletion at end of coding exon 3 + early 3’ UTR” [90]
Long form Additional exon between exons 1 and 2 + early 3’ UTR® [172]
L4E-S Alternative first exon + 211-bp deletion at end of exon + early 3’ UTR® [172]
L4E-L Alternative first exon + 80-bp extension at end of exon 3 [172]
L4D-S Additional exon between exons 1 and 2 + 211-bp deletion at end of exon 3 + early 3’ UTR” [172]
L4D-L Additional exon between exons 1 and 2 + 80-bp extension at end of coding exon 3 + early [172]
3 UTR®
Kallikrein 13 splicing 211-bp deletion at end of coding exon 3 [90]
variant 2
Kallikrein 13 splicing Deletion of coding exons 2 and 3 [90]
variant 3
KLKI14
ND“ 1.5-kb transcript (not characterized) [171]
ND* 1.9-kb transcript (not characterized) [171]
KLKI5

KLK15 splice variant 1
KLK15 splice variant 2
KLKI15 splice variant 3

118-bp deletion at end of exon 3 + early 3’ UTR”
Deletion of exon 4 + early 3 UTR”
118 bp deletion at end of exon 3 + deletion of exon 4

[51]
(511

" Accession numbers in GenBank (variant name may not be determined, or submission may be unpublished).

“ND: not defined.

®Untranslated region (noncoding).
““Classical” refers to the published report of the gene that follows the definition of a kallikrein gene, as described in the text.
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tissue kallikrein—kinin system have been implicated in the pathogenesis of
hypertension and cardiovascular and renal disorders [179].

An hK1 knockout mouse has recently been generated and found to be
unable to generate significant levels of kinins in most tissues and develop
cardiovascular abnormalities early in adulthood despite normal blood
pressure [178].

However, the diverse expression pattern of hK1 has led to the sugges-
tion that the functional role of this enzyme may be specific to different
cell types [177]. Apart from its kininogenase activity, tissue kallikrein has
been implicated in the processing of growth factors and peptide hormones
in light of its presence in pituitary, pancreas, and other tissues. As summa-
rized by Bhoola et al. [177], hK1 has been shown to cleave proinsulin,
low-density lipoprotein, prorenin, angiotensinogen, vasoactive intestinal
peptide, procollagenase, and the precursor of atrial natriuretic factor.

Seminal plasma hK2 was found to be able to cleave seminogelin I and
seminogelin II, but at different cleavage sites and with lower efficiency than
hK3 [180]. Because the amount of hK2 in seminal plasma is much lower
than hK3 (1% -5%), the contribution of hK2 in the process of seminal clot
liquefaction is expected to be relatively small [31].

Because hK3 is present at very high levels in seminal plasma, most studies
focused on its biological activity within this fluid. Lilja has shown that hK3
rapidly hydrolyzes seminogelin I and seminogelin II, as well as fibronectin,
resulting in liquefaction of the seminal clot after ejaculation [181]. Several
other potential substrates for hK3 have been identified, including insulin-
like growth factor-binding protein 3, TGF-3, parathyroid hormone-related
peptide, and plasminogen [182]. The physiological relevance of these findings
is still not clear.

The mouse and porcine orthologues of hK4 were originally designated
enamel matrix serine protease because of their predicted role in normal teeth
development [41]. The human KLK4 gene, however, was shown to be highly
expressed in the prostate, pointing to the possibility that it has a different
function in humans. hK7 and, more recently, hK5 were found to be highly
expressed in the skin, and it is believed that they are involved in skin
keratinization and desquamation [183]. hK6, hKS8, and hK11 are highly
expressed in the central nervous system, where they are thought to play a
role in neural plasticity.

Another possible mechanism for kallikrein action in physiology and
pathobiology is the activation of proteinase-activated receptors (PARs).
PAR is a recently described family of G-protein-coupled receptors with
seven transmembrane domains that are stimulated by cleavage of their
N-termini by a serine protease rather than by ligand-receptor interaction
[184-186]. Four PARs have been identified so far, of which PAR1, PAR3,
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and PAR4 are activated by thrombin, whereas PAR?2 is activated by trypsin
or mast cell tryptase. Activation of these receptors elicits different responses
in several tissues. In addition, they switch-on cell signaling pathways (e.g.,
the MAP-kinase pathway) leading to cell growth and division. Because most
kallikreins have trypsin-like activity, they might also be involved in such
mechanisms. The possible cleavage of PARs by kallikreins is an exciting new
avenue of investigation, but no published data exist on this issue.

15. Association of Kallikreins with Human Diseases

Some kallikrein genes have been associated with the pathogenesis of
human diseases. The KLK/ gene is involved in inflammation [8], hyperten-
sion [187], renal nephritis, and diabetic renal disease [188], The relationships
between hK5 and hK7 and skin diseases, including pathological keratiniza-
tion and psoriasis, have already been reported [189, 190]. Much research is
now focusing on the relation of kallikreins to diseases of the central nervous
system (CNS) and skin, as well as to malignancy, as discussed below.

15.1. KALLIKREINS IN CNS DISEASES

Many kallikreins seem to play important physiological roles in the CNS.
In mouse, neuropsin appears to have an important role in neural plasticity,
and the amount of neuropsin mRNA is related to memory retention after
a chemically induced ischemic insult [191]. The human neuropsin gene
(hK®) was first isolated from the hippocampus. Recent reports describe the
association of hK8 expression with diseases of the CNS, including epilepsy
[192, 193]. In addition, an 11.5-fold increase in KLK8 mRNA levels in
Alzheimer’s disease (AD) hippocampus compared to controls was recently
reported [194]. The same study showed that KLKI, KLK4, KLK5, KLKG6,
KLK7, KLKS8, KLKI10, KLKI11, KLKI3, and KLK14 are expressed in both the
cerebral cortex and hippocampus, whereas KLK9 is expressed in the cortex
but not the hippocampus [194]. Another kallikrein, KLK6, was shown to
have amyloidogenic activity in the AD brain [107, 195], indicating that it may
play a role in AD development (107). KLK6 was also found to be localized in
perivascular cells and microglial cells in human AD brain [107]. Scarisbrick
et al. have shown that hK6 is abundantly expressed by inflammatory cells at
sites of CNS inflammation and demyelination in animal models of multiple
sclerosis and in human lesions at autopsy, prompting the researchers to
postulate that hK6 in inflammatory CNS lesions may promote demyelin-
ation [196, 197]. KLKI11, another newly discovered kallikrein, was isolated
from brain hippocampus cDNA and is thought to play a role in brain
plasticity [198]. Similarly, KLK5 and KLK14 are also expressed at high levels
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in the brain [153, 199] and might have roles in normal and aberrant brain
physiology. A recent report showed significant alterations of hK6, hK7, and
hK10 concentrations in CSF of patients with AD and frontotemporal de-
mentia [200]. For a more detailed discussion about the role of kallikreins in
the CNS, we refer the reader to our recent review [201].

15.2. KALLIKREINS IN SKIN DISEASES

The epidermis forms the external surface of the skin and is composed of
differentiated keratinocytes that form four layers: the stratum basale, the
stratum spinosum, the stratum granulosum, and the stratum corneum, where
keratinocytes have been transformed into corneocytes. The stratum corneum
functions as the protective, virtually water-impermeable skin barrier against
external insults including desiccation and the entry of noxious chemicals and
microbes. To maintain this barrier, old corneocytes are continuously desqua-
mated from the stratum corneum by both stratum corneum trypsin-like and
stratum corneum chymotrypsin-like enzymes [202]. The expression of hKS5
and hK7 [203] and of several kallikrein mRNAs [204] in the upper epidermis
(the stratum granulosum or the stratum corneum), indicate that kallikreins
may be the stratum corneum serine proteases responsible for the desquama-
tion of corneocytes [205]. A quantitative ELISA assay showed high concen-
trations of hK7 [206] and hKS8 [78] in skin tissue extracts. In addition, given
that kallikrein proteins or mRNAs are also expressed in skin appendages
such as sweat glands, sebaceous glands, and hair follicles [203, 205, 207],
kallikrein activities may be related to the maturation and secretion of sebum
and sweat and to hair growth [205].

In addition, kallikrein expression may also be involved in the pathogenesis
of several skin diseases. In psoriasis, an inflammatory skin disease, various
kallikrein mRNAs were shown to be up-regulated in the upper epidermis
[204] and associated with the conversion of the inactive hK7 precursor to
active hK7 in the psoriatic lesion [189]. In ichthyoses and squamoprolifera-
tive disorders, hK7 expression was found to be low [208]. Transgenic
mice overexpressing hK7 showed increased epidermal thickness, hyperkera-
tosis, and a dermal inflammation with pruritus [209] and expression of MHC
IT antigen [210]. These data indicated that hK7 may lead to skin changes
that contribute to development of inflammatory skin diseases [210]. hKS8-
deficient mice showed a prolonged recovery of ultraviolet B-irradiated skin,
indicating that hK8 might be involved in the process of differentiation
[211]. Psoriasis vulgaris, seborrheic keratosis, lichen planus, and squamous
cell carcinoma also display a high density of KLK8 mRNA [207].

In Netherton syndrome, a severe inherited skin disorder, the molec-
ular defect is thought to involve mutations of the serine protease inhibitor
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TABLE 5

PROGNOSTIC VALUE OF KALLIKREIN GENES/PROTEINS IN OVARIAN CANCER

Kallikrein gene/protein and

sample used Method Clinical applications Reference
KLK4
mRNA from normal and RT-PCR“ Unfavorable prognosis: [226]
cancerous ovarian ® Overexpressed in patients with late-stage disease,
tissues higher-grade tumors, and no response to
chemotherapy
e Associated with shorter DFS” and OS¢
® Independent indicator of poor prognosis in patients
with low-grade tumors
mRNA from normal, SQ-RT-PCR,? Southern Unfavorable prognosis: [264]
benign, and cancerous blot ® Overexpressed in late-stage serous ovarian tumor
ovarian tissues and tissues and cell lines
late-stage serous
ovarian cancer cell lines
KLK5
mRNA from normal and RT-PCR Unfavorable prognosis: [227]
cancerous ovarian ® Overexpressed in patients with late-stage disease and
tissues higher-grade tumors
e Associated with shorter DFS and OS
® Independent indicator of poor prognosis in patients
with low-grade tumors
KLK5/hK5
mRNA and extracts from SQ-RT-PCR, Southern, Unfavorable prognosis: [170]

normal, benign and
cancerous ovarian
tissues and late-stage
serous ovarian cancer
cell lines

Northern, and Western
blots and
immunohistochemistry

e Overexpressed in ovarian tumor tissues and cell lines
mainly of late stage and serous histotype
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hKS5
Ovarian cancer cytosols

KLK6/hK6
mRNA and extracts from
normal, benign, and
cancerous ovarian
tissues
hK6
Ovarian cancer cytosols

Serum from normal
women, women with
benign disease and
ovarian cancer

KLK7
mRNA and extracts from
normal and cancerous
ovarian tissues

Immunoassay

SQ-RT-PCR, Northern
blot,
immunohistochemistry

Immunoassay

Immunoassay

SQ-RT-PCR, Northern and
Western blots and
immunohistochemistry

Unfavorable prognosis:

e Overexpressed in patients with late stage disease and
higher grade tumors

® Associated with shorter DFS and OS

® Independent indicator of poor prognosis in patients
with high-grade tumors and optimal debulking
success

Unfavorable prognosis:
® Overexpressed in ovarian cancer tissues

Unfavorable prognosis:

o Overexpressed in patients with late-stage disease and
serous tumors

e Associated with shorter DFS and OS

® Independent indicator of poor prognosis in patients
with low-grade tumors and optimal debulking
success

Unfavorable prognosis:

® Serum hK6 levels elevated in cancer vs. normal

e Higher serum hK6 I patients with late-stage disease,
higher grade, serous tumors, suboptimal debulking,
and a poor response to chemotherapy

® Indicator of decreased DFS and OS

Unfavorable prognosis:
® Overexpressed in ovarian cancer tissues

Our unpublished
data

[228]

[229]

[217]

[265]

(continues)
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TABLE 5 (Continued)

Kallikrein gene/protein and

sample used Method Clinical applications Reference
KLK7/hK7
mRNA from normal, SQ-RT-PCR, Southern, Unfavorable prognosis: [170]
benign, and cancerous Northern, and Western ® Overexpressed in ovarian tumor tissues and cell lines
ovarian tissues and late- blots and mainly of late stage and serous histotype
stage serous ovarian immunohistochemistry
cancer cell lines
mRNA from cancerous Q-RT-PCR® Unfavorable prognosis: [230]
ovarian tissue ® Overexpressed in higher-grade tumors
® Associated with shorter DFS
® Independent indicator of poor prognosis in patients
with low-grade tumors and optimal debulking
success
KLKS
mRNA from ovarian RT-PCR Favorable prognosis: [233]
cancer tissues ® Overexpressed in lower-grade tumors
e Associated with longer DFS and OS
® Independent indicator of longer DFS
KLK9
mRNA from ovarian Q-RT-PCR Favorable prognosis: [234]

cancer tissues

e Overexpressed in patients with early-stage disease
and optimal debulking success

e Associated with longer DFS and OS

® Independent indicator of prolonged DFS in patients
with low-grade tumors and optimal debulking
success
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hK10
Normal, benign, and
cancerous ovarian
cytosols

Serum from normal
women, women with
benign disease and
ovarian cancer

hK11
Ovarian cancer cytosols

hK13
Ovarian cancer cytosols

Immunoassay

Immunoassay

Immunoassay

Immunoassay

Unfavorable prognosis:

e Overexpressed in cancer patients with late-stage
disease, serous tumors, and suboptimal debulking
success

® Associated with shorter DFS and OS

¢ Independent indicator of DFS and OS in patients
with late-stage tumors

Unfavorable prognosis:

e Serum hK 10 levels elevated in cancer vs. normal

e Higher serum hK 10 in patients with late-stage
disease, higher-grade, serous tumors, suboptimal
debulking, and a poor response to chemotherapy

® Indicator of decreased DFS and OS

¢ Independent indicator of OS

Favorable prognosis:

® Overexpressed in patients with early-stage disease,
pre-/perimenopausal status, and who responded to
chemotherapy

e Associated with longer DFS and OS

® Independent indicator of OS

¢ Independent indicator of DFS and OS in patients
with low-grade tumors

Favorable prognosis:

e Overexpressed in early-stage disease, and patients
with no residual tumor after surgery and optimal
debulking success

® Independent indicator of longer DFS and OS

O]

[218]

[235]

[266]

(continues)
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TABLE 5 (Continued)

Kallikrein gene/protein and

sample used Method Clinical applications Reference
KLKI14
mRNA from normal, Q-RT-PCR Favorable prognosis: [157]
benign and cancerous o Stepwise decrease in the amount KLK/4 mRNA
ovarian tissues (normal > benign > cancerous tissues)
e Overexpressed in patients with early-stage disease
and optimal debulking success, who responded to
chemotherapy
® Independent indicator of longer DFS and OS
Serum and tissue from ELISA Diagnosis: [258]
ovarian cancer patients o Elevated serum levels in 65% of ovarian cancer
patients vs. normal
® Higher levels in 40% of ovarian cancer tissues
compared to normal
KLKI5
mRNA from benign and Q-RT-PCR Unfavorable prognosis: [232]
cancerous ovarian e Higher levels in cancerous tissues
tissues ® Independent indicator of decreased DFS and OS

“Reverse transcriptase-polymerase chain reaction.
b Disease-free survival.
“Overall survival.

4Semiquantitative reverse transcriptase polymerase chain reaction (RT-PCR).

¢Quantitative RT-PCR.
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Kazal-type 5 (SPINKS), also known as LEKT1 [212-214]. It is likely
that inactivation of the inhibitor leads to overactivity of hKS5, hK7, and
possibly other kallikreins in skin. The same general mechanism may apply
to psoriasis (our unpublished data). Clearly, a possible kallikrein cascade in
skin, including active enzymes and inhibitors, needs to be further investigated.

16. Kallikreins and Cancer

16.1. OVERVIEW

The association of kallikreins with cancer is well established. PSA (hK3)
and, more recently, human glandular kallikrein (hK2) are useful biomarkers
for prostate cancer. A more detailed discussion about hK2 and hK3 as cancer
biomarkers can be found elsewhere [31]. In addition to its established role in
prostate cancer diagnosis and monitoring, recent reports indicate that hK3
can be useful as a marker for breast cancer prognosis [215].

With the identification and characterization of all members of the kalli-
krein gene family, accumulating evidence indicates that other kallikreins
might be also related to hormonal (e.g., breast, prostate, testicular, and
ovarian cancers) and other malignancies. KLK6 and KLKI10 were originally
isolated by differential display from breast cancer libraries [216].

At the protein level, recent reports demonstrate that kallikrein proteins
can be useful serum biomarkers for diagnosis and prognosis of cancer. In
addition to hK3 and hK2, hK6 and hK10 are emerging diagnostic markers
for ovarian cancer [217, 218]. Also, hK11 was shown to be a potential
marker for ovarian and prostate cancer [219]. A synthetic hK1 inhibitor
was recently found to suppress cancer cell invasiveness in human breast
cancer cell lines [220]. hK1 was immunolocalized in the giant cells of
squamous cell carcinoma of the esophagus and gastric carcinoma [163].

In Tables 5-8, we summarize published data on the analysis of kallikrein
genes and proteins in tumor tissue extracts and serum of cancer patients for
the purpose of disease diagnosis, monitoring, and prognosis. As discussed
below, some kallikreins are very promising new cancer biomarkers.

The differential regulation of certain kallikreins in more than one type of
cancer has been repeatedly reported. The phenotype of cells and tissues,
benign or malignant, ultimately depends on which proteins, and at what
level, are expressed at any time. Ultimately, the pathological classification of
human neoplasia, which is now based on histological features, will be
replaced with a biological portrait of different tumors, including hundreds
or thousands of differentially expressed genes [221].
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TABLE 6

PROGNOSTIC/PREDICTIVE VALUE OF KALLIKREIN GENES/PROTEINS IN BREAST CANCER

Kallikrein gene/protein
and sample used

Method

Clinical applications

Reference

hK3/PSA
Breast cancer cytosols

Breast cancer cytosols

KLK5
mRNA from breast
cancer tissues

KLK9
mRNA from breast
cancer tissues

Immunoassay

Immunoassay

Q-RT-PCR?

Q-RT-PCR

Favorable prognosis:

e Overexpressed in younger patients with early-stage disease, small ER“-
positive, low S-phase, low-cellularity diploid tumors

e Associated with a longer DFS® and OS¢

¢ Independent indicator of increased DFS for all patients as well as
node-positive, ER-negative

Favorable prognosis:

® Overexpressed in younger, pre-/perimenopausal patients with smaller,
steroid hormone receptor—positive tumors

e Associated with a longer OS

Predictive value:

e Higher hK3 levels associated with a poor response to tamoxifen
therapy

Unfavorable prognosis:

® Overexpressed in pre-/perimenopausal, node-positive patients with
ER-negative tumors

e Independently associated with decreased DFS and OS

¢ Independent indicator of shorter DFS and OS in node-positive
patients with large tumors

e Associated with shorter DFS in patients with low-grade tumors

Favorable prognosis:

e Overexpressed in patients with early-stage disease and small tumors

¢ Independently associated with increased DFS and OS

® Independent indicator of prolonged DFS and OS in patients with ER
and PR“-negative tumors

[267, 268]

[269]

3]

[238]
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hK10

Breast cancer cytosols

KLKI3
mRNA from breast
cancer tissues

KLKI14
mRNA from breast
cancer tissues

Serum from breast
cancer patients

KLKI15
mRNA from breast
cancer tissues

Immunoassay

Q-RT-PCR

Q-RT-PCR

ELISA

Q-RT-PCR

Predictive value:
e Higher hK10 levels independently associated with a poor response to
tamoxifen therapy

Favorable prognosis:

e Overexpressed in older, estrogen receptor—positive patients

® Associated with a prolonged DFS and OS

® Independent indicator of longer DFS and OS in node-, ER-, and PR-
positive patients with low-grade tumors

Unfavorable prognosis:

e Overexpressed in patients with advanced-stage disease

o Independent indicator of shorter DFS? and OS¢

® Independent indicator of shorter DFS and OS in patients with a tumor
size <2 cm and positive nodal, ER./ and PR status

Diagnosis:

e Overexpressed in patients with advanced-stage disease

® Elevated serum hK 14 levels in 40% breast cancer patients vs. normal

Favorable prognosis:

e Overexpressed in node-negative patients

® Independently associated with a longer DFS and OS

e Independent indicator of longer DFS and OS in patients with lower-
grade, ER- and PR-negative tumors

[239]

[89]

94

[270]

[155]

“Estrogen receptor.

b Disease-free survival.

¢Overall survival.

4Quantitative reverse transcriptase polymerase chain reaction.

“Progesterone receptor.



TABLE 7

PROGNOSTIC VALUE OF KALLIKREIN GENES/PROTEINS IN PROSTATE CANCER

Kallikrein gene/protein and

sample used Method Clinical applications Reference
KLK5
mRNA from matched normal Q-RT-PCR“ Favorable prognosis: [242]
and prostate cancer tissues ® Down-regulated in cancer vs. normal prostate tissues
e Higher levels associated with low grade tumors and low Gleason
score
KLKI11
mRNA from matched normal Q-RT-PCR Favorable prognosis: [271]
and prostate cancer tissues e Overexpressed in cancer vs. normal prostate tissues
® Prostate-specific splice variant associated with early-stage disease,
lower tumor grade, and Gleason score
KLK14
mRNA from matched normal Q-RT-PCR Unfavorable prognosis: [272]
and prostate cancer tissues ® Overexpressed in cancer vs. normal prostate tissues
e Overexpressed in patients with late-stage disease, high-grade
tumors, and higher Gleason score
KLKI15
mRNA from matched normal Q-RT-PCR Unfavorable prognosis: [273]

and prostate cancer tissues

e Overexpressed in cancer vs. normal prostate tissues
® Overexpressed in patients with late-stage disease, high-grade
tumors, and higher Gleason score

“Quantitative reverse transcriptase polymerase chain reaction.



TABLE 8
PROGNOSTIC VALUE OF KALLIKREIN GENES/PROTEINS IN TESTICULAR CANCER

Kallikrein gene/protein and sample used Method Clinical applications Reference
KLKS5
mRNA from matched normal and testicular Q-RT-PCR* Favorable prognosis: [243]
cancer tissues e Down-regulated in cancer vs. normal testicular tissues
® Overexpressed in smaller, early stage, nonseminomas
KLKI0
mRNA from matched normal and testicular RT-PCR e Down-regulated in cancer vs. normal testicular tissues [244]
cancer tissues
KLKI3
mRNA from matched normal and testicular RT-PCR Testicular cancer—specific splice variants [171]
cancer tissues
KLKI14
mRNA from matched normal and malignant RT-PCR Favorable prognosis: [199]
testicular tissues e Down-regulated in cancer vs. normal testicular tissues

“Quantitative reverse transcriptase polymerase chain reaction (RT-PCR).
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16.2. PROGNOSTIC AND PREDICTIVE VALUE OF KALLIKREINS IN
HORMONE-DEPENDENT CANCERS

16.2.1. Ovarian Cancer

Epithelial ovarian cancer is the most lethal gynecologic malignancy [222].
The high mortality rate is usually ascribed to late diagnosis, as epithelial
ovarian tumors commonly lack early warning symptoms. Furthermore,
ovarian carcinomas often lack definite precursor lesions and are quite het-
erogeneous, and the molecular pathways underlying their progression are
still elusive. Thus, many attempts have been made to predict the biology of
ovarian tumors to determine prognosis and develop individualized treat-
ment strategies. The International Federation of Gynecology and Obstetrics
stage at diagnosis represents the major prognostic factor in ovarian cancer.
International Federation of Gynecology and Obstetrics stage I patients have
a S-year survival of 80%-90%, compared with only 15%-20% for women
with stage III and IV disease [223]. Other conventional prognostic markers
include tumor grade, patient age, residual tumor after surgery, histology,
and the presence or absence of ascites [224]. The potential diagnostic or
prognostic role of kallikreins in ovarian cancer is summarized in Table 5.

Recently, an in silico analysis of kallikrein gene expression in ovarian
cancer was performed by using the databases of the Human Genome Anato-
my Project. This study showed that at least seven kallikreins are upregulated
in ovarian cancer compared to normal ovarian tissues. These results were
also confirmed at the protein level [126]. A recent review describing the
prognostic value of 12 of 15 members of the human kallikrein family in
ovarian cancer has also been recently published [225]. Other studies have
shown that six kallikreins, namely, KLK4, KLK5/hK5, KLK6/hK6, KLK7,
hK10, and KLKI5, are markers of poor prognosis in ovarian cancer [226—
232]. That is, higher kallikrein mRNA or protein levels were found to
correlate with more aggressive forms of this disease and with a decreased
disease-free and overall survival of patients. The remaining subset of kal-
likreins, namely, KLKS, KLK9, hK11, hK13, and KLKI4, seem to be mar-
kers of favorable prognosis [157, 233-235] (and our unpublished data).
Higher levels of their mRNA or protein levels predominate in earlier-stage
disease and are associated with increased disease-free and overall survival.
The expression of these kallikreins in ovarian cancer may also be clinically
useful in determining the prognosis in subgroups of patients. For instance, a
subgroup of kallikreins (kallikreins 4, 6, and 10) are highly expressed in
serous epithelial ovarian tumors, whereas higher expression of another
group (kallikreins 5, 11, and 13) is more frequently found in nonserous
tumors. These data indicate that certain kallikreins may have prognostic
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value in subgroups of patients stratified by histotype. A recent report demon-
strated a higher expression of both KLK5/hK5 and KLK7/hK7 in ovarian
carcinomas, especially late-stage serous carcinomas, compared with normal
ovaries and benign adenomas [170]. Novel KLKS5 and KLK7 splice variants
such as the short KLK5 and long KLK7 transcripts may be useful as tumor
markers for epithelial-derived serous carcinomas [170].

16.2.2. Breast Cancer

Breast cancer is the most prevalent malignancy among women worldwide,
accounting for 21% of all female cancers and ranking third overall when both
sexes are considered [236]. Although the increased use of screening by mam-
mography for early disease diagnosis and the widespread administration of
systemic adjuvant therapies have lead to a slight decline in mortality rates,
breast cancer is still the leading cause of death from cancer in women, causing
over 39,800 deaths in the United States annually [222]. The optimal manage-
ment of breast cancer patients involves a multidisciplinary approach, includ-
ing the use of biomarkers. Traditional prognostic/predictive factors in breast
cancer include tumor size, grade, lymph node status, hormone receptor (ER
and PR) status, vascular invasion, and age [237]. A number of biological
factors that relate to tumor aggressiveness or metastatic potential, including
markers of angiogenesis and proliferation, growth factor receptors, cell cycle
regulators, and proteases, have been discovered [237].

A number of kallikreins were shown to be putative prognostic or predictive
breast cancer markers [42]. The expression of KLK5 and KLKI4 in breast
tumors are indicative of a poor patient prognosis [93, 94], whereas higher
levels of KLKY9, KLKI13, and KLKI15 mRNA and the hK3 protein forecast
a favorable disease outcome [89, 155, 215, 238]. Furthermore, high levels
of hK3 and hK10 proteins in breast carcinomas are significantly related to a
poor response to tamoxifen therapy [239]. More recently, our in silico analy-
sis showed downregulation of at least four kallikrein genes (KLKS5, KLKG,
KLKS8, and KLKI10) in breast cancer [240]. The potential diagnostic and
prognostic roles of kallikreins in breast cancer are summarized in Table 6.

16.2.3. Prostate Cancer

Prostate cancer is the most commonly diagnosed tumor in American
men, accounting for 33% (220,900 cases) of all male cancers [222]. Several
kallikreins have diagnostic, prognostic, or predictive values in prostate car-
cinoma (Table 7]. Lower tissue hK3 concentration is associated with more
aggressive forms of this cancer [241]. High KLK5 and KLKI1 mRNA levels
also indicate a favorable prognosis [169, 242], whereas KLKI4 and KLKI5
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overexpression indicates an unfavorable prognosis for prostate cancer
patients [S1].

16.2.4. Testicular Cancer

We have recently published a review documenting the apparent relation-
ship between kallikreins and testicular cancer [92]. The KLKS5 gene has
potential as a favorable prognostic marker for testicular cancer patients
[243]. Furthermore, the differential expression of KLK/0 and KLKI4 and
KLK13 splice variants in testicular cancer tissues have been recently reported
[172, 199, 244]. The potential diagnostic or prognostic roles of kallikreins in
testicular cancer are summarized in Table 8. Further studies are clearly
warranted.

16.2.5. Lung, Pancreatic, and Colon Cancers and Leukemias

A microarray study has identified at least one kallikrein gene being over-
expressed in lung carcinoma (KLK11), particularly in neuroendocrine tumors
[245]. Because many kallikreins are coexpressed in normal lung tissue [43], we
hypothesize that multiple kallikreins, in addition to KLK/I, may also be
deregulated in lung cancer.

Expression of multiple kallikrein genes was reported in endocrine and
exocrine pancreas by immunohistochemistry [81-83]. More recently, our
in silico analysis, using two independent databases of the Cancer Genome
Anatomy Project, provided evidence that some kallikreins are differentially
regulated in pancreatic cancer [246]. In particular, KLK6 and KLKI0 were
significantly upregulated. This finding is in accord with recent data from
microarray analysis [247].

We have also recently provided evidence indicating the overexpression of
three kallikreins (KLK7, KLKS8, and KLK10) and downregulation of another
kallikrein (KLKI) in colon cancer [246]. A recent report showed also a
downregulation of the KLK10 gene in acute lymphoblastic leukemia [143].

16.2.6. Brain Tumors

The possible involvement of kallikreins in brain tumors has been examined
recently. A recent report showed expression of the hK6 protein by glioblas-
toma cells implanted intracranially in nude mice. Moreover, hK6 expression
was shown to colocalize with the expression of an invasion-associated matri-
cellular protein called SPARC [248]. Given the high level of expression of
some kallikreins in the brain, it is logical to speculate a possible involvement
of kallikrein in brain tumors. Ongoing studies are now being conducted to
evaluate the possible functional importance of kallikreins in brain tumor
invasiveness [248].
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16.3. How ARE KALLIKREINS INVOLVED IN CANCER?

Several mechanisms can be proposed by which kallikreins can be involved
in the pathogenesis of endocrine-related malignancies. Proteolytic enzymes
are thought to be involved in tumor progression because of their role in
extracellular matrix degradation. Many studies have shown that a variety of
proteolytic enzymes are overproduced either by the cancer cells themselves or
by the surrounding stromal cells, and that their overexpression is associated
with unfavorable clinical prognosis [249].

Breast, prostate, testicular, and ovarian cancers are all considered “hor-
monal” malignancies. Sex hormones are known to affect the initiation or
progression of these malignancies. However, all kallikreins are under sex
steroid hormonal regulation. Taken together, kallikreins may represent
downstream targets by which hormones affect the initiation or progression
of such tumors.

Experimental evidence indicates that hK2 and hK4 can activate the pro-
form of another serine protease, the urokinase-type plasminogen activator
[106, 162]. Urokinase activates plasmin from its inactive form (plasminogen),
which is ubiquitously located in the extracellular space, leading to degrada-
tion of the extracellular matrix proteins. This might provide some clues
about the role of kallikreins in cancer progression and could explain the
differential expression of several kallikreins in tumors. Plasminogen can
also activate precursor forms of collagenases, thus promoting the degenera-
tion of the collagen in the basement membrane surrounding the capillaries
and lymph nodes. Another kallikrein, hK7, can degrade the alpha chain of
human fibrinogen, and it is hypothesized to be involved in an apoptotic-like
mechanism that leads to desquamation of the skin [166]. The involvement
in growth and apoptotic activities is also reported for hK3, which can
digest insulin-like growth factor-binding protein 3 [250] and parathyroid
hormone-related protein [251]. Similar findings were observed for some
rodent kallikreins [252].

Bhoola et al. [163] have recently provided strong evidence indicating
the presence of hKI1 activity in the chemotactically attracted inflammatory
cells of esophageal and renal cancers, indicating a role for kallikreins
in these malignancies. Modulation of angiogenic activity is another pos-
sible mechanism for kallikrein involvement in cancer. The kinin family of
vasoactive peptides, liberated by hK1 action, is believed to regulate the angio-
genic process [253]. It was recently reported that immunolabeling of hK1 was
intense in the angiogenic endothelial cells derived from mature corpora
lutea. Immunoreactivity was lower in nonangiogenic endothelial cells, and
least in angiogenic endothelial cultures of the regressing corpus luteum [253].
In addition, hK3 was reported to have antiangiogenic activities [254].
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The elevation of serum concentration of kallikreins in cancer might be
a result of the increased vasculature (angiogenesis), the destruction of the
glandular architecture of the tissues involved, and the subsequent leakage
of these proteins into the general circulation. It is possible that the con-
centration of kallikreins may also be increased in serum because of gene
overexpression.

17. Therapeutic Applications

It is possible that some kallikreins may become valuable therapeutic
targets when the biological pathways that are involved are delineated. For
example, the enzymatic activity of these serine proteases may initiate (e.g.,
tumor invasion, activation of hormones, growth factors, other enzymes,
receptors or cytokines, amyloid formation) or terminate (e.g., inhibition of
angiogenesis, inactivation of growth factors, hormones, enzymes, cyto-
kines, or receptors) biological events. Once known, these events could be
manipulated, for therapeutic purposes, by specific enzyme inhibitors or
activators. Another potential therapeutic approach is the cell-specific acti-
vation of therapeutic agents [255]. Preliminary reports show potential success
by using the PSA promoter to express molecules in a tissue-specific fashion
[256]. A third possible therapeutic approach involves immunotherapy or
development of cancer vaccines. With our increasing knowledge of the
hormonal regulation of kallikreins, hormonal activation (or repression) of
kallikrein activity could be investigated in the future.

18. Future Directions

The kallikrein locus in humans has now been well characterized and
confirmed by independent analyses of various investigators. The structure
of these simple serine protease genes has now been fully elucidated. It is thus
now appropriate to shift the research focus from characterization of the gene
structure to study of the functional aspects of kallikreins in humans and
other species. The completion of the mouse, rat, and other genome sequences
will aid in comparative genomic analysis of the human and other animal
kallikrein loci, toward establishing phylogenetic and functional relation-
ships. The large number of kallikrein genes and proteins and their close
localization point to an important proteolytic system that has not yet been
recognized. We do not, therefore, know whether the tight clustering of these
genes is related to their physiological functions or whether it represents a
functional redundancy.
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With very few exceptions, knockout animal models for kallikreins have
not yet been developed. It will be very interesting to establish the phenotype
of mice lacking not one but many kallikreins, or even the whole-mouse
kallikrein locus. This will provide insights into the function of these genes
in the mouse and further delineate the degree of redundancy of these genes.
Mutational analysis of human kallikreins has not been performed in detail,
and we do not yet know whether the functional inactivation of any of these
genes in humans leads to recognizable diseases.

The localization of these genes next to each other and their parallel
expression in many tissues strongly indicate that these genes are regulated
by a locus-control region. This proposal merits further investigation. How-
ever, epigenetic changes seem to play a role in kallikrein gene silencing.
Furthermore, kallikrein genes are regulated by steroid hormones and vitamin
D in certain tissues. A better understanding of their mode of regulation will
be important in the future.

It appears that small groups of kallikreins may represent enzymatic cas-
cade pathways in certain tissues. For example, it is very likely that at least
three kallikreins, hK2, hK3, and hK11, which are present in seminal plasma
at relatively very large concentrations, may coordinately act as a cascade
enzymatic pathway, involved in semen liquefaction or other activities. In
contrast, another group of kallikreins, including hK5 and hK7 and possibly
many others, seem to be involved in skin desquamation. Similar cascade
pathways may be operating in the breast, testis and other tissues.

Some avenues for future kallikrein research include, first, their continued
investigation as promising novel biomarkers for diagnosis, prognosis, and
monitoring of many diseases, particularly cancer. Although most of the
current reports describe single kallikreins as potential biomarkers, in the
future, it may be possible to combine multiple kallikreins with other tumor
markers in multiparametric panels. However, the recognition that kallikrein
genes give rise to a very large number of splice variants (more than 70) offers
new avenues of investigation regarding the applicability of these molecules as
cancer biomarkers. It is possible that splice variants of some of these genes
may be even more promising cancer biomarkers than the classical forms of
the enzymes.

Second, the full utilization of the kallikrein gene family in various aspects
of human physiology and pathobiology will necessitate the delineation of
their physiological functions. Future investigations should include the exam-
ination of their enzymatic specificity and their regulation by specific or
nonspecific tissue or circulating inhibitors. We are currently using synthetic
peptide substrates, combinatorial substrate libraries, macromolecular pro-
tein substrates, and phage display technology to delineate the physiological
function of these enzymes.
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Third, it is likely that these enzymes participate in cascade enzymatic
reactions, similar to those of the coagulation cascade, in which one enzyme
activates or inactivates another. Further understanding of these interrela-
tionships between kallikreins and possibly other proteolytic systems (such as
the metalloproteases) will further aid in the elucidation of their functions.
Because these enzymes are all predicted to be secreted, it is likely that they act
in the intercellular space by either cleaving cell surface receptors or partici-
pating in the remodeling of extracellular matrix. These activities may lead to
the discovery of novel signal transduction pathways associated with cell
adhesion, remodeling, or angiogenesis.

Fourth, the demonstration that many of these enzymes have prognostic
value in cancer may qualify them as novel therapeutic targets. For example,
similar to many other proteases, these enzymes may participate in the diges-
tion of extracellular matrix, thus facilitating tumor invasion and metastasis.
The identification of highly specific inhibitors may reveal new therapeutic
opportunities.

Fifth, certain kallikreins, such as human kallikrein 6, are highly expressed
in the central nervous system. It has previously been shown that hK6, and
possibly some other kallikreins, are implicated in inflammatory reactions
within the central nervous system that lead to demyelination. The association
of hK6 and some other kallikreins with AD and multiple sclerosis points to
the possibility that some of these enzymes may play important roles within
the central nervous system. In addition, many of these enzymes have been
found in endocrine tissues such as the islets of Langerhans, thyroid, pitui-
tary, and others, pointing to the possibility that they may participate in
prohormone or hormone processing.
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Several studies have discussed the relationship between serum cholesterol
and suicide, violence, anxiety disorders, depressive disorders, and schizo-
phrenia [1-3]. Some of these papers suggested that low or lowering cholester-
ol levels could cause or worsen depressive symptoms and increase the risks of
suicide and violence death. There are many reports that discussed the rela-
tionships between the lipid profiles, depression, and suicide from
the viewpoints of decreased serotonergic transmission on suicide behavior
[4, 5], lower serum cholesterol and serotonin levels [6, 7], serum cholesterol
levels and polymorphism in the promoter region of the serotonin transporter
gene for depression and suicide [8-10], low serum cholesterol and suicide risk
[11, 12], and serotonergic receptor function [13, 14]. These studies supported
the hypothesis that reduced cholesterol levels resulted in reduced central
serotonin transmission.

Major depression is associated with altered changes in hypothalamo-
pituitary-adrenocortical (HPA) axis activity and immune and endocrine
systems. Because these systems can affect each other reciprocally, inter-
actions between the lipid profiles and the neuroendoimmune systems in
depression should be addressed [15-20]. Penttinen has suggested that
low cholesterol concentration and suicidal behavior are connected with
interleukin 2, which caused decreased serum cholesterol level and in-
creased serum TG level [15]. In major depression, activation of the inflamma-
tory response system and increased concentrations of proinflammatory
cytokines, prostaglandin E,, and negative immuno-regulatory cytokines
in peripheral blood have been reported [16]; Myint and Kim suggested
one neurodegeneration hypothesis of depression that involved cytokine—
serotonin interaction through the enzyme indoleamine-2,3-dioxygenase [16].
Some authors also discussed brain-immune interactions [17], glucocorti-
coid receptors in major depression [18], physiopathology of depression
in HPA axis [19], and neurobiological consequences of adverse early-life
experiences [20].

In clinical practice, depressive symptoms were common in patients with
physical illness, including cardiovascular disease, diabetes mellitus, end-stage
renal disease, and women in pregnancy, following delivery or menopause.
However, data that specifically addressed serum lipid profiles in patients
with depressive disorders and physical illnesses were still scarce.

In this review we discuss the relationships between serum lipid profile
levels, major depression, and suicide attempts, as well as the interactions
between lipid profiles, stress, HPA axis, and inflammation/immunity in
depressive disorders. The conclusion emphasizes the importance of integrated
data between clinical phenotypes and molecular mechanisms in depressive
disorders.
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2. The Relationships Between Lipid Profile Levels, Depression,
and Suicide Altempts

2.1. DEPRESSIVE SYMPTOMS OR DEPRESSIVE DISORDERS

Most of the data that examined depressive symptoms and lipid profile
levels have been from the community studies performed in different coun-
tries by the self-related depression scales. Most of these studies were
performed by psychiatrists according to specifically clinical criteria in psy-
chiatric inpatients or outpatients or in patients admitted for general health
screening.

2.1.1. Depressive Symptoms and Lipid Profile Levels
in the Community

Lower cholesterol levels have been found in some patients with depressive
symptoms [21, 22], but not in others [23-26]. Troisi et al. also found no
significant association in the younger age group (<50 years of age) [27].
In contrast, in a subgroup of older women, serum cholesterol was negatively
and significantly correlated to negative mood with the self-rated scales.
Restricting analysis to the subjects in the highest quartile of the age distri-
bution (>60 years of age) yielded a much stronger correlation between
cholesterol and mood. This result was not, however, compatible with those
reported previously [26]. McCallum et al. examined the relationship between
low serum cholesterol and depressive symptoms in the elderly and found
that low serum cholesterol was not associated with depressive symptoms in
older men or women from the cross-sectional data in a community [26].
However, they did point out the significance of financial status, low self
esteem, adequacy of practical help and emotional support, and recent wid-
owhood in depression. Hu et al. found that hypocholesterolemia was not an
independent risk factor for increased overall mortality in older men and
women [28]. The association between low total cholesterol and high mortali-
ty is mainly confounded by common cardiovascular risk factors, rather than
underlying inflammation or lack of adequate nutrition [28].

In addition, Nakao et al. have examined the effects of mood states on
“persistent” versus ‘“‘temporary”’ hypercholesterolemia in students entering
a university [29]. They found that depressive mood appeared to relate
to hypercholesterolemia when the university students were screened with
tension—anxiety, depression, anger—hostility, vigor, fatigue, and confusion
scales [29]. In children, after covariance adjustment for age, race, and sex,
Glueck et al. pointed out that children having adjustment disorders with
depression had much lower covariance-adjusted TC values than control
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schoolchildren, whereas those with disruptive behavior with oppositional
defiant disorder had much higher adjusted TC value [30].

In addition to total cholesterol, Lindberg et al. tried to explore the relation-
ship between other lipids and depressive symptoms [31]. They found that total
cholesterol and LDL cholesterol values were lower in men, but serum triglycer-
ide concentration was not. In women, however, the serum triglyceride value,
but not the total cholesterol or LDL cholesterol, was lower in those who
reported low mood, depression, or anxiety during the last 6 months [31].
Chen et al. examined the correlation between serum lipid levels and psycholog-
ical distress [32]. They found that women with an HDL-C level lower than
35 mg/dL scored significantly higher on depression, interpersonal sensitivity,
phobia, anxiety, somatization, and aggressive hostility, whereas subjects with a
total cholesterol concentration lower than 160 mg/dL scored significantly
higher on anxiety, aggressive hostility, phobia, and psychosis [32]. Huang
et al. also investigated the correlation between serum lipid, lipoprotein con-
centrations, and anxious state, depressive state, or major depressive disorder
[33]. A total of 207 patients admitted for general health screening were recruited
in this study during a 1-year period. When the patients were not associated with
systemic diseases (n = 162), the researchers found that HDL and the ratio of
TC/HDL displayed significant differences among anxious state, depressive
state, and normal groups in men after age adjustment. However, the ratios of
TC/HDL and LDL/HDL showed significant differences between patients
with major depressive disorder and normal controls in women [33].

2.1.2. Depressive Disorders and Lipid Profile Levels
in Psychiatric Inpatients

The relationships between cholesterol, lipids, and depressive symptoms have
been investigated but require further study. Lower cholesterol levels have been
found in patients with major depression [34—38], but not in others [39].

Glueck et al. assessed hypocholesterolemia in 203 patients hospitalized
with affective disorders (depression, bipolar disorder, and schizoaffective
disorder), 1595 self-referred subjects in an urban supermarket screening,
and 11,864 subjects in the National Health and Nutrition Examination
Survey II (a national probability sample) [34]. Low plasma cholesterol con-
centration (<160 mg/dL) was much more common in patients with affective
disorders than in those found in urban supermarket screening subjects or in
the National Health and Nutrition Examination Survey II subjects. When
paired with supermarket screening subjects by age and sex, patients with
affective disorders had much lower TC, LDL, HDL, and higher TG concen-
trations. However, there was no evidence that low plasma cholesterol could
cause or worsen affective disorders [34].
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Apter et al. investigated the relationship between serum cholesterol levels
and suicidal behaviors in adolescent psychiatric inpatients [40]. They found
that serum cholesterol levels were significantly higher in adolescent patients
who were currently suicidal than in nonsuicidal adolescents. Within the
suicidal group, but not in the total inpatient group, serum cholesterol corre-
lated negatively with the degree of suicidal behavior. No correlation between
serum cholesterol levels and depression, violence, and impulsivity was
detected. No significant differences were found in serum cholesterol levels
between diagnoses or between suicidal and nonsuicidal patients within each
diagnostic group [40].

In Taiwan, Huang et al. investigated the correlation between serum lipid,
lipoprotein concentrations and major depressive disorder in patients admit-
ted for general health screening [33]. They found that the ratios of TC/HDL
and LDL/HDL showed significant differences between patients with major
depressive disorder and normal controls in women. Huang and Chen also
pointed out that no significant differences were found in lipid concentrations
of TC, TG, HDL, VLDL, LDL, TC/HDL, and LDL/HDL between patients
with dysthymia and normal controls [41].

2.1.3. Depression in Patients with Physical Illness

Depressive symptoms are common in patients with physical illness, includ-
ing cardiovascular disease, diabetes mellitus, end-stage renal disease, and
women in pregnancy, delivery, or menopause. The depressive symptoms
in patients with physical illness include apathy, anorexia, sleep disorder,
fatigue, and cognitive deficits [42].

2.1.3.1. Depression, Cardiovascular Disease, and Cognitive Impairment.
The effect of depression on patients with heart disease has been mentioned
and is strongly associated with increased morbidity and mortality [43-45].
Coclho er al. showed that there were significant differences according to
gender regarding almost every psychometric dimension assessed [46]. After
adjusting for the presence of different biomedical risk factors, significant
decreasing mean behavior pattern scores were found with increasing
age. Mean depression scores were significantly higher in women and in
individuals with lower educational level [46].

In a previous study, van Doornen and van Blokland pointed out that type
A behavior and a vital exhaustion/depression cluster appeared to be the most
crucial elements of the psychological “coronary risk profile” [47]. The
authors found that type A behavior was related to a stronger response of
adrenaline and diastolic blood pressure to the stressor. Vital exhaustion was
also positively correlated with the adrenaline reaction and, moreover, with
cholesterol base level, stress-induced cholesterol change, and noradrenaline
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and cholesterol stress levels [47]. Recently, Rutledge et al. investigated asso-
ciations between atherosclerosis risk factors (smoking behavior, serum
cholesterol, hypertension, body mass index, and functional capacity) and
psychological characteristics with suspected linkages to coronary disease
(depression, hostility, and anger expression) in an exclusively female cohort
[48]. High depression scores were associated with a nearly threefold risk of
smoking after covariate adjustment, and women reporting higher depression
symptoms were approximately four times more likely to describe them-
selves in the lowest category of functional capacity. High anger-out scores
were associated with a fourfold or greater risk of low HDL concentration
(<50 mg/dL) and high LDL concentration (>160 mg/dL). In conclusion,
these results demonstrate consistent and clinically relevant relationships
between psychosocial factors and atherosclerosis risk factors among
women and may aid our understanding of the increased mortality risk
among women reporting high levels of psychological distress [48].

Although cholesterol is a major cardiovascular risk factor, its association
with stroke remains controversial. In Taiwan, Su investigated the relation
between job strain status and cardiovascular risk factors (high serum total
cholesterol, low serum HDL cholesterol, and high plasma fibrinogen) [49].
The author found that plasma fibrinogen is a possible intermediate factor
linking occupational stress to elevated cardiovascular risk [49]. Engstrom
et al. also explored whether the cholesterol-related incidence of stroke and
myocardial infarction is modified by plasma markers of inflammation,
using a large, population-based cohort with a long follow-up [50]. The
researchers found that hypercholesterolemia is associated with high plasma
levels of inflammation-sensitive plasma proteins (fibrinogen, «;-antitrypsin,
haptoglobin, ceruloplasmin, and orosomucoid). These proteins increase the
cholesterol-related incidence of cardiovascular diseases [50]. In addition,
C-reactive protein (CRP) is a prototypic marker of inflammation. Numerous
prospective studies in healthy volunteers have confirmed that high-sensitivity
CRP predicts cardiovascular events, and high-sensitivity CRP seems additive
to an elevated total cholesterol level and a TC/HDL ratio in men and women
in predicting risk [51].

Further, certain dietary risk factors for physical ill health are also risk
factors for depression and cognitive impairment. For example, cognitive
impairment is associated with atherosclerosis, type 2 diabetes, and hyperten-
sion, and findings from a broad range of studies show significant relation-
ships between cognitive function and intakes of various nutrients, including
long-chain polyunsaturated fatty acids, antioxidant vitamins, and folate and
vitamin B12. Further support is provided by data on nutrient status and
cognitive function [52-54].
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Alzheimer disease (AD) is characterized by the presence of senile plaques,
neurofibrillary tangles, and neuronal cell loss associated with membrane
cholesterol release. 24S-hydroxycholesterol (24S-OH-Chol) is an enzy-
matically oxidized product of cholesterol mainly synthesized in the brain.
Lutjohann et al. found that the concentration of 24S-OH-Chol in AD and
non-AD demented patients was significantly higher than in healthy controls
and in depressed patients [55]. However, there was not a significant difference
in the concentrations of 24S-OH-Chol between depressed patients and
healthy controls, or between AD and non-AD demented patients. The
researchers speculated that 24S-OH-Chol plasma levels may potentially be
used as an early biochemical marker for an altered cholesterol homeostasis in
the central nervous system [55]. Even though it is known that apolipoprotein
E is deeply involved in major age-related disorders such as atherosclerosis
or AD [56], the control of cell-specific apolipoprotein E expression is still
poorly understood. The response of KYN-2 cells to both cytokines and
cholesterol differs from that found in astrocytoma cells [57]. Brahimi et al.
suggested that blood variation of apolipoprotein E concentrations in AD
does not reflect the lack of regulation taking place in the brain [57]. In
addition, glial fibrillary acidic protein autoantibody level may be a late
marker for neurodegeneration [58]. To date, serum «j-antichymotrypsin
concentration is the most convincing marker for CNS inflammation.
Increased serum homocysteine concentrations have also been consistently
reported in AD [58].

2.1.3.2. Depression and Diabetes Mellitus. Patients with chronic medical
illness have a high prevalence of major depressive disorder [59]. Depression
may be three times more prevalent in the diabetic population when compared
with its occurrence in nondiabetic individuals [60]. In addition, microalbu-
minuria, hypertension, and hyperinsulinemia are another three independent
risk factors for cardiac disease in non-insulin-dependent diabetes mellitus
(NIDDM) [61]. Nosadini et al. showed that peripheral insulin resistance,
hypertension, microalbuminuria, and lipid abnormalities are associated with
NIDDM [61]. Further, Helkala et al. determined that cognitive and memory
dysfunction are associated with NIDDM and explored the disease’s relation-
ship with depression, metabolic control, and serum lipids. The results showed
that the NIDDM patients had impaired control of their learning processes
[62]. Obviously, future research examining the causal relationship of depres-
sion to the onset on diabetes and the effect of depression on the natural
course of diabetes is needed [60].

2.1.3.3. Depression and End-Stage Renal Disease. There are few data on
the epidemiology, consequences, and treatment of depression in patients
with renal disease, and the role of depression in these patients needs to be
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discussed in more detail [42, 63]. From a biochemical standpoint, hyperlipid-
emia is a common manifestation of the nephrotic syndrome, and serum lipid
concentrations have been observed by others to be negatively correlated with
serum protein concentration. Hyperlipidemia has been postulated to result
from a coordinate increase in the synthesis of both albumin and lipoproteins,
as well as from their decreased catabolism [64—67].

Kaysen et al. have shown that serum cholesterol concentration was
dependent only on the renal clearance of albumin, and changes in serum
cholesterol concentration were dependent only on changes in the renal
clearance of albumin. Serum cholesterol concentration was completely inde-
pendent of the rate of albumin synthesis [64]. Nihei et al. suggested that
resveratrol, a polyphenolic compound, is a potent anti-glomerulonephritic
food factor capable of suppressing proteinuria, hypoalbuminemia, and
hyperlipidemia concurrently [65]. In addition, endothelin 1 (ET-1) is able to
determine functional and structural renal alterations in diabetic patients. In a
select group of type 2 normotensive diabetic patients with microalbuminuria,
Bruno et al. showed that circulating ET-1 values were increased and
correlated with albumin excretion rate [66]. These findings confirm that
endothelial dysfunction, as expressed by ET-1 levels, occurs early in these
patients, and it supports the hypothesis of a potential role for this peptide in
development of microalbuminuria in diabetic nephropathy [66]. Using clini-
cal data, Huang and Lee also showed that hemodialysis patients with major
depression had lower serum albumin and higher ferritin levels than the
hemodialysis patients without major depression [67].

2.1.3.4. Depression and Metabolic Syndrome. Abnormal serum albumin
levels and lipid profiles have both been observed in patients with major
depression, as well as cardiovascular disease, diabetes mellitus, and end-
stage renal disease. Depressive symptoms are very common in patients with
these chronic illnesses. Recent clinical data have shown that cardiovascular
disease, diabetes mellitus, end-stage renal disease, and obesity are all related
to metabolic syndromes [68-74], and especially insulin resistance [75, 76].
However, the data examining major depression without physical illness and
insulin resistance are still scarce. In the future, the biological relationship
between depression and physical illness needs to be more fully explored.

2.1.3.5. Depression and Women in Pregnancy, Postpartum, or Menopause.
Lipids and lipoproteins are known to increase substantially during preg-
nancy and to decrease rapidly after delivery. The factors responsible for the
changes have not been identified; however, they could be related to
changes in one or more of the endocrine hormones [77-80]. During preg-
nancy, the total serum cholesterol concentration rises up to 45%, followed by
a rapid fall after delivery. Schwertner et al. found that the increases in
cholesterol during pregnancy and labor could be, in part, a result of the
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metabolic- and stress-related increases in cortisol [77]. The studies also
indicate that both pregnancy and labor and delivery might be useful “natu-
ral” models for studying hormonal mechanisms involved in lipid and
lipoprotein metabolism.

Mild depressive symptoms (“postpartum blues’) are a common complica-
tion of the puerperium and affect 30%—-85% of women in the early postpar-
tum period. On the basis of these observations, it has been suggested that
the sudden fall in cholesterol levels after delivery could serve as a “natural
model” to test the suggested association between cholesterol and mood [77].
Troisi et al. expanded the database concerning the association between
cholesterol levels and mood in the postpartum period [78]. They found sign-
ificant relationships between serum cholesterol levels and mood symptoms in
the postpartum period that were not present during late pregnancy. Lower
postpartum levels of total cholesterol were associated with symptoms of
anxiety, anger—hostility, and depression, and lower postpartum levels of
HDL cholesterol were associated with symptoms of anxiety [78]. The study
confirmed that the physiological fall in blood lipids in the postpartum period
provided a useful model to test the relationship between serum cholesterol
levels and mood [78].

Nasta et al. also tried to investigate the relationship between cholesterol
and mood states in the initial puerperal period. Their results showed that
reduced plasma cholesterol concentration was associated with major feelings
of fatigue and depressed mood [79]. In addition, West et al. compared the
effects of transdermal versus oral estrogens on the vascular resistance index,
mean arterial pressure, serum lipid concentrations, norepinephrine, and left
ventricular structure in 10 postmenopausal women. The results showed that
oral and transdermal estrogen significantly decreased the vascular resistance
index, mean arterial pressure, norepinephrine, and total and low-density
lipoprotein cholesterol to a similar extent [80].

2.2. SUICIDE ATTEMPT, AGGRESSION, OR VIOLENCE

Because depression is a major factor in most suicides, investigating the
association between low serum cholesterol levels and suicide may be impor-
tant. Some studies have shown an association between low cholesterol and
increased risk of death resulting from injuries or suicide [81-85]. Other
studies have shown no such association [40, 86-89].

Fawcett et al. proposed four hypothetical pathways leading to suicide in
clinical depression: an acute pathway involving severe anxiety/agitation
associated with high brain corticotrophin-releasing factor levels, trait base-
line and reactivity hopelessness, severe anhedonia, and trait impulsiveness
associated with low brain serotonin turnover, with low total cholesterol as a
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possible peripheral correlate [90]. Future possibilities and the applications of
these findings are discussed.

2.2.1. Depression, Cholesterol-Serotonin Theory, and Suicide

Both suicidal behavior and impulsive aggression have been associated
with low levels of brain serotonergic activity [91, 92]. Engelberg suggested
that a reduction in serum cholesterol may decrease brain-cell-membrane
cholesterol, lower lipid microviscosity, and decrease exposure of protein
serotonin receptors on the membrane surface, thus resulting in a poorer
uptake of serotonin from the blood and less serotonin entry into brain
cells [4]. Other reports have discussed the relationships between cholesterol,
serotonin, and depression [6, 93-96].

In clinical studies, Steegmans et al. found that middle-aged men with
chronically low serum cholesterol levels (<4.5 mmol/L or 172 mg/dL) have
a higher risk of having depressive symptoms, according to scores on the Beck
Depression Inventory, when compared with a reference group of men with
cholesterol levels between 6 and 7 mmol/L [97]. These data may be important
in the ongoing debate on the putative association between low cholesterol
levels and violent death in the future.

Epidemiological and clinical studies have described an association between
lower serum cholesterol concentrations and increased suicide risk that is not
entirely attributable to depression-related malnutrition and weight loss.
Recent epidemiological studies with greater samples and longer follow-up
periods, however, have even shown a positive correlation between cholesterol
concentrations and suicide risk after controlling for potential confounding
variables [97, 98]. A meta-analysis of earlier intervention trials indicated that
cholesterol lowering could cause or worsen depressive symptoms and in-
crease the risk of suicide. However, some large trials of statins (simvastatin,
lovastatin, and pravastatin) did not show an increase of suicide mortality
[98, 99]. Recently, it was hypothesized that a decreased consumption of
polyunsaturated fatty acids, especially omega-3 fatty acids, may be a risk
factor for depression and suicide [98].

2.2.2. Depression, Poor Social Support, and Suicide

Horsten er al. examined the inverse relationship between cholesterol
levels and death from violent causes, including suicide, in a group of 300
middle-aged healthy Swedish women [100]. The authors also investigated
the association between cholesterol and other psychosocial factors (social
support, vital exhaustion, and stressful life events), which are known to
be related to depression. The results showed that women with low
serum cholesterol, defined as the lowest tenth of the cholesterol distri-
bution (<4.7 mmol/L or 180 mg/dL), reported significantly more depressive
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symptoms. In addition, low cholesterol was found to be strongly associated
with lack of social support [100]. The findings may constitute a possible
mechanism for the association found between low cholesterol and increased
mortality, particularly suicide.

3. The Interactions Between Siress, Lipid Profiles, Cortisone/
HPA Axis, and Inflammation/Immunity

To our knowledge, there are many interactions between stress, lipid pro-
files, cortisone/HPA axis, and inflammation/immunity. In addition to lipid
profiles and depression, we also must investigate the relationships between
lipid profiles and stress, cortisone/HPA axis, and inflammation/immunity,
as described below.

3.1. PsycHoLoGICAL FACTORS: L1PID PROFILES AND STRESS

Recent research on the causes of disease and aging has increasingly sup-
ported the importance of stress [101]. One theory of the relationship between
stress and disease is based on the concept of homeostasis [101]. Many
researchers held that full, normal function of the self-regulating or homeo-
static power of the body maintains the balanced, integrated condition we
recognize as health. Failures in this capacity, such as those produced by
frequent stressful experiences, can result in disease or death [101]. Walton
and Pugh, in a review article, discussed both the fundamental elements of
these theories and the current neuroendocrine research supporting their
validity and immediate relevance [101].

In an earlier study, Francis investigated the correlations between serum
uric acid, cortisol, HDL cholesterol, LDL cholesterol, and psychometric
indices of stress, including anxiety, hostility, and depression, in 20 students
over a 2.5-month academic quarter. The students’ serum cholesterol
and the LDL cholesterol levels were significantly elevated above control
levels. The ratio of HDL cholesterol/total cholesterol was significantly
lower [102]. Agarwal et al. also estimated the serum cholesterol, triglycerides,
and total lipids in 12 students exposed to a varying degree of examination
stress. Serum cholesterol and triglycerides exhibited a rise proportional to the
degree of examination stress, whereas other lipids exhibited an initial rise
followed by a fall. The rise in serum cholesterol and triglycerides seems to be
caused by stress-induced changes in hormonal levels and peripheral lipolysis,
respectively [103].

In humans, stress can increase the risk of cardiovascular disease by
altering lipoprotein metabolism, but what about animal studies? In 1988,
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Prabhakaran et al. indicated that noise could be a potent stressor and
cause disturbances in the biochemical parameters of the body. It is pre-
sumed that most of the effects are indirect, being manifested through the
activation of autonomic nervous system that liberates catecholamines and
HPA axis responsible for the liberation of corticosteroids [104]. In 1989,
Hershock and Vogel found that in male Sprague-Dawley rats, acute
immobilization stress could affect serum triglyceride and nonesterified
fatty acid values and that these effects were diet and time dependent; how-
ever, the rats’ total cholesterol levels were unaffected by stress [105]. In
addition, in 1996 Brennan et al. pointed out that stressed animals had
higher levels of the cholesterol parameters than did home cage controls [106].

Abd el Mohsen et al. studied the changes in sex hormones and lipid
profiles in adult female albino rats subjected to treatment with nicotine
(N), immobilization stress (S), or a combination of the two (N + S). The
researchers found that the changes in the lipid pattern could be attributed
to the alterations occurring in corticosterol and female sex hormones, caused
by N, S, or a combination of the two [107]. Further, Ricart-Jane ez al.
studied the metabolic response to acute and chronic stress following a
model of immobilization in rats and evaluated the resulting circulating
lipoprotein levels [108]. Both acute and chronic stress decreased the plasmatic
triacylglycerol concentration, as reflected by the reduction in the number of
VLDL particles. This may be caused by an increase in the metabolism of
triacylglycerol, as suggested by the slightly higher amounts of circulating
LDL [108]. Chronic stress, but not acute stress, significantly increased
both the number and the estimated size of circulating HDL, as shown by
the plasma cholesterol concentration. In addition, acute stress did not
have an additive effect over chronic stress on the lipoprotein parameters
studied [108].

3.2. BioLocGicAL FAcTors: LipiD PROFILES, CORTISONE/HPA AXiS, AND
INFLAMMATION/IMMUNITY

3.2.1. Cholesterol, Lipids, and Cortisone/HPA Axis

In animal studies, Cassano and D’mello found that stress-induced activa-
tion of the HPA axis stimulated the release of both facilitatory and inhibitory
components [109]. Stress can alter plasma corticosterone-binding globulin
levels, and aminoglutethimide administration can cause accumulation of the
corticosterone biosynthetic precursor, adrenal cholesterol. Their results indi-
cated that stress-induced facilitation of the HPA axis is associated with the
release of serotonin [109]. Djordjevic et al. also investigated the reaction of
the HPA system to various stressors (fasting, crowding, cold, and heat) by



CHOLESTEROL AND LIPIDS IN DEPRESSION 93

measuring blood corticosterone concentration as well as the cholesterol
content in the adrenals [110].

The HPA axis, the mediator of cortisol, also plays a central role in the
homeostatic processes in human. Subjects with abdominal obesity show
several signs of a perturbed regulation of the HPA axis. This is known to
occur after chronic, submissive stress. In contrast, perceived environmental
stress depends on personality characteristics [111]. Rosmond et al. found that
men with cluster A personality disorders showed centralized body fat distri-
bution independent of dexamethasone suppression. In contrast, men with
impulsive (cluster B) and anxious (cluster C) personality disorders often have
abdominal obesity in combination with a blunted dexamethasone suppres-
sion test, indicating a HPA axis disturbance [111].

Rosmond and Bjorntorp also addressed the potential effect of HPA
axis activity on established anthropometric, metabolic, and hemodynamic
risk factors for cardiovascular disease, type 2 diabetes mellitus, and stroke
[112]. Strong and consistent correlations were found not only within but
also between different clusters of risk factors, including lipid profiles [110].
The close association to HPA axis abnormality may explain the previously
reported powerful risk indication of abdominal obesity for the diseases
mentioned under environmental stress challenges [112].

3.2.2. Cholesterol, Lipids, and Inflammation/Immunity

In addition to those that discuss lipid profiles and HPA systems, there
are many papers that examine the relationships between lipid profiles
and inflammation/immunity, especially that which is apparent in studies of
atherosclerosis.

Membrane lipids play an important role in cellular responses to exogenous
signals. Lipid profile alterations lead to increased concentration of mem-
brane cholesterol. Inflammation is accompanied by changes in the plasma
concentrations of acute phase reactants including the CRPs in man and other
species [113, 114]. In addition, serum amyloid A, as an apolipoprotein, is
present on HDL only during inflammatory states [115, 116]. Acute inflam-
mation results in a profound change in the apolipoprotein composition
of HDL. Lindhorst et al. suggested that SAA plays a role in cholesterol
metabolism during the course of acute inflammation [117].

Endotoxin, via cytokines, could induce marked changes in lipid metabo-
lism [118], and HDL has been found to neutralize lipopolysaccharide
(endotoxin) activity in vitro and, in animals, in vivo [116, 119, 120].

From the studies of atherosclerosis, we know that oxidative stress and
inflammatory processes are of major importance because they stimulate
oxidized LDL (Ox-LDL)-induced macrophage cholesterol accumulation
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and foam cell formation—the hallmark of early disease. The monocyte
chemo-attractant protein 1, macrophage colony-stimulating factor, and
extracellular matrix are also involved in the atherogenesis [121]. In contrast,
apolipoprotein E plays a key protective role in atherosclerosis. Its capacity to
safeguard against this disease can be attributed to at least three distinct
functions. First, plasma apolipoprotein E maintains overall plasma choles-
terol homeostasis by facilitating efficient hepatic uptake of lipoprotein rem-
nants. Second, lesion apolipoprotein E in concert with apolipoprotein A-I
facilitates cellular cholesterol efflux from macrophage foam cells within the
intima of the lesion. Third, lesion apolipoprotein E directly modifies both
macrophage- and T lymphocyte-mediated immune responses that contribute
to this chronic inflammatory disease. In addition, HDL plays an initial role
in reverse cholesterol transport by mediating cholesterol removal from cells
[122, 123]. The adenosine triphosphate-binding cassette transporter 1 and
endotoxin-induced endothelial cell adhesion molecules are also involved in
the biology of atherosclerosis [124, 125].

Peroxisome proliferator—activated receptors are lipid-activated tran-
scription factors that regulate lipid and lipoprotein metabolism, glucose
homeostasis, and inflammation [126]. Experiments using animal models
of atherosclerosis and clinical studies in humans strongly support an
antiatherosclerotic role for the peroxisome proliferator—activated receptors
alpha and gamma in vivo. Thus, peroxisome proliferator—activated recep-
tors remain attractive therapeutic targets for the development of drugs
used in the treatment of chronic inflammatory diseases such as atherosclero-
sis [126-128]. Klappacher and Glass, in their 2002 review article, pointed
out growing evidence of the regulation of both inflammatory responses and
cholesterol homeostasis in macrophages by peroxisome proliferator—
activated receptor gamma ligands and addressed the ligands’ overall
effect as antiatherogenic agents [129]. Statins can exert antiinflammatory,
antiatherosclerotic effects through an antiinflammatory action, independent
of lowering cholesterol [130]. In 2003, Kleemann et a/. addressed the question
of whether the antiinflammatory activities of statins can reduce
atherosclerosis beyond the reduction achieved by cholesterol lowering,
per se [131].

In summary, biological markers identified from studies of atherosclerosis
could potentially be applied to the pathophysiological investigation of major
depression. For example, lower albumin and cholesterol levels were also
noted in depressive patients during the acute phase [33, 38, 41, 67, 132], not
just in patients with cardiovascular disease or end-stage renal disease. These
data indicate that major depression, cardiovascular disease, and
end-stage renal disease might all have common pathologies.
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4. Clinical Phenotypes in Depression and Molecular Levels

In clinical studies, major depressive disorder has had four specifiers, includ-
ing melancholic feature, atypical feature, catatonic feature, and postpartum
onset. In the future, we should investigate the distributions of the four specifiers
of depression among patients with physical illness and discuss which biological
markers could link the depressive disorder and the physical illness.

4.1. Lipip PROFILE LEVELS IN PATIENTS WITH MAJOR DEPRESSION
WITH MELANCHOLIC FEATURE, ATYPICAL FEATURE, CATATONIC
FEATURE, OR POSTPARTUM

Although there are papers that discuss the relationships between cholesterol,
lipid profiles, and major depression [34-39], there are few data that discuss
the association between lipid profiles and depressive disorders with different
phenotypes. Huang and Chen investigated the correlation between serum lipid,
lipoprotein concentration, and major depressive disorder in patients evaluated
for general health screening [41]. They found that analysis of covariance
after age adjustment revealed significant differences in patients with melan-
cholic feature and patients with atypical feature in serum concentrations of TG
and VLDL in men and HDL in women [41]. However, there are still no reports
that discuss the relationships between lipid profiles and major depression
with postpartum onset or catatonic feature. In the future, large sample numbers
will be needed to clarify the clinical differences in this field.

4.2. PosSIBLE MOLECULAR PATHWAY, GENETICS, AND MECHANISM

In addition to the studies of clinical biological changes in lipid profile levels
in patients with major depression, the mechanism of lipid metabolism should
be noted and discussed [133]. In past studies, the main plasma lipid transport
forms have been free fatty acids, triglycerides, and cholesteryl esters.

Free fatty acids, derived primarily from adipocyte triglycerides, are trans-
ported as a physical complex with plasma albumin. Triglycerides and
cholesteryl esters are transported in the core of plasma lipoproteins [134].
Deliconstantinos observed the physical state of the Na*/K*-ATPase lipid
microenvironment as it changed from a liquid-crystalline form to a gel phase
[135]. The studies concerning the albumin-cholesterol complex, its behavior,
and its role in the structure of biomembranes provided important new clues as
to the role of this fascinating molecule in normal and pathological states [135].

In addition, apolipoprotein E is a plasma protein that serves as a ligand for
LDL receptors and, through its interaction with some receptors, participates
in the transport of cholesterol and other lipids among various cells of the
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body [136, 137]. Lecithin-cholesterol acyltransferase is the enzyme responsi-
ble for the formation of the bulk of cholesteryl ester in human plasma. The
lecithin-cholesterol acyltransferase reaction occurs mainly on HDLs and
requires an apolipoprotein as activator [138].

Macrophages and cytokines can also influence lipoprotein metabolism
[139]. Grove et al. indicated that macrophages can secrete several pro-
teins, including 27-oxygenated metabolites of cholesterol, that upregulate
LDL receptors in HepG2 cells [140]. This mechanism was compared with
the classical HDL-dependent reverse cholesterol transport. With albumin
as extracellular acceptor, the major secreted product was 3-8-hydroxy-5-
cholestenoic acid; with HDL as acceptor, 27-hydroxycholesterol was the
major secreted product [140, 141].

Sterol carrier protein 2 has also been shown to be involved in the intracellular
transport and metabolism of cholesterol. Hirai et al. (1994) suggested that
sterol carrier protein 2 plays an important role during foam cell formation
induced by acetylated LDL and may be an important step in atherosclerosis
[142]. Lipoproteins can bind lipopolysaccharide and decrease the lipopoly-
saccharide-stimulated production of proinflammatory cytokines [142, 143].
In addition, lipoprotein entrapment by the extracellular matrix can lead to the
progressive oxidation of LDL because of the action of lipoxygenases, reactive
oxygen species, peroxynitrite, or myeloperoxidase [144, 145].

In past research, many biochemical material or genes were found to be
involved in cholesterol homeostasis and atherosclerosis, including carriers
of the 22/23EK allele [146], LDL receptor allele [147, 148], cholesterol-
7a-hydroxylase (CYP7AL1) gene [149], ET-1 level [66], acyl-CoA:cholesterol
acyl transferase activity [150], signal transducer and activator of transcrip-
tion (STAT transcription factors signal) [151], sterol regulatory element
binding protein 1 [152], ATP-binding cassette transporter Al [153], and
T helper cells [154]. Finally, Vainio and Ikonen, in their 2003 review article,
summarized key aspects of intracellular cholesterol processing in macro-
phages, including mechanisms of lipoprotein cholesterol uptake, fate of the
internalized cholesterol, and mechanisms implicated in cholesterol efflux.
The importance of inflammatory cues, the cellular compartmentalization of
cholesterol homeostatic responses, and the increasing information on the
transcriptional control of cholesterol balance are also discussed [155].

5. Conclusion
Depression is a physical and psychological disorder that affects every

aspect of human physiology. Stewart and Atlas have discussed the chaos
between depression and metabolic syndrome [71]. As we know, some
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biological markers in cardiovascular disease are also used in the study
of renal disease and diabetes and could similarly be applied to the study of
major depression. As discussed above, these markers may be especially
relevant to those involved in lipid metabolism. In addition the influence of
antipsychotics and antidepressants on the human body should be considered
[71]. Identifying the important links between physical illness, depression, and
biological markers will be very important in the future, as many diseases have
overlapping pathophysiology aspects (i.e., information obtained from one
disease can potentially be applied to other diseases). Perhaps better methods
will be developed to help resolve these difficult problems [156]. However, the
exact relationships between lipid metabolism, HPA axis, immune abnormal-
ities in major depression, and medical illness are still unknown. More studies
are clearly needed to specifically address the relationship between major
depression and medical illness.
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1. Introduction

Alzheimer disease (AD) represents the most common neurodegenerative
disease worldwide, accounting for 60% —70% of cases of progressive cognitive
impairment in elderly patients. The prevalence of dementia of the Alzheimer
type (DAT) doubles every 5 years after the age of 60 years, increasing from a
prevalence of 1% among those 60-64 years old up to 40% of those aged 85
years and older [1, 2]. The disease is more common among women than men

107

0065-2423/05 $35.00 Copyright 2005, Elsevier Inc.
DOI: 10.1016/S0065-2423(04)39004-9 All rights reserved.



108 PADOVANI ET AL.

by a ratio of 1.2 to 1.5. Dementia patients have a substantially shortened
life expectancy; the average survival is 8 years from diagnosis. The charac-
teristic findings at the microscopic level are degeneration of the neurons
and their synapses, together with extensive amounts of senile plaques and
neurofibrillary tangles [3].

Extensive exploration of possible risk factors for AD has been somewhat
disappointing so far. Age, dementia in a close family member, and apolipo-
protein E (APOE) 4 allele are the only confirmed risk factors for the disease
[4]. Female sex, herpes infection, low serum levels of folate and vitamin B12,
elevated plasma and total homocysteine levels, low lipid plasma concentra-
tions, a history of head trauma, and the protective effect of hormonal
replacement therapy are all factors that likely bimodally interact with
APOE genotype to modify relative risk [5]. Several other possible risk factors
for AD such as exposure to anesthetic agents, diabetes mellitus, and the
protective effects of antiinflammatory drugs, smoking, and alcohol are
being reevaluated, using improving methodologies [5]. Having more educa-
tion and an active lifestyle have been associated with low rates of AD, which
could be at least partly attributable to compensatory strategies that delay
detection of the disease.

The introduction of acetylcholine esterase inhibitors as symptomatic
treatment has highlighted the importance of diagnostic markers for AD
[6, 7]. The awareness in the population of the availability of drug treatment
has also made patients seek medical advice at an earlier stage of the disease.
This has increased the diagnostic challenge for physicians, because the char-
acteristic clinical picture of AD with slowly progressive memory disturbances
combined with parietal lobe symptoms is rather subtle in the early stage and
can be barely noticeable. Accordingly, there is no clinical method to accu-
rately identify AD in the very early phase and to determine which at-risk
cases will progress to DAT, except for having a very long clinical follow-up
period [8]. During the so-called preclinical phase of AD, the neuronal degen-
eration proceeds and the amount of plaques and tangles increase, and at a
certain threshold, the first symptoms—most often including impairment of
episodic memory—appear. This preclinical period probably starts 20-30
years before the first clinical symptoms appear [9]. According to current
diagnostic criteria, AD cannot be diagnosed clinically before the disease
has progressed so far that dementia is present. This means that the symp-
toms must be severe enough to significantly interfere with work and social
activities or relations.

Thus, new diagnostic tools to aid the diagnosis of early AD and to iden-
tify incipient AD in at-risk cases would be of great importance. Such diag-
nostic markers would be of even higher significance if new drugs, with the
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promise of disease-arresting effects, prove to have clinical effect. Such drugs
will probably be more effective in the earlier stages of the disease, before
neurodegeneration is too severe and widespread.

Our goal with this review concerns early recognition of AD, focusing on
the use of biological markers in identifying, among individuals at risk, those
who will progress to DAT. In particular we will review the contribution of
biological markers in early diagnosis of AD. “Early diagnosis™ refers to the
capability to diagnose AD at a very early stage, before symptoms and clinical
signs have reached the stage at which a diagnosis of clinically probable
DAT can be made according to currently recommended criteria. According-
ly, in this review AD is conceptualized as a chronic degenerative disease
clinically characterized by a long presymptomatic phase followed by a pro-
dromal transitional stage, hereby termed mild cognitive impairment (MCI)
which is subsided by the ultimate stage of dementia, more properly called
DAT [10]. The goal of research in this area is to develop highly specific
and sensitive tools capable of identifying, among at-risk subjects either in
the preclinical or in the prodromal stage, those who will eventually progress
to DAT.

Before beginning this review, a brief account of some aspects of AD
instrumental to understand the topic of this review are given.

2. Biological Aspects of AD Pathogenesis

2.1. NEUROPATHOLOGICAL HALLMARKS

Increases in the understanding of the biology of AD during the last
decades have been substantial and have led to potential treatment strategies
that are just beginning to undergo clinical evaluation. In particular, molecu-
lar biology and biochemistry studies have led to a better understanding of the
process of AD main pathological hallmark formation (i.e., plaques and
tangles). Animal models of lesion formation have been developed, though
it is still unclear how the lesions relate to each other, why some neurons
are more vulnerable than others, and which factors determine individual
susceptibility to neuronal lesions.

In AD, the main cause of dementia is assumed to result from the progres-
sive loss of synapse and the neuronal degeneration [11]. The neuropathologic
hallmarks of neurofibrillary tangles (NFTs) and senile plaques were original-
ly described by Alois Alzheimer, a German psychiatrist, at the beginning of
the last century. Both the senile plaques and the NFTs, although not individ-
ually unique to AD, have a characteristic spreading and density in this
disease [12].
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The plaque is an extracellular lesion composed of a core of an amyloid
peptide of 40-42 amino acids designated as Abeta (A(). This peptide is in
turn derived from an amyloid precursor protein (APP), the gene for which
is located on chromosome 21. APP is a transmembrane protein and contains
a large extracellular region, a transmembrane helix, and a short cytoplasmic
tail, with the A5 motif extending from the exterior to halfway through
the cell membrane. Different isoforms of APP are generated by alternative
splicing. The three major isoforms are constituted of 770, 751, and 695 amino
acid residues. APP isoforms are expressed in several cellular systems such
as muscle, epithelial, and circulating cells. Supporting the finding of ubiqui-
tous expression of APP isoforms, large N-terminal fragments—products of
secretase activity—are found in cerebrospinal fluid, blood, and urine [13].

The other lesion of AD is the neurofibrillary tangle—an intraneuronal
lesion of highly phosphorylated and aggregated tau [14, 15]. Tau protein is a
normal and essential component of neurons, where it stabilizes the microtu-
bule cytoskeleton that is essential for axonal transport. It is the incorporation
of excess phosphate groups (i.e., hyperphosphorylation), which leads to the
formation of paired helical filaments, or tau [16]. The process of NFT
accumulation begins with granular neuronal deposits of abnormally phos-
phorylated tau, which becomes progressively more fibrillar, followed by the
formation of filamentous intracellular inclusions that ultimately fill the neu-
ron. The neuron eventually dies, leaving insoluble filaments in the neuropil.
In AD this cytoskeleton is lost and the aggregation of tau is an early event in
pathogenesis that correlates well with cognitive impairment. It is still unclear
why tau aggregates, but it might be caused by the loss of normal tau function
resulting from an imbalance between protein kinases and phosphatases,
which may also be influenced by the deposition of fibrillar AS.

Although the etiology of AD is still largely unknown, increasing evidence
indicates that the conversion of the AS peptide to amyloid is central to the
pathogenesis of AD [17, 18]. The amyloid hypothesis states that neuronal
dysfunction and death, neurofibrillary degeneration, microglia activation
and the full manifestations of Alzheimer pathology are initiated by AfS
deposition [19].

In particular, conditions of AS overproduction or impaired cerebral A3
clearance mechanisms result in elevated Ag levels that promote Aj aggre-
gation, oligomerization, and fibrillogenesis [20]. Deposition of AS in an
insoluble beta-pleated conformation (amyloid) occurs as plaques in the
neuropil and as amyloid angiopathy in the cerebral vasculature. The deposi-
tion of amyloid initiates a cascade of injurious events, including free
radical production, glial activation, and direct neuronal damage. Kinase
activation in response to amyloid-induced injury may increase the amount
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of hyperphosphorylated tau and lead to destabilization of microtubule and
altered cellular transport.

Both immunohistochemical and biochemical studies indicate that amyloid
deposits occur very early in the AD process, preceding the appearance of
neocortical neurofibrillary tangles. It should be noted that tau pathology
occurs in the form of at least a few tangles, which are almost always restricted
to the entorhinal cortex and hippocampus, in many older, nondemented
individuals [21].

An interaction between A and tau has been proposed wherein the appear-
ance of A deposits accelerates the formation of tangles. Increasing evidence
indicates that AB42, the 42-amino acid Aj isoform, is the pathogenetic A3
species, though both the shorter and more abundant A340, as well as A(342, are
constitutively produced both in vitro and in vivo. AB42, however, aggregates
more readily than A (340 in vitro and is consistently more abundant in the brain.

2.2. GENETIC RISk FACTORS

The most compelling evidence for the amyloid hypothesis comes from the
recognition that the known mutations for autosomal AD in the APP (chro-
mosome 21), presenilin 1 (chromosome 14), and presenilin 2 (chromosome 1)
genes are all associated with Ag overproduction or with increased relative
amounts of A31-42 [22-26]. These mutations cause early-onset AD but are
rare, accounting for less than 1% of all AD cases, whereas there is increasing
evidence that much more common sporadic forms of AD are associated with
several susceptibility genes, which are believed to influence age at onset in
early-onset AD individuals with autosomic mutations [27]. Among these, a
relevant role has been identified for ¢4 allele of APOE [28-30]. Individuals
with AD who have the ¢4 allele show more amyloid deposits, consistent with
the observation that APOE-deficient animals show virtually no AS deposits
in the brain [31]. The precise mechanism by which APOE &4 increases AD
risk is not clear. APOE is produced predominantly in astrocytes and is
carried by the low-density lipoprotein receptors into neurons. The three
variants of APOE vary in their affinity for beta-amyloid, and the APOE &4
variant increases the deposition of fibrillar beta-amyloid, resulting in the
beta-pleated sheets that stain with birefringent stains for amyloid. Though
early clinical studies reported that APOE ¢4 allele was specific in up to 90% of
cases with dementia, subsequent population studies showed lower rates with
a decreased gene dosage effect with advancing age [32-34]. In particular,
lifetime risk of AD for an individual without the €4 allele is approximately
9%; the lifetime risk of AD for an individual carrying at least one €4 allele
is 29%. Other susceptibility loci for AD include chromosome 12, which is
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associated with polymorphism in the alpha2-macroglobulin gene (a serum
protease inhibitor); chromosomel4, which is associated with polymorphism
in the CYP46 gene encoding 24-hydroxylase (the rate-limiting enzyme for
cholesterol removal from brain cells); and chromosome 10, which is asso-
ciated with high plasma levels of A3 1-42. Although it is still unclear what
is the ultimate role of these genetic factors and whether they promote
or modulate the onset of AD, these findings indicate that AD might be rather
an heterogenous disease, similar to atherosclerosis, which is variably asso-
ciated with inflammatory mechanisms, oxidative stress, and disturbed
cholesterol homeostasis [35].

2.3. NONGENETIC Risk FACTORS

The amyloid cascade hypothesis, though currently the most prevalent hy-
pothesis for AD, leaves many unanswered questions about AD pathogenesis,
including its relationship with aging, the nature of anatomical selectivity, the
physiological role of APP and Af, and specific mechanisms whereby A leads
to neuronal dysfunction and cell death. Converging epidemiological and
biological evidence have also implicated cardiovascular factors in
the development of AD [36, 37]. Risk factors such as hypertension, high
cholesterol, and diabetes mellitus increase the risk of developing AD. In partic-
ular, cholesterol depletion or chemical treatment of cells aimed at disturbing
cholesterol levels lead to alterations of Ag, levels in transgenic AD mice fed
with a high-cholesterol diet develop earlier A3 plaque pathology [38, 39]. More-
over, intake of cholesterol-lowering statins (3-hydroxy-3-methylglutaryl coen-
zyme A reductase inhibitors) has been reported in retrospective studies to be
associated with a lower prevalence of probable AD [40]. In addition, retrospec-
tive epidemiological studies have argued for a protective role against AD of
antiinflammatory medications [41]. Inflammatory processes occur in the brain
in AD, including recruitment of microglia to sites of AD pathology.

Altered oxidative metabolism has been reported in AD postmortem
brain and also within AD-vulnerable neurons, even preceding the formation
of NFTs [42]. In addition, studies of cultured primary neurons revealed
increases particularly in intracellular A542 on oxidative stress, as well as
protection against this with concomitant antioxidant treatment [43]. A(
can induce oxidative stress and DNA damage in cultured neurons [44, 45],
and both oxidative stress and DNA damage have been documented in
neurons associated with A containing plaques in the brains of AD patients
[46]. Numerous observational studies indicate that hyperhomocysteinemia
may also be associated with AD [47], and higher levels of homocys-
teine are associated with more rapid disease progression in AD [48]. The
pathophysiologic role of homocysteine is still unclear. Because homocysteine
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is a thiol, it undergoes autooxidation and oxidation with other thiols.
The resulting reactive oxygen species—hydrogen peroxide and superoxide
anion radicals—generate oxidative stress. Other evidence indicates that
homocysteine may limit the bioavailability of nitric oxide, resulting in the
impairment of flow-mediated vasodilatation. The limited bioavailability
of nitric oxide could be a result of nitrosothiol formation with homocys-
teine. Homocysteine may also target specific proteins and impair their activi-
ty and function through disulfide bond formation. Recent studies have
shown that homocysteine can be directly toxic to cultured neurons; the
mechanism may involve the activation of NMDA receptors [49], apoptosis
triggered by DNA damage [50], and the induction of copper-mediated and
(-amyloid-peptide-mediated toxic effects [50].

These findings depict a very complex scenario wherein there are different
players, among which amyloid and hyperphosphorylated tau have a pivotal
role that is still unclear, while the contribution of genetic and environ-
mental risk factors has been increasingly established as either predisposing
or modulating entities.

3. Diagnostic Issues

Available evidence indicates that mild dementia is rarely diagnosed, and
even moderately severe dementia is under-recognized in clinical practice [51].
Thus, diagnostic accuracy is much lower at the earlier clinical, and especially
presymptomatic, stages of the disease.

Up to a few years ago, with no medical treatment of dementia, the need for
an accurate diagnosis was of little importance. Today, with existing and
emerging therapeutic strategies, the clinical involvement has dramatically
changed, and there is a need for a reliable diagnosis.

The transition from normal cognitive functioning to dementia is gradual,
and most if not all patients with AD experience a subtle cognitive decline
before reaching the clinical threshold for the diagnosis of clinically probable
DAT. During the preclinical phase of AD the neuronal degeneration pro-
ceeds, and the amount of plaques and tangles increases, and at a certain
threshold the first symptoms, most often including impairment of episodic
memory, appear. In recent years, the clinical phase of AD with mild memory
impairment but without overt dementia, the so-called preclinical stage, has
gained increased attention in the medical community, as it truly represents
a high-risk predementia state [9, 52]. Among the others, MCI has gained
widespread acceptance, as it has been considered to better represent the
clinical manifestation of incipient AD than other, overinclusive terms [53].
Clinically, MCI is defined as impairment in one or more cognitive domains
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(typically memory) or an overall mild cognitive decline that is greater
than would be expected for an individual’s age or education but that is
insufficient to interfere with social and occupational functioning. Patients
fulfilling these criteria have a 5- to 10-fold greater risk of developing DAT
within 3-5 years. In fact, as a group, MCI patients have a higher incidence of
dementia than cognitively intact persons of similar age. In studies on differ-
ent populations with mean age of 66-81 years, the conversion rate of those
with MCI to DAT ranged between 6% and 25% per year (or 70% over 4
years), as opposed to about 0.2%-2.3% per year in cognitively intact persons
of similar age [54]. This indicates that the MCI concept captures a high
proportion of patients with AD at the prodromal stage, as confirmed by
pathological evidence [55, 56]. Several observations, however, indicate that
not all MCI patients deteriorate over time, thus suggesting that MCI is a
heterogenous condition [57, 58]. A report from an international group
of experts on MCI emphasized that nonamnestic presentations of MCI
exist and might progress to dementing illnesses other than DAT [53]. More-
over, some MCI patients do not have prodromal dementia of any type but,
instead, have reversible impairment; over time, these individuals may revert
to normal, whereas others may have stable impairment [59].

Although methodological issues including characteristics of the popu-
lation studied, MCI criteria, and settings might account for the contrasting
conversion rates across studies, these observations caution against regarding
all MCI patients fout court as affected by incipient AD. In fact, subjects
with amnestic MCI usually progress to DAT at a high rate, and most
demonstrate neurofibrillary pathologic conditions in the medial temporal
lobes [60]. Though the adoption of these strict operational criteria might be
of help in increasing the likelihood of early recognition of AD, predictivity
over time is still relatively low, whereas narrowing the definition of MCI
would impede the identification of AD patients with atypical clinical presen-
tation. The obvious consequence is that the clinical diagnosis of MCI is
doubtfully helpful, as many MCI patients do have AD but many do not. In
fact, available data seem to indicate that the likelihood of a subject with MCI
developing DAT in the long term is around 50%.

Pathological and clinical data have accumulated in the last few years,
showing that some biological indicators of AD might be used to distinguish
those MCI patients who will progress from those who will not. Among
biological indicators, there is convergent evidence about the usefulness
of hippocampal atrophy measures (because of early plaque and tangle
deposition in the medial temporal lobes) and functional defects in the tem-
poro-parietal and posterior cingulate cortex (because of deafferentation from
medial temporal damage) [9].
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4. Biological Markers and Early Diagnosis of AD

The search of relevant biomarkers of AD in living patients has been an
active part of clinical research for the last few decades. The assumption of
such an enterprise is that a biomarker provides at least an indirect link to
the disease process or, ideally, directly relates to the primary mechanism
of the disease. It is in this context that, along with the progress in the
understanding of the pathogenetic mechanisms of AD, there has been an
increasing interest in discovering both central and peripheral markers that
may be closely linked to the pathophysiology of the disease. With the advent
of symptomatic treatment and the prospect of stabilizing therapies for AD,
the race for reliable disease and progression markers has picked up speed,
and standardized criteria have been developed. According to a recent
consensus report [61], an ideal biomarker for AD should fulfill the following
criteria: detect a fundamental feature of the neuropathology; be validated in
neuropathologically confirmed cases; have sensitivity higher than 85% for
detecting AD and have a specificity of more than 75% for distinguishing
AD from other causes of dementia, preferably established by two indepen-
dent studies appropriately powered; be precise, reliable, and inexpensive; and
be convenient to use and not harmful to the patient. A well-characterized
biological marker that fulfills these requirements would have several advan-
tages. An ideal biological marker would identify AD cases at a very early
stage of the disease, before the cognitive symptoms are found in neuropsy-
chological tests, and before there is clear-cut degeneration in brain-imaging
studies. Further, biomarkers in AD could serve several purposes according to
different perspectives. First, biomarkers indirectly might help in under-
standing and confirming pathogenetic mechanisms. Diagnostic markers
would aid in the recognition of AD, thus improving reliability of epidemio-
logic investigations and enabling patients to benefit from available symptom-
atic drug therapies. Prognostic markers that serve as indicators of AD
severity could be used as surrogate endpoints for monitoring progression
and for assessing therapeutic response, possibly reducing the time, effort,
and costs associated with drug trials that currently require large samples to
be followed for long periods to measure clinical outcomes. Antecedent
markers could identify those individuals with AD in the predementia
stage or at risk of developing symptomatic AD and might predict those
patients who might benefit most from the development of disease-modifying
or preventive interventions. One biomarker is unlikely to serve all these
purposes, thus implying that different biomarkers would eventually be
used either in combination in the same stage or in different stages of the
disease.
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With regard to AD, antemortem biochemical markers have been sought
for years in different tissues and cells, such as CSF, plasma, erythrocytes [62],
lymphocytes [63], urine [64, 65], hair [66, 67], and skin [68, 69].

In fact, despite the attempts to identify biochemical markers related to AD
have led to promising results, the field is far from being satisfied, as the
diagnostic value of most hitherto proposed biochemical markers has been
limited by considerable overlap between AD patients, patients with other
dementing illnesses, and normal subjects.

One of the major difficulties in identifying potential biomarkers related to
AD is likely a result of the fact that specific proteins involved in the pathoge-
netic mechanisms are low abundant in CSF and serum, while a small number
of proteins such as albumin, transferrin, and immunoglobulins provide a
significant background that makes it difficult to identify low-abundance
proteins.

More important, some biochemical markers were not at all designed to
assess a given biochemical metabolite as a diagnostic test, as in some cases
they were designed to study pathophysiological processes involved in neuro-
degeneration and to assess the possible involvement of the given metabolite
in AD.

Clinical findings on a wide range of measures of inflammation, cholesterol
metabolism, and oxidative stress appear to be altered in AD, thus confirming
the multiplicity of pathophysiological implicated processes in AD. In most
cases, however, these markers have been assessed in small samples of patients
that are often lacking neurologic controls and showed insufficient discrimi-
natory power, in particular for early AD phase, as they likely refer to
processes involved in neurodegeneration rather than in AD, per se. Never-
theless, although it is still possible that combining markers from several
disease mechanisms may eventually be useful in the development of a ““diag-
nostic” test, the importance of these biomarkers may be of greater value for
predicting risk for disease or follow-up and for investigating the contributing
role of concomitant biological processes and their treatment.

In the last decade, along with a better definition of the main pathogenetic
characteristics of AD, there have been consistent findings with regard to
selected CSF and “‘peripheral” biomarkers related to the “key players” of
AD pathology (i.e., degeneration of neurons and synapses, disturbance in the
APP metabolism and its subsequent deposition in senile plaques, and the
hyperphosphorylation of tau with subsequent formation of neurofibrillary
tangles), which have provided robust accuracy values reaching high specifi-
city and sensitivity levels, even in early AD, and opened a new era in the
diagnostic approach to AD. The following sections will review the main
findings on these biomarkers, focusing on their diagnostic and predictive
value for early AD.
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5. CSF Biomarkers

5.1. APP anD A3 IN CSF

Several studies have found that CSF levels of sAPP« are slightly decreased
in AD compared to controls, with too much overlap for diagnostic utility,
whereas levels of SAPPS do not appear to differ [70].

Initial studies on AS in CSF used methods for total AZ and showed that, in
spite of a slight decrease, there was large overlap between DAT patients and
controls. Similarly, studies focusing on A(3-40 failed to show a significant
difference between DAT and normals [71-73].

At variance, the majority of studies, to date involving more than 1000
patients with clinical DAT and 500 healthy individuals, showed that A342
concentrations are decreased in CSF of DAT patients to about 50% of
control levels [74, 75]. The sensitivity of A/42 reported in most reports varies
from 55% to 100% (mean 86%), whereas specificity to distinguish patients
with DAT from controls varies from 67% to 100% (mean 89%). Accuracy
data between DAT and other dementias are relatively limited, and decreased
CSF af 42 levels are found in patients with vascular dementia, fronto-
temporal dementia, Creutzfeld-Jakob disease, amiotrophic lateral sclerosis,
and multiple systemic atrophy, thus indicating a limited value in the differ-
ential diagnosis of dementia. However, levels of A342 seem to be unrelated
to age, and a cut-off level of >500 pg/mL has been suggested to discriminate
AD from normal aging [71].

Reduced CSF levels of A3-42 have also been found in early AD [76] and in
cases with MCI [77], indicating that decreased A 342 levels might identify the
early stage of AD and be detectable before clinical symptoms of dementia
become overt. Few studies have evaluated the performance of A3-42 in
MCI cases, focusing on the magnitude of the index test to predict conversion
to DAT within a given interval, and several studies have shown that there is
a difference among MCI patients between those who convert to DAT
and those who do not and that low levels of A3-42 significantly predict
conversion to DAT in MCI patients with high sensitivity and specificity
[78, 79]. Further, a recent study has showed reduced CSF levels of A342 in
nondemented individuals who developed DAT during a 3-year follow-up,
with an odds ratio for conversion of 8.2 for individuals in the lower 50th
percentile of CSF A(42, whereas none of those in the highest 33rd percentile
developed dementia [80]. These findings support the view that disturbance of
the metabolism of A3-42 is present very early in the disease process of AD,
even before subtle cognitive impairment or MCI become apparent, and that
the measurement of CSF levels of A3-42 holds the potential to be a reliable
and predictive diagnostic test.
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5.2. TotraL TAU AND PHOSPHO-TAU IN CSF

As previously described, one of the major neuropathological hallmarks of
AD are NFTs. NFTs are composed of paired helical filaments, with the
principal protein subunit of paired helical filaments being abnormally hyper-
phosphorylated tau (p-tau). Physiologically, tau protein is located in the
neuronal axons and in the cytoskeleton. There are six different tau isoforms.
Total tau (t-tau) and truncated forms of monomeric and phosphorylated tau
are released and can be found in the CSF [71, 80].

The t-tau, a general marker of neuronal destruction, has been intensely
studied in more than 2000 DAT patients and 1000 age-matched elderly
controls over the last 10 years. The most consistent finding is a significant
increase of CSF levels of t-tau protein in DAT (about 300% compared to
normal controls) [81].

Specificity levels were between 65% and 86%, and sensitivity was between
40% and 86%. In mild dementia, the potential of CSF t-tau protein to
discriminate between DAT and normal aging is also high, with a mean
sensitivity of 75% and specificity of 85%. The usefulness of t-tau is, however,
limited by the relatively low power in differentiating DAT from other
dementing illnesses [82, 83]. In fact, elevated total tau has been observed in
vascular dementia, fronto-temporal dementia, and Lewy body dementia [84].
According to these findings, t-tau protein does not seem to provide sufficient
power for discriminating DAT. Nevertheless, there is increasing evidence
that t-tau might be of help for the prediction of DAT in MCI subjects. In
fact, t-tau is not only increased in patients suffering MCI but is particularly
increased in those who converted to DAT during follow-up [78, 79]. Different
studies have reported that t-tau predicts conversion to DAT with a high
sensitivity (range 88% —-90%) and specificity (range 48%-90%) [77, 79].

More recently, immunoassays to specifically detect phosphorylated tau
(p-tau) at different epitopes (threonine 231, serine 199, serine 396, serine
404, and threonine 181) have been developed. Evidence from recent studies
indicates that all these biomarkers with minimal variation for different p-tau
epitopes are more sensitive and specifically related to AD. In fact, CSF
p-tau231 distinguished between DAT patients and subjects with other neu-
rological disorders with a sensitivity of 85% and a specificity of 97% [85]. In
DAT versus fronto-temporal dementia, p-tau231 raised sensitivity levels
compared to t-tau from 57.7% to 90.2% at a specificity level of 92.3% for
both markers. Similar discriminative values have been obtained by using
either p-taul99 or p-taul8l. According to a recent study comparing DAT
patients to controls including patients with vascular dementia and neurolog-
ical patients, by using p-tau396/404, which is highly sensitive to hyperphos-
phorylated tau, elevated p-tau was reported to be significantly associated
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with DAT, and the ratio of p-tau to total tau confirmed the clinical diagnosis
in 96% of the cases, thus indicating the usefulness of this marker in the
differential diagnosis [85]. Few studies have investigated p-tau and a sig-
nificant correlation between baseline p-tau levels and subsequent cognitive
decline in MCI subjects [75].

5.3. CoMBINATION OF CSF A(42 aND CSF TaAu

Because diagnostic accuracy of CSF tau and A 342 alone is not clear-cut in
the differentiation of AD from other clinically relevant dementing disorders,
a combination of both markers has been proposed to increase accuracy
power. The potential of the combination of these CSF biomarkers has been
evaluated in several studies comparing DAT with normal controls and other
demented groups such as fronto-temporal dementia, Lewy body dementia,
and vascular dementia [74, 83, 87]. These studies have reported slightly
higher sensitivity and specificity values (85%—89% and 80%—90%, respective-
ly) for the combination than for t-tau and A342 alone in DAT patients versus
normal controls. However, other studies, contrasting DAT with other
dementia, showed that the combined assays yielded rather low discriminative
power, indicating that the combination may not sufficiently improve differ-
ential diagnosis between DAT and other clinically relevant dementias. On the
contrary, a recent study, comparing patients with early-onset AD, normal
controls, and patients with fronto-temporal dementia, by measuring CSF
A342, total tau, and p-taul81, showed that the combination of A342 and p-
taul81 allowed DAT patients to be distinguished from fronto-temporal
dementia patients with a sensitivity of 72% and a specificity of 93%, thus
supporting the claim that this specific combination might eventually be
helpful in clinical practice [88, 89].

6. Peripheral Biomarkers

6.1. AB IN PLASMA

In the last decade, several attempts have been made to identify peripheral
markers by using plasma, serum or circulating cells. In particular, numerous
investigators have tried to assess plasma A3-40 and A342 levels, following
findings on A(42 levels in CSF. Up to now, several cross-sectional studies
and two longitudinal studies investigated plasma AJ measures in DAT
patients and controls. Most studies have shown that plasma A3-40 and
A(42 levels are not different in AD and control groups, thus minimizing
their diagnostic usefulness [90, 91]. However, recent longitudinal studies
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showed that high plasma A 342 levels were a risk factor for developing DAT.
In fact, in a study on nondemented elderly, those who developed DAT during
a 3.6-year follow-up had significantly higher baseline levels [94]. Similarly,
patients with DAT at baseline or individuals who developed DAT within
S years after plasma collection were found to have higher levels of plasma
A[42 levels than individuals who did not became demented, whereas
a significant decline over 3 years of follow-up was observed in DAT
patients [95]. In sum, findings on plasma A342 levels indicate that this
biomarker is not sensitive and specific for the diagnosis of early AD and
DAT, though it might be used in selected cases for predicting AD risk and
tracking progression.

6.2. APP ISOFORMS IN PLATELETS

Among the different peripheral cells expressing APP, platelets are particu-
larly interesting because they show concentrations of its isoforms equivalent
to those found in the brain [96]. Some differences between these two cellular
populations are nevertheless present both at mRNA and at protein levels: the
isoform 695, lacking the Kuntiz Protease Inhibitor (KPI) domain, is by far
the most abundant in neuronal tissue, whereas its expression is nearly unde-
tectable in platelets in whom the major isoform is APP 770 [97]. After the
platelets are activated, soluble forms of cleaved APP are released, analogous
to processing in neurons.

Several hypothesis have been put forward on the possible physio-
logical role of APP in blood: It is now known that APPs containing
the KPI domain (sAPP-KPI+) are highly homologous to protease Nexin
II, and the domain inhibits the activity of the blood coagulation factors
IXa, Xa, and XIa [96, 98]. It also has been reported that APPs inhibit the
activation of human Hageman factor (factor XII) and prolong the thrombo-
plastin time. The inhibition of factor XII is independent from the presence of
the KPI domain, indicating that other regions of the APP structure are
involved.

The appropriateness of using platelets, as a cell mirroring some neuro-
chemical processes, finds its rationale in the numerous similar features of
platelets and neurones: Platelets store and release neurotransmitters and
express appropriate neurotransmitter transporters and some neurone-related
proteins such as NMDA receptors. Along these lines, different authors
reported abnormalities in platelets’ physiology and function in AD. At
first, Zubenko and colleagues described an alteration in platelet membrane
fluidity in AD patients [99]. Other studies, performed on platelets obtained
from patients with moderate to severe AD, reported cytoskeletal abnor-
malities, cytochrome oxidase deficiency, abnormal cytoplasmic calcium
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fluxes, abnormal glutamate transporter activity, decreased phospholipase A,
decreased phospholipase C activity, and increased cytosolic protein kinase
C levels [100-104]. Moreover, a number of laboratories independently
described alterations in APP metabolism/concentration in platelets of DAT
patients when compared with control subjects matched for demographic
characteristics [105-107]. In particular, two research groups have reported
that AD is associated with a decrease in the amount of the higher (130-kDa)
band compared with the lower (110-kDa) band [108, 109]. Reduction in the
APP isoform ratio was found to be correlated with disease severity and
progression [110, 111]. Sensitivity and specificity for AD diagnosis was in
the 80%-95% range, based on post hoc cutoff scores [109]. A significant
reduction was also observed in a sample fulfilling criteria for MCI, particu-
larly in those MCI subjects who progressed to DAT 2 years later. In fact,
sensitivity and specificity for prediction of conversion to DAT were 83% and
71%, respectively [112, 113]. In addition, there is evidence that alteration of
the APP isoform ratio in platelets is accompanied by a significant modifica-
tion of the activity of alpha (decreased) and beta-secretase (increased), since
the early stages [114, 115], and is positively influenced by such drugs as statins
and cholinesterase inhibitors [116, 117], thus supporting the view that plate-
lets, although unlikely to be the source or to contribute to cerebral amyloid
deposition, provide an easily accessible source of human material with which
to study APP biochemistry and metabolism, both in physiological and
pathological conditions.

7. Future Approaches in Preclinical Diagnosis of AD

Clinical diagnosis of AD is not difficult once the disease is established, but
early diagnosis before dementia becomes overt is far from perfect, although it
is likely that many therapies will be most effective in the early stages of AD.
Thus, there is a great need for techniques to detect AD in the preclinical
stages.

In the biological markers field, there may be particular merit to the use
of approaches, such as proteomics, that simultaneously assay multiple
biologic markers and their interactions [118, 119]. Some recent findings
seem to indicate that this approach holds the potential to be a promising
strategy [120]. A study using a combination multidimensional liquid chro-
matography and gel electrophoresis coupled to mass spectroscopy showed
that this approach works well in identifying potential biomarkers in the
realm of AD. In particular, different levels of several serum proteins were
identified including alpha 1 acid glycoprotein, apolipoprotein E, complement
C 3, transthyretin, factor H, haptoglobin alpha 2 chain, hemoglobin alpha
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chain, histidin-rich glycoprotein, vitronectin precursor, alpha-2 macroglobulin,
and complement C4. Further, very recent data obtained by using surface-
enhanced laser desorption ionization—time-of flight (TOF)-mass spectroscopy
showed that, although no single marker was able to completely separate DAT
cases from normal individuals, a five-peak pattern of markers did correctly
classify 100% of DAT cases and 95% of controls.

These preliminary findings strongly support the view of using multiple
markers to distinguish AD from normal and speak to the potential use of
proteomics in developing tests for AD.

8. Conclusive Remarks

The last few years have witnessed impressive advances in many areas of
basic and clinical neurosciences, but few fields experienced greater progress
than those dealing with AD. Mutations in the APP, presenilin 1, and pre-
senilin 2 genes that result in autosomal dominant familial AD have been
identified. These discoveries made possible the development of transgenic
animals, which provide useful available experimental models to study AD
neuropathology and therapeutics. Furthermore, much has been learned
about oxidative stress, inflammatory reactions, and cholesterol metabolism
in brain tissue during the course of AD, and both epidemiologic and animal
model-based experimental observations indicate that antioxidant, lipid-low-
ering, antiinflammatory or immunological strategies may be effective in
preventing or slowing the onset and progression of this devastating disease.
Although it remains to be understood whether current trials will result in
useful treatments, there is an urgent need for better tools than those currently
available to use these therapies with optimal effectiveness.

A wide range of biological markers with possible relevance to AD has
been developed in the last decades, though in most cases results have been
disappointing and still inconclusive. However, there is a vast literature on
selected biomarkers more closely related to the main pathogenetic mechan-
isms of AD that indicate that either CSF or peripheral markers such as
CSF Ap342, CSF protein tau, CSF phospho-tau, and platelet APP isoform
ratio might be of great aid in clinical practice, though it has to be acknowl-
edged that no single laboratory diagnostic test yet identified permits
accurate and reliable ante mortem diagnosis comparable to autopsy studies,
which remain the gold standard for confirming the diagnosis. Given the
multiplicity of pathophysiological processes implicated in AD and their
complex overlapping with other neurodegenerative diseases, it might be
well true that a single neurochemical marker unique to AD would never
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be identified, and that acceptable diagnostic accuracy would be reached
only through the combination of different biomarkers tapping different
pathogenetic steps. Future studies must confirm whether the challenge of
early diagnosis of AD is not a chimera, but the promising perspective
of the development of predictive markers of AD, in addition to emerging
therapeutic strategies, seems more concrete than ever.
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1. Introduction

Endothelial cells (ECs) have long been implicated in the pathogenesis and
pathophysiology of a myriad of vascular, thrombotic, and inflammatory
disorders [1-3]. The prevalence of endothelial perturbation in vascular dis-
ease has underscored the need for noninvasive sensitive and specific markers
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to monitor endothelial status [4]. The popularity of endothelial microparti-
cles (EMPs) as markers of perturbed has increased because of its promising
clinical applications in the area of noninvasive EC monitoring [5]. This trend
can be attributed to a significant increase in the information available about
EMPs’ role in health and disease and their presence in different disorders [5].
Concomitant with this wealth of information, new challenges have risen to
the fore. Perhaps the most crucial, and most decidedly relevant to the field of
clinical laboratory testing, has been the issue of methodology [5, 6]. Indeed,
to this day, there is no consensus about which is the best protocol to
determine EMP, and a number of different flow cytometric and immunologic
methods with several variations have been adopted [6].

This review introduces the methodologies currently employed in the area
of clinical EMP research. Moreover, issues that may have an effect on the
clinical application of EMP assays are also discussed.

2. Characterization of EMPs

2.1. BACKGROUND

An overview of the main aspects of endothelial dysfunction as they relate to
thrombogenesis and inflammation is important to provide a background of
the factors affecting EMP release and their phenotype. A large number of
reviews are available on this subject; however, this section describes only the
main features of EC perturbation and dysfunction as may be relevant to EMP.

2.1.1. Endothelial Dysfunction

Under resting conditions, ECs provide a nonthrombogenic and nonadhe-
sive interface and also regulate vascular permeability and tone by the release
of nitric oxide [7-10]. ECs are widely heterogeneous and exhibit distinctive
morphological and behavioral differences, varying according to their differ-
ent vascular bed of origin [11, 12]; however, their response to injury or
perturbation has general features that are common to all ECs. The hall-
mark of perturbed ECs is a phenotypic shift toward a procoagulant and
proadhesive state [3, 7, 8, 13, 14]. EC perturbation is a broad term that may
encompass many pathologies; however, two large categories pertain to this
review: endothelial activation, characterized by active EC processes, and EC
apoptosis.

2.1.1.1. EC Activation. EC activation encompasses the active response
of ECs to proinflammatory cytokines such as tumor necrosis factor-«
(TNF-a), interleukin 18 (IL-103), or interferon gamma (IFN-v) [15, 16].
These responses are characterized as profound morphological and phenotyp-
ic changes [15-17]. The transcription of the nuclear factor Nf-kB and the
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ensuing activation of prosurvival genes of the iap and xiap family ensures the
survival of ECs [17-20]. Simultaneously, it also signals that the expression of
proadhesive molecules such as vascular cell adhesion molecule (VCAM-1),
intracellular adhesion molecule (ICAM-1), and E-selectin [14-21]. Leukocyte
adhesion is facilitated by the aforementioned molecules, wheras IL-8, IL-6, and
monocyte chemoattractant protein 1 further stimulate the inflammatory re-
sponse [22, 23]. TNF-« also elicits the release of large multimers of von
Willebrand factor (vVWF) and P-selectin from weibel-palade bodies. These
multimers have been shown to be more proadhesive to platelets when com-
pared to their monomeric counterparts, and they facilitate platelet aggregation
[24, 25]. In addition, activated ECs can also negatively regulate fibrinolysis by
releasing plasminogen activator inhibitor 1 (PAI-1) and by a decrease in tissue
plasminogen activator expression [3, 8, 15]. Activated ECs can also initiate
coagulation mediated by the expression of tissue factor (TF) [26].

2.1.1.2. EC Apoptosis. Apoptotic ECs have also been demonstrated to
exhibit similar procoagulant properties, as the loss of membrane symmetry
and the release of procoagulant membrane blebs generates a large amount of
anionic phospholipid (PL) substrates, which in turn support thrombin gen-
eration [27, 28]. In addition, EC detachment resulting from apoptosis
exposes the extracellular matrix, which potently activates platelet aggrega-
tion [29]. Despite the shared features between activated and apoptotic ECs,
the intracellular mechanisms underlying each condition are distinct [29, 30].
Examples of known inducers of EC apoptosis include chemotherapeutic
agents, high glucose and advanced glycation end-products, hypoxia, hyper-
oxia, and growth factor deprivation [31, 32].

2.1.2. General Properties of Microparticles

2.1.2.1. Mechanisms of MP Generation. Microparticles (MPs) have
common attributes, regardless of their cellular origin [33, 34]. MPs generated
during cellular activation may arise from common intracellular mechanisms
involving calcium-mediated membrane-cytoskeleton interactions [33]. In this
regard, it has been confirmed that calpain, calcium ionophore A23187,
C5b-9, or oxidants induce MP shedding in a Ca®*-dependent manner [33,
35-37]. In other cases, such as in erythrocytes, changes in intracellular pH
have also been demonstrated as resulting in MP production [38, 39]. Howev-
er, intracellular mechanisms underlying the process of membrane shedding in
apoptosis appear to differ from activation. In apoptosis, contraction of an
actin-myosin network on the cellular membrane is known to be a universal
aspect of MP shedding [40]. Activation of Rho-associated kinase is believed
to mediate this process [41]. Caspase 3, a known effector caspase, has been
demonstrated to cleave Rho-associated kinase I, resulting in membrane
skeletal changes and subsequent release of MPs [42].
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2.1.2.2. General Functions of MPs. A major function of MPs is their
procoagulant activity, which can be attributed in part to their role in
providing a suitable PL environment for thrombin generation [27, 43]. Simi-
larly, MPs can also actively initiate thrombosis resulting from TF found on
their surface, as previously reviewed [33, 34]. However, some MPs have been
shown to serve anticoagulant functions by being carriers of protein S and
thrombomodulin (TM) and thereby activating the protein-C-S-TM antico-
agulant pathway [44, 45]. In this regard, MPs are also known to be carriers of
biologically active factors and have been demonstrated to interact with other
cells [34]. For example, platelet MPs (PMPs) and leukocyte MPs (LMPs) are
known to be capable of activating ECs, and both PMPs and EMPs can
interact with leukocytes to induce their activation [46-48].

2.2. EMP

2.2.1. Antigenic Characterization of EMP

In 1990, Hamilton et al. demonstrated that C5b9 induced vesiculation of
opsonized human umbilical vein endothelial cells (HUVEC) [49]. This was
interpreted as a defensive function because the complement was shed from the
cell on the EMP, allowing the cell to recover without lasting injury. It has since
become clear that the concept of membrane blebbing, which had been observed
with platelets and leukocytes, could be extrapolated to endothelial cells.
Casciola-Rosen et al. observed the vesiculation of HUVEC during apoptosis
and demonstrated that those vesicles were procoagulant [50]. The concept of EC
membrane vesiculation was recapitulated in 1999 by Combes et al., with their
seminal work on activated HUVEC [51]. In their study, the researchers observed
that on stimulation with TNF-«, HUVEC released MPs, termed EMPs, into
the culture supernatants. EMPs were found to be <1 pm in size. On the basis of
extensive work on the cellular expression of different markers on the surface of
ECs, the researchers measured EMPs and HUVEC after exposure to TNF-a or
IL-153 [52]. Their findings indicated that EMPs express markers present on ECs
such as CD31, CD51, CD54, and CD62E. In addition, these results correlated
with the cellular expression of those molecules on the parent ECs. Following the
characterization of activation-derived EMPs by Combes et al., the release of
EMPs was also characterized on apoptotic ECs [53-55]. It was observed that
CD54, CD62E, and CD106 are expressed in TNF-a-treated but not apoptotic
EC. In contrast, markers such as CD31, CD105, and annexin V (AV) were more
significantly elevated in apoptosis (see Fig. 1).

2.2.1.1. Other Inducers of EMP Release. Since the study by Combes
et al., a number of studies have observed that EMPs are shed on stimulation
with different agonists. Brodsky et al. have shown that PAI-1 induced
the release of EMPs [56]. Plasma from patients with thrombotic
thrombocytopenic purpura (TTP), multiple sclerosis (MS), and autoimmune
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disorders has also been demonstrated to induce the release of EMPs [53,
57-59]. Other inducers of apoptosis such as stimulation with mitomycin C,
camptothecin, or growth factor withdrawal have also resulted in EMP
generation [53-55].

Growth Factor
TNF-a Deprivation
IL-1 B mitomycin C

CcD31
CD51 CD31
CD54 CD51
cD106 CD51/61
CD51/61 CcD105
CD62E annexinV
CD105
annexinV

FI1G. 1. Schematic representation of EMPs released from cultured endothelial cells (ECs) as
measured by different fluorescent monoclonal antibodies. ECs cultured in the presence of tumor
necrosis factor-a (TNF-a) or interleukin-18 (IL-13) release EMPs expressing constitutive
(CD31, CD51, and CDI105) and inducible (CD54, CD62E, and CD106) markers (left). In
contrast, EC deprived of growth factors or cultured in the presence of mitomycin C-release
EMPs only express constitutive markers such as CD31 and CD105 (right). The number of EMP-
expressing annexin V and constitutive markers is significantly larger in apoptosis than in
activation. This pattern of EMP antigenic expression observed in vitro, if applicable to the
clinical setting, may shed light on the pathophysiology of vascular and thrombotic disorders.
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2.2.2. Mechanism of EMP Release

The exact mechanisms of EMP release remain to be completely elucidated.
In this regard, Tramontano et al. have reported that EMPs arising from
TNF-a-induced activation appear to be mediated through the Rho-kinase
pathway [60]. The researchers also have found that the addition of fluvastatin
resulted in a decrease in EMP counts. However, van Gorp et al. have
demonstrated that peroxide-induced EMP release was mediated by glutathi-
one oxidation [61, 62]. Another cellular mechanism observed in the setting of
EMP release has been the clustering of different receptors before EMP
shedding [63]. Whether the intracellular process of EMP release is distinct
in activation or apoptosis is an important issue that remains to be clarified
and could have important therapeutic implications.

2.2.3. Functional Aspects of EMP

2.2.3.1. Procoagulant Activity. EMPs, similar to other MPs, have been
demonstrated to readily induce thrombogenesis [5, 33]. In this regard, EMPs
have been shown to be procoagulant in a TF:FVII-dependent manner [51]. In
addition, they have been shown to elicit thrombin generation and to provide
platelet factor 3 activity, as reviewed [5]. EMPs have also been shown to carry
other important proteins such as PA-1 and vWF on their surface [56, 57].

2.2.3.2. Inhibition of Nitric Oxide—Derived Vasorelaxation. In addition
to their procoagulant activity, EMPs have been reported to have an inhibitory
effect in vasorelaxation. Boulanger er «l. reported that EMPs obtained from
patients with ischemia decreased nitric oxide (NO) vasorelaxation in rat aortic
endothelium [64]. Subsequently, Brodsky et al. reported that rat renal micro-
vascular endothelial cells (MVEC) were deprived of growth factors, and EMPs
were isolated by centrifugation [65]. Functional studies were performed in rat
aortic rings using different concentrations of EMP. Endothelium-dependent
vasorelaxation in response to acetylcholine and NO synthesis decreased in a
dose-dependent manner on the addition of EMPs [65]. Moreover, EMP-
mediated NO decrease was a result of increased oxidative stress, as observed
in rat renal MVEC cultures. In this regard, EMPs have also been demonstrated
to carry superoxide, additionally increasing the local production of superoxide
in rat aortic rings. This effect could be inhibited by superoxide scavenging, also
resulting in an increase in NO [65].

2.2.3.3. Interaction of EMPs with Monocytes. As observed with other
MPs, EMPs have the ability to interact with other cell types. Sabatier et al.
have demonstrated that EMPs bind to both THP-1 and monocytic cells and
elicit their procoagulant activity [66]. EMP binding occurred in a time- and
dose-dependent manner, with a maximal effect observed at a ratio of 50:1
EMPs. This effect appeared to be dependent on ICAM-1 and beta?2 integrins,
as blocking these receptors resulted in a decrease of the procoagulant effect.
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We have observed similar findings using U937, a monocytic cell line, and
have detected EMP-monocyte complexes in patients with MS [67].

2.2.3.4. EMPs as Carriers of Molecules. In addition to measurable anti-
gens, EMPs as other MPs, are also carriers of molecules. Conformationally
changed prion proteins, believed to aid in the propagation of spongiform
encephalopathies, have been detected on EMPs released by infected ECs [68].
This finding indicates that EMPs may be active players in the infectious
process of spongiform encephalopathies.

3. Methodology to Detect EMP

In the following section, the current clinical methodologies to detect EMPs
and MPs as they pertain to EMPs are discussed. In addition, a summary of
the most widely used clinical methods can be found in Table 1. The protocols
described are circumscribed to clinical protocols, as they are representative of
in vitro assays as well.

3.1. OTHER METHODS FOR DETECTING EC INJURY USED IN
CLINICAL STUDIES

Clinical endothelial research has been hampered by the difficulty of accessing
and sampling ECs in a noninvasive manner. The first approach to this problem
consisted of the measurement of a variety of soluble molecules known to reflect
perturbations of ECs by enzyme-linked immunoassay (ELISA) [69, 70]. These
have prominently included VCAM-1, ICAM-1, E-selectin, TM, and vWF, as
previously reviewed (71-79). Arguably the greatest disadvantage of these
methods is lack of specificity [69-71]. ICAM-1, for example, is expressed by
many lineages of activated cells [70]. Similarly, vWF is not specific for endothe-
lial cells, as it is also released by megakaryocytes and platelets [71]. In contrast,
although ELISA provides quantitative measurements of certain proteins, this
methodology cannot differentiate soluble from MP-bound proteins [5].

A different approach to measuring EC damage has been circulating
ECs (CECs). CECs have been described in patients with cardiovascular
disease; namely, in myocardial infarction [72], in unstable angina [73, 74],
and postangioplasty [75]. In addition, CECs have also been found to be
elevated in Rickettsia Conorii infection [76] and hematological disorders
such as sickle cell disease [77, 78], TTP [79], and systemic lupus erythemato-
sus (SLE) [80].

The major disadvantage of this procedure is that CECs are present in
quite small numbers in normal circulation. In addition, the very few CECs
released to circulation may not be representative of the overall endothelial
condition.
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TABLE 1
REPRESENTATIVE PROTOCOLS OF ANALYSIS OF ENDOTHELIAL MICROPARTICLES USED IN CLINICAL STUDIES

Plasma
Markers preparation Frozen MP concentration Reference
Flow cytometry CD31+4/CD42b—CD51+ 160 x g, 10 min; No [53]
1,500 x g, 6 min
[31]
160 x g, 10 min; [58]
500 x g, 6 min
CD31+4/CD42b— 160 x g, 10 min; [82]
1,500 x g, 6 min
CD31+/CD42b—CD62E+ 1,500 x g, 10 min [83]
CD31+/CD42b—CD62E+
160 x g, 10 min; [84]
1,500 x g, 6 min
CD31+/CD42b—CD62E+ 160 x g, 10 min; [57]
/(VW{+) 1,500 x g, 6 min

CD62E+CD105+ 5,000 x g, 5 min (x2) -70°C 17,000 g, 60 minutes [85]
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Annexin V capture
/prothrombinase assay

CD31+/CD51+
CDS51+

CDS51+

CD1054/CD41—-/CD45—;
CD105+/AV+

CD144; CD144+/TF+

CD62E+ CD144+

CD31+

CD314 CD106+

1,500 x g, 15 min (x2);
13,000 x g, I min
1,500 x g, 5 min

1,500 x g, 5 min;
13,000 x g, 2 min.

2,700 x g, 15 min;
2,700 x g, 5 min

15,000 x g, 10 min;
13,000 x g, 10 min

1,500 x g, 20 min;
15,570 x g, 30 min

1,500 x g, 15 min;
13,000 x g, 6 min

No
—-20°C;
—-80°C

No

LN, 19,800 g, 10 minutes

—-80°C 100,000 g, 60 minutes (x2);
31,000 g, 60 minutes
(wash after ab. incubation)

LN,; —80°C

—80°C Immobilization onto annexin V

[51]
(0]
[59]
[87]
(88]
[89]

[90]

o1
[9]

193]




140 JIMENEZ ET AL.

3.2. EMP Assays CURRENTLY EMPLOYED

As of yet, there is no consensus as to which marker is more sensitive or specific
to detect EMP. In addition, there are two main quantitative methodologies for
detecting EMPs currently in use: flow cytometry (FC) and a combination of AV
capture (AVC) and prothrombinase assay (PTA) with ELISA [5, 6]. Table 1
summarizes the main features of the clinical assays most commonly used so far.

3.2.1. Flow Cytometry

FC is the most traditional and widely used method to detect MPs. Although
FC protocols vary with each flow cytometer and laboratory, all FC protocols
have a set of parameters that enable the selection of EMP. These criteria
generally rely on a combination of factors, such as antigenic expression as
determined by a fluorescent threshold and size, relative to beads. Specifically,
as EMPs have been demonstrated to be <1-1.5 um in size, standard beads are
used to establish a size limit, thereby eliminating larger, non-EMP material.
Some laboratories mix MP samples with standard bead preparations, supplying
an additional control parameter for each run in the event of a technical problem.
Assay validation must be performed using EMPs generated in vitro to determine
the fluorescent expression of the markers employed [51, 53, 57-59, 81-92].
When assaying clinical samples, monoclonal antibodies against platelets, leuko-
cytes, or erythrocytes must be used to select nonendothelial MPs, which may
also coexpress the marker tests. To this effect, two-color flow cytometry can
be employed to differentiate EMPs from other EC antigens expressing MPs.

3.2.1.1. Disadvantages of FC. In this regard, a major limitation is the
amount of dye that can be used in a single sample. To the best of our
knowledge, only one laboratory has employed a protocol using three mark-
ers simultaneously [91]. In addition, the lack of commercially available
fluorescent markers may also restrict the selection of monoclonal antibodies.

Another major problem with FC is the rigorous establishment controls. In
addition to fluorescent isotype controls, whose values are subtracted upon
data analysis, FC requires a large number of intra- and interassay controls.
Even small variations such as contamination with particles found in the
reagents can be a problem that requires special care [6]. Overall, the large
number of parameters that must be in place render FC procedurally demand-
ing, requiring a large amount of manpower and decreasing the possibilities of
automation and mass-scale production.

3.2.1.2. Advantages of FC. However, depending on the protocol estab-
lished for sample processing, FC results are faster than ELISA or assays
requiring multiple steps and long incubation times. Sample preparation differ-
ences notwithstanding, EMP results are generally available promptly, deem-
ing the implementation of EMP assay desirable in FC-enabled laboratories. In
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addition, results obtained with FC are more quantitative than with AVC/PTA
and ELISA, as they provide a specific numerical count of MP.

A benefit of FC over AVC/PTA or ELISA methods is the ability to measure
more than one marker simultaneously. This can be exploited not only in the
area of MP population selection but also in protocols concerned with the
interaction of EMPs with other cells. In this regard, new studies exploring
the interaction of EMPs with leukocytes and platelets have exploited one of
FC’s major advantages over other methods: the ability to quantify MP-
cellular complexes [67, 93, 94]. Similar methodologies have been employed
with platelet microparticles (PMPs) or LMPs with great success and have
contributed much of what we know about MPs’ functional aspects [34]. The
approach of these assays is reasonably straightforward and may one day be
used for clinical testing.

3.2.2. AVC/PTA

AVC MPs are selected based on PL content by AV binding to detect MPs
on the basis of their PL content [6]. After the initial process of capture onto
the plates, MPs are assayed for their ability to generate thrombin. The former
method consists of incubating immobilized MPs with factors Xa and Va as
well as prothrombin and starting the reaction with the addition of calcium.
Thrombin generation is then monitored by adding a chromogenic substrate.
To deduce the quantity of PL expressed on MPs, samples are compared to a
standard curve obtained standard liposomes with known amounts of PL, to
convert absorbance values to equivalent PL units. The importance of this
last procedure underscores the need for calibration of the PL standards and
the blood factors used in the thrombogenic reaction to ensure that any
changes in thrombin generation may be solely MPs dependent. Indeed, to
avoid confounding activity that may affect MPs readings, factor Xa and
thrombin in plasma samples is inactivated in plasma before the capture of
MPs. Subsequently, EMPs and other MPs are identified according to the
expression of different antigens, using ELISA.

3.2.2.1. Disadvantages of AVC/PTA. The most important disadvantage
of this method is that it narrowly limits the detection of EMPs to those with
a certain lipid content. Considering that AV preferentially binds normally
in-facing anonic PL [43], AV may predominantly measure EMPs elicited by
certain cellular pathways that involve changes in the lipid content of the EC
membrane. In this regard, the expression of AV on EMPs has been demon-
strated to vary according to the type of conditions eliciting EMP release.
More specifically, it was observed that AV + EMP counts were significantly
lower than EMPs expressing other antigenic markers such as CD31 or
CDG62E, especially in activated EC. Thus, in certain pathologies in which
activation or another nonapoptotic process is predominant, using solely
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AV as a parameter of EMP discrimination may result in deceptively low
counts.

3.2.2.2. Advantages of AVC/PTA. However, when compared to FC,
AVC/PTA presents some benefits. First, in addition to providing quantita-
tive data, AVC/PTA also provides valuable information regarding the
procoagulant activity of EMPs using a single method. Furthermore, it relies
on widely used techniques without the need for specialized equipment other
than a plate reader. Clearly, this provides a viable option to detect EMPs
without incurring the cost usually associated with FC. In addition, despite
being time consuming and requiring multiple steps, it provides the possibility
of processing large quantities of samples per assay.

3.2.3. Other Methodological Problems

A problem common to both assay methods is obtaining and preparing
clinical samples. Most studies employ trisodium citrate or acid citrate
dextrose as anticoagulants, and with careful venipuncture, contamination
arising from artifactual platelet activation can be avoided [5, 6]. An impor-
tant aspect that can also have a significant effect on EMP counts is how
samples are prepared to be assayed. As seen in Table 1, several protocols
employ different centrifugation steps, and some even pellet MPs. Method-
ologies that do not involve step-centrifugation and pelleting of MPs tend to
be faster and may yield higher levels of MPs, which may be lost while
preparing the samples to be assayed. However, background may be higher
because of nonspecific binding to other non-MP blood constituents, and
results may be less specific than methods requiring multiple centrifugation
steps.

A possible example of this problem can be observed when comparing
studies published in preeclampsia (PE). vanWijk et al. [91] found no elevation
of EMPs in PE patients, whereas Bretelle ef al. showed a decrease in EMP
levels when compared to normal pregnant controls [87]. In contrast, Gonza-
lez-Quintero e? al. documented the presence of elevated EMPs in PE patients
[82, 84]. These conflicting results are very likely a result of the differences in
methodology, ranging from three diverging centrifugation protocols to the
selection of markers.

3.2.4. Antigenic Markers Employed in Clinical EM P Studies

Several antigenic markers commonly used for clinical EMP assay have been
listed in Table 1. The antigens tested can be widely classified into two groups
based on the pattern of EC expression: inducible, expressed only on EC
activation, and constitutive, also expressed under resting conditions. In
the first group, CD54 (ICAM-1), CD62E (E-selectin), CD106 (VCAM-1),
anti-TF, and anti-MCP-1 are included. Similarly, constitutive markers CD51
and CDS51/CD61 (vitronectin receptor, av@3 integrin complex), CD31
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(PECAM-1), CD105 (endoglin), CD144 (VE-cadhedrin), or CD146 (S-
endo 1) have also been employed. In several studies, inducible antigens have
been reported to be more elevated during the acute phase of many diseases
when compared to constitutive antigens. However, some of these markers,
most notably CD54 and TF, are widely expressed by other activated cells. In
contrast, constitutive markers, although widely expressed, tend to be more
specific. A marked exception is CD31, which is widely expressed on EC and
EMP, yet has elevated coexpression by platelets and leukocytes. Nevertheless,
all markers are, to a certain degree, present in other hematological cells. Thus,
when using FC, the use of antibodies to detect MPs of nonendothelial origin is
preferable and often a necessity. In some select cases, such as with CD62E or
CD51, the number of non-EC MPs expressing such antigen is low, and the use
of antibodies to measure other MPs, although preferable, does not necessarily
have a significant effect on measurements [59, 83-85, 87, 88]. Conversely, when
using markers such as CD31, a desirable antigen because of its impressive
expression of EMPs, the use of antibodies against leukocytes and, most impor-
tant, platelets is vital. MPs of leukocyte origin can be effectively detected using
CD45, a panleukocyte marker with a high affinity to all leukocytes. In this
regard, CD41 remains the preferred marker for the measurement of PMP
because of its abundance in platelets; however, CD42b is also used.

3.2.5. A Step Toward Standardization

In this regard, a forum was recently hosted by the International Society of
Thrombosis and Haemostasis [6]. In a definitive move toward standardizing
the assay of EMP, six laboratories submitted detailed protocols, which were
then published in the Journal of Thrombosis and Haemostasis. This effort is a
milestone in the process of reaching a consensus between the different labora-
tories measuring EMPs and may signal a new era in the area of clinical EMP
research.

4. EMPs in Clinical Disease

4.1. INTRODUCTION

The body of published clinical EMP reports remains relatively small and
varies widely in scope, mainly because the clinical application of the assay of
EMPs is still in its early stages. In all disorders studied, the presence of EC
perturbation or dysfunction has been implicated by the presence of soluble
markers of EC injury. The reports reviewed herein strongly indicate that
EMPs are good indicators of EC status in vivo. To simplify the presentation
of results, reports have been organized into broader categories based on the
clinical presentation of the disease studied. Clinical reports as they pertain to
EMPs published to this date have been summarized in Table 2.
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REPRESENTATIVE FINDINGS OF LEVELS OF ENDOTHELIAL MICROPARTICLES
IN DIFFERENT DISORDERS

Category Reference Disease Findings
Cardiovascular [95] SA; UA; M1 1T EMP in MI and UA. = SA. EMP
Disease M1 vs UA or Cont vs. SA
[81] SA;UA;MI 17 EMP in MI and UA.= SA. CD31
not CD51+ EMP / MI vs UA,
Cont vs. SA and 1°' MI.
[96] MI VitC induced | EMP in DL and
HRF, = DM
[94] SA;MI 17 EMP—PLT in SA and UA. |MI,
increasing 48hr later to SA levels.
MCP-1 {TMI and TSA.
Diabetes Mellitus [88] DM1 DM2 1 EMP and MP with PCA in DM1.
EMP /Hem,;.] MP no PCA,
= EMP in DM2
[97] DM 1 EMP and MP DM. EMP / Neph
and Ox-LDL titers. Sap induced |
EMP and PMP
Hypertension and [83] MHTN TTMHTN ModHTN. EMP smoking,
Preeclampsia ModHTN BP, DM sVCAM-1 and sCD62E.
[82] PE 1 EMP in NPC and 11 PE. EMP/ BP.
[84] PE;GH 1 EMP in NPC, 17 GH and 111
PE. EMP / BP and Uprot.
[91] PE = EMP in PE.| PMP and LMP. EMP/
LMP.
[87] PE; IUGR 1 MP with PCA in NPC, PE and
IUGR. = EMP in PE and IUGR.
Inflammatory and [85] PSV 1 CD105+ and 11T CD62E+ EMP in
Infectious Disorders PSV vs. FC. EMP / APRP.
[86] CM; UM; A 1T EMP CM vs. UM or A. EMP/
coma and clinical course.
[93] SIRS 1 EMP and EMP—NC in SIRS. EMP
+sCD62E, TM or PAI-1.
Autoimmune [51] LA 1T EMPin LA
Disorders
[59] LA;SLE; APS 1 EMPin LA, APS and APL+ SLE.
=APL—SLE and APL-T.
[92] SLE 1T EMP and PMP in SLE
Hematological [89] PNH:AA:SCD 1 EMPin PNH, 17 SCD and = AA.
Disorders
[90] SCD 1T MP with PCA in steady SCD and 1 1

incrisis. T T 1 RBCMP, T 1 EMP
and T LMP. 11 TF+ LMP 1 EMP
with PCA.
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TABLE 2 (Continued)

Category Reference Disease Findings
[53] TTP; ITP 1 CD31+4/42b— and CD51+ EMP in
TTP, =in R or ITP. Both EMP/
PItCt and LDH.
[57] TTP 1 CD31+/42b—11 CD62E+ EMP in

TTP, =in TTP-R or ITP. Both
EMP / PItCt and LDH.T
CD62E+/vWF+ EMP in

TTP, =in TTP—R.

Neurological [58] MS 1 CD31+/42b-EMP in MS, =inR. |
Disorders CD514 EMP in MS and R.
Both subsets EMP / Gad+ MRI.
[67] MS 1 EMP in MS, = in R. | Mono—EMP

in MS =in R. EMP and
Mono—EMP / Gad+ MRI.

SA, stable angina; UA, unstable angina; MI, myocardial infarction; DM(1;2), diabetes
mellitus (type I; type II); (M;Mod)HTN, (malignant; moderate) hypertension; NPC; normal
pregnant controls; PE, preeclampsia; GH, gestational hypertension; IUGR, intrauterine growth
restriction; PSV, pediatric systemic vasculitis; CM, cerebral malaria; UM, uncomplicated
malaria; A, anemia; SIRS, systemic inflammatory response syndrome; LA, lupus anticoagulant;
SLE, systemic lupus erythematosus; APL, antiphospholipid antibody; APS, antiphospholipid
antibody syndrome; PNH, paroxysmal nocturnal hemoglobinuria; AA, aplastic anemia; SCD,
sickle cell disease; TTP, thrombotic thrombocytopenic purpura; ITP, immune thrombocytope-
nic purpura; MS, multiple sclerosis; EMP, endothelial microparticles; MP, microparticles;
PMP, platelet microparticles; LMP, leukocyte microparticles; AV, annexin V; TF, tissue factor;
VitC, vitamin C; BP, blood pressure; Uprot, urine protein levels; T; thrombosis; APRP, acute
protein reaction products; PItCt, platelet count; LDH, lactate dehydrogenase; Gad+,
gadolinium enhancement; MRI, magnetic resonance imaging; Neph, nephropathy; Sap,
sapogrelate HCL; OX-LDL, oxidized LDL; 1, elevated; 71, more elevated; 111, most elevated;
|, decreased; =, no change/equal; /, correlated with; £, did not correlate with.

4.2. CARDIOVASCULAR DISEASE

The presence of EMPs was first reported in acute coronary syndromes
(ACS) by Mallat et al. [95]. The patient population studied consisted of
patients with stable angina and patients with unstable angina and myocardial
infarction (MI). In this study, procoagulant phospholipid-rich MPs of leu-
kocyte, platelet, and endothelial origin were measured; EMPs were identified
by AV+/CD314 or AV+CD146+ expression. The researchers’ main finding
was a marked increase in MPs and EMPs bearing both markers in ACS over
stable angina or controls. A positive correlation was observed between
CD31+ and CD146+ EMP, but not between PMP and EMP. EMP levels
did not discriminate SA from controls or, in ACS, unstable angina from MI.
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In patients with MI, EMPs were significantly increased over other MP
subsets. In addition, the elevation in EMP levels persisted for days after the
acute episode, in accordance with the propensity for thrombosis generally
observed in these within this time period.

Lending further support to this work, Bernal et a/. also documented the
presence of elevated EMPs in patients with ACS [81]. Two different subsets
of EMPs, CD31+/CD42b— and CD51+, and PMPs were quantitated in MI
and unstable angina. CD314/CD42b— EMPs as well as PMPs were elevated
in patients with ACS over SA and controls. However, a significant difference
between CD51+ EMP levels in ACS versus SA was not recorded. Similarly,
in patients with M1, CD31+4/CD42b— but not CD51+ EMP was elevated in
patients with a first MI versus patients with previous coronary events. When
comparing SA to controls, EMPs but not PMPs were found to be discrimi-
native. On the basis of these data, the authors hypothesized that CD31+/
CD42b— EMPs are indicative of acute endothelial injury, whereas CD51+
EMPs could account for chronic EC injury. Taken together, these results
indicate that procoagulant EMPs are present in ACS and may play a role in
the thrombotic events in MI.

In a prospective, randomized study, Morel et al. [96] evaluated the effect of
vitamin C (vit C) on annexin V+/CD314 EMP generation in MI. Within this
group, patients were classified according to the following criteria: diabetes
mellitus (DM), dyslipidemia (DL), and patients with high risk factors. Vit
C administration had no significant effect on EMP release in patients with
DM. However, EMP counts in patients with DL and in high-risk patients
were significantly decreased in treated groups versus placebo. Thus, oxida-
tion may underlie the endotheliopathy in patients with DL and at high risk,
whereas EC injury in DM may arise from different mechanisms.

More recently, Heloire et al. have demonstrated the presence of increased
circulating EMP-platelet complexes (EMP-PLTC) in SA and MI patients
[94]. EMP-PLTCs were defined as aggregates coexpressing platelet markers
such as CD41a or CD42b as well as endothelial markers such CD105 and
CD62E and MCP-1. EMP-PLTCs were elevated approximately twofold in
SA over controls. In MI patients, EMP-PLTCs were decreased during onset
and following reperfusion, thereafter increasing 48 hours later to values com-
parable to SA. An increase in expression of MCP-1 expression in EMP-PLTC,
in SA, and most significantly, in MI patients indicated that EMPs present
in EMP-PLTC were derived of activated EC. The observation indicates
that persistent EC injury, the release of EMP, and the formation of EMP-
PLTC are present in SA. Moreover, the decrease in EMP-PLTC during an
MI indicates that these complexes may play a role in the acute thrombotic
events of CAD.
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4.3. DIABETES MELLITUS

In a study conducted by Sabatier ez al., annexin V+ MP, CD41+ PMP, and
CD51+ EMP were studied in patients with DM type 1 (DM1) and DM type 2
(DM2)[88]. In addition, the procoagulant activity of MPs was also evaluated.
In DM1, annexin V MP, EMPs, and PMP were elevated. In addition, the
procoagulant activity of MPs was elevated. In this subset of patients, pro-
coagulability correlated with the glycosylated hemoglobinlc. However, al-
though DM2 exhibited an elevation in AV+MPs V+ MPs, EMPs, or PMPs
were not elevated. Interestingly, the MPs quantitated in these patients did not
have increased procoagulant activity. These results indicate that in DM,
unlike DM2, EC perturbation and platelet activation are present. Moreover,
the procoagulability observed may be associated to glucose imbalance.
More recently, Nomura et al. have documented an elevation of EMPs,
PMPs, soluble P-selectin, and CD40L, as well as anti-oxLDL antibodies
[97]. The concentration of all the above markers was elevated in DM patients.
EMP levels correlated with nephropathy and anti-oxLDL titers. On treat-
ment with sarprogrelate, HCL, EMP, PMP, and soluble markers decreased
significantly. Their results strongly implicate anti-oxLDL antibodies as an
injurious agent and a potent inducer of EMPs and PMPs.

4.4. HYPERTENSION AND PREECLAMPSIA

In a cross-sectional study, Preston ef al. have shown an elevation in EMPs
in hypertension (HTN) [83]. CD31+4/CD42b-EMPs and CD41+ PMPs were
studied in three patient populations: severe malignant HTN (MHTN; dia-
stolic blood pressure levels of >120), moderate HTN (ModHTN; diastolic
blood pressure levels of >95-100), and normotensive controls. CD31+/
CD42b— EMPs were most elevated in MHTN and ModHTN versus con-
trols. However, PMPs were increased in MHTN but not ModHTN when
compared with controls. Neither PMPs nor EMPs could discriminate be-
tween MHTN versus ModHTN or ModHTN versus control. EMP counts
also correlated with systemic blood pressure, diastolic blood pressure, DM,
and smoking, whereas PMP counts only correlated with systemic blood
pressure and diastolic blood pressure. When comparing soluble VCAM-1,
CDO62E, ICAM-1, or vWF with EMP, only VCAM-1 and CD62E were found
to significantly correlate with EMP. These findings indicate that EC injury is
present in both MHTN and ModHTN, being more significant in MHTN.

In related studies, Gonzalez-Quintero et al. have studied EMPs in PE
[82]. In their prospective study, CD31+/CD42b- and CD51+ EMPs were
studied in normal pregnant women and PE. EMP counts were found to be
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significantly elevated in PE patients over healthy controls, which in turn were
higher than in normal, nonpregnant individuals. In addition, as observed
with patients with hypertension, EMP counts correlated with mean arterial
pressure. More recently, this same group detected the presence of CD31+/
CD42b— and CD62E+ EMP in a larger number of patients with PE and
gestational hypertension [84]. EMP levels were significantly more elevated in
PE over gestational hypertension, which levels in turn were elevated over
normal pregnant controls. As documented in their previous study, the
authors observed a correlation between mean arterial pressure and both
subsets of EMP. In addition, EMP counts were found to parallel urine
protein levels. In contrast, VanWijk et al. demonstrated that CD62E+ and
CD144+ EMPs were not elevated in PE [91]. Instead, an elevation in PMPs
and LMPs was observed; EMP counts correlated with LMP levels. In a study
comparing normal pregnant controls, PE, and intrauterine growth restric-
tion, Bretelle et al. demonstrated the presence of CD51+ EMP, CD41+
PMP, and procoagulant annexin V+ MP [87]. Interestingly, both EMPs
and PMPs were decreased in PE and intrauterine growth restriction, whereas
procoagulant AV+ MPs were not. The authors concluded that the presence
of EMPs and PMPs may be accountable for the inflammatory and pro-
coagulable response in normal pregnancy. Similarly, in PE and intrauterine
growth restriction, procoagulant MPs may be important in the thrombotic
events observed in these disorders. The discrepancies in results among these
four studies can be explained on close examination of the methodology to
detect EMPs and has been discussed previously [5].

4.5. INFLAMMATORY AND INFECTIOUS DISEASE

Brogan et al. have studied CD62E+ and CD105+ EMPs and PMPs in
pediatric systemic vasculitis (PSV) [85]. An elevation in CD62E+ EMPs and,
to a lesser extent, CD1054+ EMPs in patients with PSV over patients who
underwent remission, control, or febrile controls was observed. EMPs corre-
lated with vasculitis activity and the presence of acute phase reaction pro-
ducts in PSV; however, there was no correlation between those parameters in
febrile controls. The elevation in EMPs provides further evidence of the role
of EC injury in acute PSV. Moreover, the presence of CD62E+ EMP
indicates that EC activation may underlie the endotheliopathy in PSV.

In a different study, Combes et a/. has demonstrated an increase in CD51+
EMP in pediatric patients with uncomplicated malaria, cerebral malaria, and
severe malaria with and without coma [86]. EMPs were elevated on admis-
sion in patients with cerebral malaria over controls or uncomplicated malar-
ia, decreasing on follow-up. Severe malaria patients presenting with coma
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had the highest EMP count on admission. Thus, the finding of elevated
EMPs in cerebral malaria and severe malaria with coma underscores the
presence of EC injury in these disorders, supporting previous evidence of EC
involvement in Plasmodium falciparum infection.

In a recent study conducted by Ogura et al., CD314+/CD54+ EMP and
CD31+/CD62E+ EMP-polymorphonuclear leukocyte (PMNL) complexes
(EMP-PMNLC) were evaluated in patients with severe systemic inflamma-
tory response syndrome (SIRS) [93]. Patients exhibited elevated platelet and
leukocyte counts, high C-reactive protein levels, and increased soluble mark-
ers of PCA (thrombin-antithrombin II and plasmin/a plasmin inhibitor
complexes, D-dimer). Soluble CD62E, TM, and PAI-1 as well as leukocyte
oxidative activity were also elevated in SIRS. Circulating EMPs were sign-
ificantly increased in SIRS patients; however, no significant correlation
between soluble CD62E, TM, or PAI-1 and EMPs was recorded. EMPs
from SIRS were found to bind preferentially PMNL, forming complexes
that were elevated in SIRS. On the basis of these findings, it was hypothesized
that EMP, arising after EC injury, may play a role in SIRS, not only because
of their known PCA but also by binding PMNL, possibly enhancing the
inflammatory response.

4.6. AUTOIMMUNE DISORDERS

Combes et al. first quantitated in the plasma of 30 normal controls and 30
patients with lupus anticoagulant (LA) [51]. CD31+4+/CD51+ EMP counts in
LA were significantly elevated when compared to normal controls. In addi-
tion, it was observed that those patients with thrombotic events had
EMP counts approximately elevated by twofold when compared to patients
who did not develop thrombosis. No correlation was observed with age,
sex, or treatment with anticoagulant agents; however, patients undergoing
treatment with coagulants exhibited elevated EMP levels.

More recently, Dignat-George et al. have quantitated EMPs in patients
with antiphospholipid syndrome, SLE with and without titers of antiphos-
pholipid antibodies (APL), in addition to non APL-associated thrombosis
and normal controls [59]. Their study has shown that EMPs were elevated in
the plasma patients with antiphospholipid syndrome and SLE with APL
titers, but not in patients with APL-SLE, non APL-associated thrombosis.
In accordance with these findings, Abid Hussein et al. have also shown an
increase in C42b+ CD61+4+ PMP as well as CD51+ CD62E+ EMP [92]. It
was also observed that in vitro, only stimulation with SLE plasma induced
the release of EMPs in EC cultures. Thus, only in antiphospholipid syndrome
do APL antibodies reacting directly with EC appear to be the causative
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agents of EC damage. However, in APL+ SLE, EMPs resulting indirectly
from antibodies found in these diseases may aggravate the procoagulant
response.

4.7. HEMATOLOGICAL DISORDERS

Simak et al. have measured EMPs in patients with paroxysmal nocturnal
hemoglobinuria (PNH), sickle cell disease (SCD), aplastic anemia (AA), and
normal controls [§9]. EMPs were measured using a combination of CD105,
CD144, CD54, and annexin V. The researchers’ findings indicate that a
subset of EMPs coexpressing CD105 and annexin V were significantly ele-
vated in patients with SCD over PNH, AA, or healthy donors. EMPs were
elevated in PNH, however, when compared to AA or normal controls. In
contrast, EMPs expressing CD105 and CD54 were more significantly elevat-
ed. As observed with other markers, CD144+ EMPs were increased in SCD
and PNH over controls and AA. Shet et al. further characterized the role of
EMPs in SCD [90]. In their study, CD144+ EMP counts were compared to
AV+ MP and PMPs, LMPs, and red blood cell MPs. In addition, pro-
coagulant activity was assessed and TF expression measured. In patients
with SCD during crisis and steady state, all MP subsets were significantly
increased over normal controls. MPs were more elevated during crisis than
steady state. When considering the relative groups of MPs, it was observed
that red blood cell MPs were the most abundant, followed by EMPs, PMPs,
and to a lesser degree, LMPs. It was also observed that EMPs and LMPs
coexpressing TF were also significantly increased; however, TF+ LMPs were
more abundant than TF+ EMPs. In functional studies, MPs from SCD
but not controls exhibited increased procoagulant activity, which was par-
tially abrogated by blocking. Both studies indicate that procoagulant MPs
play a role in the thrombotic events in SCD crisis, also contributing to the
prothrombotic state observed during the steady state of this disease.

The presence of procoagulant EMPs in patients with TTP was first
reported by Jimenez et al. [53]. When compared with counts in normal con-
trols or ITP patients, CD31+/CD42b— and CD51+ EMP were significantly
elevated in TTP patients. EMP counts positive for both markers were found
to correlate with platelet counts and lactate dehydrogenase. More recently,
CD62E+ and CD31+/CD42b— EMP were compared in TTP patients during
the acute phase versus remission [64]. As previously observed, EMPs were
significantly elevated over controls and returned to values comparable to
normal, correlating with the clinical course of the disease. CD62E+ EMPs
were markedly more elevated than CD314+CD42b-EMPs in all patients.
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More recently, a subset of CD62E+ EMPs coexpressing vVWF was found to
be elevated during the acute phase of TTP but not upon remission.

4.8. NEUROLOGICAL DISEASE

Minagar et al. first documented elevated levels of EMPs in patients with
exacerbation, patients in clinical remission, and controls [58]. Two sets of
phenotypic were assayed, CD31+/CD42b— EMP and CD51+ EMP. Gado-
linium enhancement in MRI (Gad+ MRI) was correlated with EMP counts.
CD31+4/CD42b— EMPs correlated well with gadolinium enhancement and
were significantly elevated when compared to controls during exacerbation,
but not on remission. In contrast, CD514+ EMPs remained elevated over
controls in both patient groups. In a later study, Jy ef al. demonstrated the
presence of EMP-monocyte (EMP-mono) complexes in MS patients [67].
EMP-mono complexes were measured by flow cytometry using a com-
bination of CD45 and CD54 or CD62E. In vitro, it was observed that
monocytes preferentially bound EMPs over neutrophils or lymphocytes.
EMPs also activated monocytes and increased transendothelial migration
in a tissue culture model. In MS patients, these complexes were elevated
during exacerbation over patients in remission or controls. As previously
documented, EMPs were elevated over both remission and control groups.
Interestingly, only CD62E+ but not CD54+ EMPs were present. Finally, a
positive correlation was observed between EMP-mono and EMP and gado-
lium enhancement in MRI lesions. This study provided a possible mechanism
of action for EMPs in MS, further implicating them in the process of blood—
brain barrier breaching, an important event in the pathogenesis of this
disease.

5. Perspective

In sum, EMPs have emerged as a preferred direct method for assessing EC
injury in different disorders. EMP analysis could provide insight into the
actual status of the endothelium in vivo by a simple blood analysis. However,
there is a need for refinement and standardization of the assay method.
Overall, most groups have relied on flow cytometry for the measurement of
EMPs; nevertheless, other methods such as ELISA are available and may be
an option in the future. The main challenge remains in the selection of
specific and sensitive monoclonal antibodies that may yield consistent results
between different laboratories. In addition, the protocols for sample
handling and storage need to be clearly delineated. The assay is still a
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relatively new, and we are confident that with refinement it will become a
valuable tool for the practicing physician.

ACKNOWLEDGMENTS

This work was supported by the Wallace H. Coulter Foundation. We are also grateful for the
Charles and Jane Bosco Research Fund and the Mary Beth Weiss Research Fund.

REFERENCES

[1] Cines DB, Pollak ES, Buck CA, et al. Endothelial cells in physiology and in the
pathophysiology of vascular disorders. Blood 1998; 9:3527-3561.

[2] Aird WC. Endothelial cell dynamics and complexity theory. Crit Car Med 2002; 30:
S180-S185.

[3] Becker BF, Heindl B, Kupatt C, Zahler S. Endothelial function and hemostasis. Z Cardiol
2000; 89:160-167.

[4] Verma S, Buchanan MR, Anderson TJ. Endothelial function testing as a biomarker of
vascular disease. Circulation 2003; 108:2054-2059.

[5] Horstman LL, Jy W, Jimenez JJ, Ahn YS. Endothelial microparticles as markers of
endothelial dysfunction. Front Biosci 2004; 9:1118-1135.

[6] Jy W, Horstman LL, Jimenez JJ, et al. Measuring circulating cell-derived microparticles.
J Thromb Haemost 2004; 2:1842-1843.

[7] Rodgers G. Hemostatic properties of normal and perturbed vascular cells. FASE J 1988;
2:16-123.

[8] Bombeli T, Mueller M, Haeberli A. Anticoagulant properties of the vascular endothelium.
Thromb Haemost 1997; 77:408-423.

[9] Thomas SR, Chen K, Keaney JF, Jr. Oxidative stress and endothelial nitric oxide
bioactivity. Antioxid Redox Signa 2003; 5:181-194.

[10] Bates DO, Harper SJ. Regulation of vascular permeability by vascular endothelial growth
factors. Vascul Pharmacol 2002; 39:225-237.

[11] Garlanda C, Dejana E. Heterogeneity of endothelial cells. Specific markers. Arterioscler
Thromb Vasc Biol 1997; 17:1193-1202.

[12] Gerritsen ME. Functional heterogeneity of vascular endothelial cells. Biochem Pharmacol
1987; 36:2701-2711.

[13] Nawroth PP, Stern DM. Endothelial cell procoagulant properties and the host response.
Semin Thromb Hemost 1987; 13:391-397.

[14] Carlos TM, Harlan JM. Leukocyte-endothelial adhesion molecules. Blood 1994;
84:2068-2101.

[15] Pober JS, Gimbrone MA, Jr., Lapierre LA, Mendrick DL, Fiers W, Rothlein R, Springer TA.
Overlapping patterns of activation of human endothelial cells by interleukin-1, tumor necrosis
factor and immune interferon. J Immunol 1986; 137:1893-1896.

[16] Pober JS. Effects of tumor necrosis factor and related cytokines on vascular endothelial
cells. Cib Foun Sympos 1987; 131:170-184.

[17] Madge LA, Pober JS. TNF signalling in vascular endothelial cells. Exp Mol Pathol 2001;
70:317-325.

[18] Yilmaz A, Bieler G, Spertini O, Lejeune FL, Ruegg C. Pulse treatment of human vascular
endothelial cells with high doses of tumor necrosis factor and interferon-gamma results in
simultaneous synergistic and reversible effects on proliferation and morphology. Int
J Cancer 1998; 77:592-599.



EMPS AS VASCULAR DISEASE MARKERS 153

[19] Stehlik C, deMartin R, Kumabashiri I, Schmid JA, Binder BR, Lipp J. Nuclear factor
(NF)-kappaB-regulated X-chromosome-linked iap gene expression protects endothelial
cells from tumor necrosis factor alpha-induced apoptosis. J Exp Med 1998; 188:211-216.

[20] Polunovsky VA, Wendt CH, Ingbar DH, Peterson MS, Bitterman PB. Induction of
endothelial cell apoptosis by TNF alpha: Modulation by inhibitors of protein synthesis.
Exp Cell Res 1994; 214:584-594.

[21] Carlos T, Kovach N, Schwartz B, et al. Human monocytes bind to two cytokine-induced
adhesive ligands on cultured human endothelial cells: Endothelial-leukocyte adhesion
molecule-1 and vascular cell adhesion molecule-1. Blood 1991; 77:2266-2271.

[22] Yeh M, Leitinger N, de Martin R, Onai N, Matsushima K, Vora DK, Berliner JA, Reddy
ST. Increased transcription of IL-8 in endothelial cells is differentially regulated by TNF-
alpha and oxidized phospholipids. Arterioscler Thromb Vasc Biol 2001; 21:1585-1591.

[23] Watson C, Whittaker S, Smith N, Vora AJ, Dumonde DC, Brown KA. 1L132-6 acts on
endothelial cells to preferentially increase their adherence for lymphocytes. Clin Exp
Immunol 1996; 105:112-119.

[24] Paleolog EM, Carew MA, Pearson JD. Effects of tumour necrosis factor and interleukin-1
on von Willebrand factor secretion from human vascular endothelial cells. Int J Radiat
Biol 1991; 60:279-285.

[25] Moake JL, Rudy CK, Troll JH, Weinstein MJ, Colannino NM, Azocar J, Seder RH, Hong
SL, Deykin D. Unusually large plasma factor VIII: von Willebrand factor multimers in
chronic relapsing thrombotic thrombocytopenic purpura. N Engl J Med 1982;
307:1432-1435.

[26] Mulder AB, Hegge-Paping KS, Magielse CP, Blom NR, Smit JW, van der Meer J, Hallie
MR, Bom VIJ. Tumor necrosis factor alpha-induced endothelial tissue factor is located on
the cell surface rather than in the subendothelial matrix. Blood 1994; 84:1559-1566.

[27] Freyssinet JM, Toti F, Hugel B, Gidon-Jeangirard C, Kunzelmann C, Martinez MC, Meyer
D. Apoptosis in vascular disease. Thromb Haemost 1999; 82:727-735.

[28] Zwaal RFA, Schroit AJ. Pathophysiologic implications of membrane phospholipid
asymmetry in blood cells. Blood 1997; 89:1121-1132.

[29] Ruf A, Morgenstern E. Ultrastructural aspects of platelet adhesion on subendothelial
structures. Semin Thromb Hemost 1995; 21:119-122.

[30] Stefanec T. Endothelial apoptosis: Could it have a role in the pathogenesis and treatment
of disease? Chest 2000; 117:841-854.

[31] Hogg N, Browning J, Howard T, Winterford C, Fitzpatrick D, Gobe G. Apoptosis in
vascular endothelial cells caused by serum deprivation, oxidative stress and transforming
growth factor-beta. Endothelium 1999; 7:35-39.

[32] Min C, Kang E, Yu SH, Shinn SH, Kim YS. Advanced glycation end products induce
apoptosis and procoagulant activity in cultured human umbilical vein endothelial cells.
Diabete Res Clin Pract 1999; 46:197-202.

[33] Freyssinet JM. Cellular microparticles: What are they bad or good for? J Thromb Haemost
2003; 1:1655-1662.

[34] Horstman LL, Ahn YS. Platelet microparticles: A wide-angle perspective. Crit Rev Oncol
Hematol 1999; 30:111-142.

[35] Basse F, Gaffet P, Bienvenue A. Correlation between inhibition of cytoskeleton proteolysis
and anti-vesiculation effect of calpeptin during A23187-induced activation of human
platelets: Are vesicles shed by filopod fragmentation? Biochim Biophys Act 1994;
1190:217-224.

[36] Bellomo G, Mirabelli F, Salis A, Vairetti M, Richelmi P, Finardi G, Thor H. Orrenius
S. Oxidative stress-induced plasma membrane blebbing and cytoskeletal alterations in
normal and cancer cells. Ann NY Acad Sci 1988; 551:128-130.



154 JIMENEZ ET AL.

[37] Houle F, Rousseau S, Morrice N, Luc M, Mongrain S, Turner CE, Tanaka S, Moreau P,
Huot J. Extracellular signal-regulated kinase mediates phosphorylation of tropomyosin-1
to promote cytoskeleton remodeling in response to oxidative stress: Impact on membrane
blebbing. Mol Biol Cell 2003; 14:1418-1432.

[38] Iglic A, Hagerstrand H, Kralj-Iglic V, Bobrowska-Hagerstrand M. A possible physical
mechanism of red blood cell vesiculation obtained by incubation at high pH. J Biomech
1998; 31:151-156.

[39] Bobrowska-Hagerstrand M, Hagerstrand H, Iglic A. Membrane skeleton and red blood
cell vesiculation at low pH. Biochim Biophys Acta 1998; 1371(1):123-128.

[40] Mills JC, Stone NL, Erhardt J, Pittman RN. Apoptotic membrane blebbing is regulated by
myosin light chain phosphorylation. J Cell Biol 1998; 140:627-636.

[41] Coleman ML, Sahai EA, Yeo M, Bosch M, Dewar A, Olson MF. Membrane blebbing
during apoptosis results from caspase-mediated activation of ROCK I. Nat Cell Biol 2001;
3:339-345.

[42] Sebbagh M, Renvoize C, Hamelin J, Riche N, Bertoglio J, Breard J. Caspase-3-mediated
cleavage of ROCK I induces MLC phosphorylation and apoptotic membrane blebbing.
Nat Cell Biol 2001; 3:346-352.

[43] Dachary-Prigent J, Toti F, Satta N, Pasquet JM, Uzan A, Freyssinet JM. Physiopatho-
logical significance of catalytic phospholipids in the generation of thrombin. Semin
Thromb Hemost 1996; 22:157-164.

[44] Satta N, Freyssinet JM, Toti F. The significance of human monocyte thrombomodulin
during membrane vesiculation and after stimulation by lipopolysaccharide. Br J Haematol
1997; 96:534-542.

[45] Dahlback B, Wiedmer T, Sims PJ. Binding of anticoagulant vitamin K dependent protein
S to platelet-derived microparticles. Biochemistry 1992; 31:12769-12777.

[46] Nomura S, Tandon NN, Nakamura T, Cone J, Fukuhara S, Kambayashi J. High-shear-
stress-induced activation of platelets and microparticles enhances expression of cell
adhesion molecules in THP-1 and endothelial cells. Atherosclerosis 2001; 158:277-287.

[47] Barry OP, Pratico D, Savani RC, FitzGerald GA. Modulation of monocyte-endothelial
cell interactions by platelet microparticles. J Clin Invest 1998; 102:136-144.

[48] Mesri M, Altieri DC. Endothelial cell activation by leukocyte microparticles. J Immunol
1998; 161:4382-4387.

[49] Hamilton KK, Hattori R, Esmon CT, Sims PJ. Complement proteins C5b-9 induce
vesiculation of the endothelial plasma membrane and expose catalytic surface for assembly
of the prothrombinase enzyme complex. J Biol Chem 1990; 265:3809-3814.

[50] Casciola-Rosen L, Rosen A, Petri M, Schlissel M. Surface blebs on apoptotic cells are sites
of enhanced procoagulant activity: Implications for coagulation events and antigenic
spread in systemic lupus erythematosus. Proc Natl Acad Sci USA 1996; 93:624-1629.

[51] Combes V, Simon AC, Grau GE, Arnoux D, Camoin L, Sabatier F, Mutin M, Sanmarco
M, Sampol J, Dignat-George F. In vitro generation of endothelial microparticles and
possible prothrombotic activity in patients with lupus anticoagulant. J Clin Invest 1999;
104:93-102.

[52] Mutin M, Dignat-George F, Sampol J. Immunologic phenotype of cultured endothelial
cells: Quantitative analysis of cell surface molecules. Tissue Antigens 1997; 50:449-458.

[53] Jimenez JJ, Jy W, Mauro LM, Horstman LL, Ahn YS. Elevated endothelial microparticles in
thrombotic thrombocytopenic purpura findings from brain and renal microvascular cell
culture and patients with active disease. Brit J Haematol 2001; 112:81-90.

[54] Simak J, Holada K, Vostal JG. Release of annexin V-binding membrane microparticles
from cultured human umbilical vein endothelial cells after treatment with camptothecin.
BM Cell Biol 2002; 3:11.



EMPS AS VASCULAR DISEASE MARKERS 155

[55] Jimenez JJ, Jy W, Mauro LM, Soderland C, Horstman LL, Ahn YS. Endothelial cells
release phenotypically and quantitatively distinct microparticles in activation and
apoptosis. Thromb Res 2003; 109:175-180.

[56] Brodsky SV, Malinowski K, Golightly M, Jesty J, Goligorsky MS. Plasminogen activator
inhibitor-1 promotes formation of endothelial microparticles with procoagulant potential.
Circulation 2002; 106:2372-2378.

[57] Jimenez JJ, Jy W, Mauro LM, Horstman LL, Soderland C, Ahn YS. Endothelial
microparticles released in thrombotic thrombocytopenic purpura express von Willebrand
factor and markers of endothelial activation. Br J Haematol 2003; 123:896-902.

[58] Minagar A, Jy W, Jimenez JJ, Sheremata WA, Mauro LM, Horstman LL, Ahn YS.
Elevated plasma endothelial microparticles in multiple sclerosis. Neurology 2001;
56:1319-1324.

[59] Dignat-George F, Camoin-Jau L, Sabatier F, et al. Endothelial microparticles: A potential
contribution to the thrombotic complications of the antiphospholipid syndrome. Thromb
Haemost 2004; 91:667-673.

[60] Tramontano AF, O’Leary J, Black AD, Muniyappa R, Cutaia MV, El-Sherif N. Statin
decreases endothelial microparticle release from human coronary artery endothelial
cells: Implication for the Rho-kinase pathway. Biochem Biophys Res Commun 2004;
320:34-38.

[61] van Gorp RM, Broers JL, Reutelingsperger CP, Bronnenberg NM, Hornstra G, van Dam-
Mieras MC, Heemskerk JW. Peroxide-induced membrane blebbing in endothelial cells
associated with glutathione oxidation but not apoptosis. Am J Physiol 1999; 277:C20-C28.

[62] van Gorp RM, Heeneman S, Broers JL, Bronnenberg NM, van Dam-Mieras MC,
Heemskerk JW. Glutathione oxidation in calcium- and p38 MAPK-dependent membrane
blebbing of endothelial cells. Biochim Biophys Acta 2002; 1591:129-138.

[63] Jy W, Jimenez JJ, Mauro LM, Ahn YS, Newton KR, Mendez AJ, Arnold PI, Schultz DR.
Agonist-induced capping of adhesion proteins and microparticle shedding in cultures of
human renal microvascular endothelial cells. Endothelium 2002; 9:179-189.

[64] Boulanger CM, Scoazec A, Ebrahimian T, Henry P, Mathieu E, Tedgui A, Mallat Z.
Circulating microparticles from patients with myocardial infarctions cause endothelial
dysfunction. Circulation 2001; 104:2649-2652.

[65] Brodsky SV, Zhang F, Nasjletti A, Goligorsky MS. Endothelium-derived microparticles
impair endothelial function in vitro. Am J Physiol Heart Circ Physiol 2004; 286:
H1910-H1915.

[66] Sabatier F, Roux V, Anfosso F, Camoin L, Sampol J, Dignat-George F. Interaction of
endothelial microparticles with monocytic cells in vitro induces tissue factor-dependent
procoagulant activity. Blood 2002; 99:3962-3970.

[67] Jy W, Minagar A, Jimenez JJ, Sheremata WA, Mauro LM, Horstman LL, Bidot C, Ahn
YS. Endothelial microparticles (EMP) bind and activate monocytes: Elevated EMP-
monocyte conjugates in multiple sclerosis. Front Biosci 2004; 9:3137-3144.

[68] Simak J, Holada K, D’Agnillo F, Janota J, Vostal JG. Cellular prion protein is expressed
on endothelial cells and is released during apoptosis on membrane microparticles found in
human plasma. Transfusion 2002; 42:334-342.

[69] Blann A, Seigneur M. Soluble markers of endothelial cell function. Clin Hemorheol
Microcirc 1997; 17:3-11.

[70] Andre AJH, Newman W. Circulating adhesion molecules in disease. Immunol Toda 1993;
14:506-512.

[71] Mannucci PM. Von Willebrand factor: A marker of endothelial damage? Arterioscler
Thromb Vasc Biol 1998; 18:1359-1362.



156 JIMENEZ ET AL.

[72] Hladovec J, Prerovsky V, Stanek, Fabian J. Circulating endothelial cells in acute
myocardial infarction and angina pectoris. Klin Wochenschr 1978; 56:1033-1036.

[73] Mutin M, Canavy I, Blann A, Bory J, Sampol J, Dignat-George F. Direct evidence of
endothelial injury in acute myocardial infarction and unstable angina by demonstration of
circulating endothelial cells. Blood 1999; 93:2951-2958.

[74] Dignat-George F, Sampol J. Circulating endothelial cells in vascular disorders: New
insights into an old concept. Eur J Haematol 2000; 65:215-220.

[75] George F, Brisson C, Poncelet P, et al. Rapid Isolation of human endothelial cells from
whole blood using S-Endol monoclonal antibody coupled to immuno-magnetic beads:
Demonstration of endothelial injury after angioplasty. Thromb Haemost 1992;
67:147-163.

[76] George F, Brouqui M, Boffa M, et al. Demonstration of Rickettsia-conorii-induced
endothelial injury in vivo by measuring circulating endothelial cells, thrombomodulin and
von Willebrand factor in patients with Mediterranean spotted fever. Blood 1993;
82:2109-2116.

[77] Sowemimo-Coker SO, Meiselman HJ, Fracis Jr, B. Increased circulating EC in sickle cell
crisis. Am J Hematol 1989; 31:263-265.

[78] Solovey A, Gui L, Ramakrishnan S, Steinber MH, Hebbel RP. Sickle cell anemia as a
possible state of enhanced anti-apoptotic tone: Survival effect of vascular endothelial
growth factor on circulating endothelial cells and unanchored endothelial cells. Blood
1999; 93:3824-3830.

[79] Lefevre P, George F, Durand JM, Sampol J. Detection of circulating endothelial cells in
thrombotic thrombocytopenic purpura. Thromb Haemost 1993; 69:522.

[80] Clancy RM. Circulating endothelial cells and vascular injury in systemic lupus
erythematosus. Curr Rheumatol Rep 2000; 2:39-43.

[81] Bernal-Mizrachi L, Jy W, Jimenez JJ, Pastor J, Mauro LM, Horstman LL, de Marchena E,
Ahn YS. High levels of circulating endothelial microparticles in patients with acute
coronary syndromes. Am Heart J 2003; 145:962-970.

[82] Gonzalez-Quintero VH, Jimenez JJ, Jy W, Mauro LM, Hortman L, O’Sullivan MJ, Ahn
Y. Elevated plasma endothelial microparticles in preeclampsia. Am J Obstet Gynecol 2003;
189:589-593.

[83] Preston RA, Jy W, Jimenez JJ, Mauro LM, Horstman LL, Valle M, Aime G, Ahn YS.
Effects of severe hypertension on endothelial and platelet microparticles. Hypertension
2003; 41:211-217.

[84] Gonzalez-Quintero VH, Smarkusky LP, Jimenez JJ, Mauro LM, Jy W, Hortsman LL,
O’Sullivan MJ, Ahn YS. Elevated plasma endothelial microparticles: Preeclampsia versus
gestational hypertension. Am J Obstet Gynecol 2004; 191:1418-1424.

[85] Brogan A, Shah V, Brachet C, Harnden A, Mant D, Klein N, Dillon MJ. Endothelial and
platelet microparticles in vasculitis of the young. Arthritis Rheum 2004; 50:927-936.

[86] Combes V, Taylor TE, Juhan-Vague I, Mege JL, Mwenechanya J, Tembo M, Grau GE,
Molyneux ME. Circulating endothelial microparticles in Malawian children with severe
falciparum malaria complicated with coma. JAMA 2004; 291:2542-2544.

[87] Bretelle F, Sabatier F, Desprez D, et al. Circulating microparticles: A marker of
procoagulant state in normal pregnancy and pregnancy complicated by preeclampsia or
intrauterine restriction. Thromb Haemost 2003; 89:486-492.

[88] Sabatier F, Darmon P, Hugel B, Combes V, Sanmarco M, Velut JG, Arnoux D, Charpiot
P, Freyssinet JM, Oliver C, Sampol J, Dignat-George F. Type 1 and type 2 diabetic
patients display different patterns of cellular microparticles. Diabetes 2002; 51:2840-2845.



EMPS AS VASCULAR DISEASE MARKERS 157

[89] Simak J, Holada K, Risitano AM, Zivny JH, Young NS, Vostal JG. Elevated circulating
endothelial membrane microparticles in paroxysmal nocturnal haemoglobinuria. Br
J Haematol 2004; 125:804-813.

[90] Shet AS, Aras O, Gupta K, Hass MJ, Rausch DJ, Saba N, Koopmeiners L, Key NS,
Hebbel RP. Sickle blood contains tissue factor-positive microparticles derived from
endothelial cells and monocytes. Blood 2003; 102:2678-2683.

[91] VanWijk MJ, Nieuwland R, Boer K, van der Post JA, VanBavel E, Sturk A. Microparticle
subpopulations are increased in preeclampsia: Possible involvement in vascular dysfunc-
tion? Am J Obstet Gynecol 2002; 187:450-456.

[92] Abid Hussein MN, Meesters EW, Osmanovic N, Romijn FP, Nieuwland R, Sturk A.
Antigenic characterization of endothelial cell-derived microparticles and their detection
ex vivo. J Thromb Haemost 2003; 1:2434-2443.

[93] Ogura H, Tanaka H, Koh T, Fujita K, Fujimi S, Nakamori Y, Hosotsubo H, Kuwagata
Y, Shimazu T, Sugimoto H. Enhanced production of endothelial microparticles with
increased binding to leukocytes in patients with severe systemic inflammatory response
syndrome. J Traum 2004; 56:823-830.

[94] Heloire F, Weill B, Weber S, Batteux F. Aggregates of endothelial microparticles and
platelets circulate in peripheral blood. Variations during stable coronary disease and acute
myocardial infarction. Thromb Res 2003; 110:173-180.

[95] Mallat Z, Benamer H, Hugel B, Benessiano J, Steg PG, Freyssinet JM, Tedgui A. Elevated
levels of shed membrane microparticles with procoagulant potential in the peripheral
circulating blood of patients with acute coronary syndromes. Circulation 2000;
101:841-843.

[96] Morel O, Jesel L, Hugel B, Douchet MP, Zupan M, Chauvin M, Freyssinet JM, Toti F.
Protective effects of vitamin C on endothelium damage and platelet activation during
myocardial infarction in patients with sustained generation of circulating microparticles.
J Thromb Haemost 2003; 1:171-177.

[97] Nomura S, Shouzu A, Omoto S, Nishikawa M, Iwasaka T, Fukuhara S. Activated platelet
and oxidized LDL induce endothelial membrane vesiculation: Clinical significance of
endothelial cell-derived microparticles in patients with type 2 diabetes. Clin Appl Thromb
Hemost 2004; 10(3):205-215.



ADVANCES IN CLINICAL CHEMISTRY, VOL. 39
PROTEOMICS IN CLINICAL LABORATORY DIAGNOSIS
Stacy H. Shoshan and Arie Admon

Depariment of Biology, Technion-Israel
Institute of Technology, Haifa 32000, Israel

1. Introduction to Proteomics. ............uuutiiiieinii e 160
2. Modern Proteomic Technology . ......... ..o 160
2.1. 2D-PAGE .. 161
2.2, HPLC . . 162
2.3, Mass SPECLIOMELIY . ..o vttt ettt e e e e e e e 163
2.4, Protein ATTAYS . .. ..ottt t ettt ettt e et 165
2.5. Bioinformatics ... .....oounuutt e 165
2.6. Technology Portability, Reproducibility, and
Performance Characteristics ... ...........uueeininuiuieeennnnneeen . 166
3. Proteins, Proteomics, and Patterns . .............. .. ... . i 167
4. Accessing Biological Samples............... .. 169
4.1. Invasion Interface .......... ... i 170
4.2. Laser Capture MicrodisSeCtion. . ...........oiitttinueriiiiinnnnnn... 171
5. Preparing and Resolving Complex Specimens . ..............coiviiiiean... 172
5.1. Optimizing Biological Samples..................c .. 172
5.2. Subfractionation of Protein Mixtures............... ... ..., 173
6. Standardization of Proteomic Approaches ................cooiiiiiiiieaa.... 174
7. Combining Modern Proteomic Technologies with
Traditional Histopathology Techniques............... ..., 175
8. Practical Clinical AppliCationS . ... ....ouuiutti i 176
8.1, Tumor Markers .. ...t 177
8.2. Disease-Related Applications ..............oiiiiiiiiniiiiiiieeanan 178
9. Future DIreCtions ... ........ouunuuttii e 179
References. . . ... 180

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), high-performance liquid
chromatography (HPLC), mass spectrometry (MS), tandem mass spectrometry (MS/MS), post-
translational modifications (PTMs), time of flight (TOF), multi-dimensional protein identifica-
tion technology (MudPIT), enzyme-linked immunosorbent assay (ELISA), cancer antigen 125
(CA125), laser capture microdissection (LCM), cholamidoprophy dimethalammonio-1-
propanesufonate (CHAPS), polymerase chain reaction (PCR), Human Proteome Organization
(HUPO), Proteomics Standards Initiative (PSI), hematoxylin and eosin (H&E), Terry’s
Polychrome, (TP), Toluidine Blue (TB), Nuclear Fast Red (NFR), Cresyl Violet (CV),
Methylene Blue (MB), tumor-specific antigens (TSAs), tumor-associated antigen (TAA),
hepatocellular carcinoma (HCC), prostate specific antigen (PSA), graft-versus-host disease
(GVHD), CDS8 anti-viral factor (CAF), human immunodeficiency virus (HIV).

159

0065-2423/05 $35.00 Copyright 2005, Elsevier Inc.
DOI: 10.1016/S0065-2423(04)39006-2 All rights reserved.



160 SHOSHAN AND ADMON
1. Introduction to Proteomics

Proteomics is a technological and scientific methodology commonly used
for the analysis of complex protein samples in basic research that is rapidly
becoming one of the most innovative approaches for clinical diagnosis.
Replacing the long-established techniques that examined one protein at a
time, proteomics imparts the simultaneous characterization of large num-
bers of proteins. Much of its strength stems from the recent developments
in two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), high-
performance liquid chromatography (HPLC), mass spectrometry (MS), pro-
tein arrays, and bioinformatics. Considering the multifactorial causes of
diseases, particularly cancer, a single biomarker that can characterize the
entire pathologic process may not always exist. Therefore, multiparameter
biomarkers, such as the protein patterns generated by 2D-PAGE and MS, are
more likely to accurately reflect complex diseases. Searching for biomarkers
in tissue, serum, and other body fluids is becoming more commonplace since it
has become possible to directly interface biological samples with proteomic
instruments. The complexity of many samples has made preparing and re-
solving them technically challenging, but recent advances in the technology
have facilitated more accurate and high-throughput analyses. Modern pro-
teomic technologies have the capacity to synergistically aid histopathology
techniques in improving diagnostic sensitivity and specificity. Although pro-
teomics is a powerful tool that has the potential to generate knowledge that is
complementary to several other emerging fields of study, many of its technol-
ogies are currently limited to use in a research laboratory setting. However,
the near future holds promise for bringing proteomics from the bench to the
bedside as revolutionary diagnostic tools that can be used for early detection,
diagnosis, and prognosis [reviewed recently in 1, 2].

2. Modern Proteomic Technology

Biological samples that are useful for clinical diagnosis often contain very
complex mixtures of proteins, as up to a few thousand may be present in tissue
extract or body fluids, and each of them can have a variety of posttranslation-
al modifications (PTMs). Before the analysis of individual proteins, an essen-
tial first step in proteomics is carrying out multidimensional separations to
fractionate the sample into its individual constituents. Fractionations are
needed to obtain high analytic sensitivity, which is done by increasing the
relative concentration and purity of the individual components (as discussed
in Section 5). To facilitate the use of small sample sizes and to prevent loss of
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individual proteins during processing, these initial fractionations should
involve a minimal number of steps and as little handling as possible.

The main technologies of proteomics, namely 2D-PAGE, HPLC, MS,
protein arrays, and bioinformatics, facilitate both the detection and analyses
of individual component proteins and peptides in complex biological
samples. The recent advancements in these technologies have enabled
researchers to resolve the protein content of body fluids and tissue samples
in one or two simple steps. As a result, not only can the individual peptides be
detected and analyzed but, at the same time, specific protein patterns unique
to any given sample are also generated. The most significant effect of proteo-
mics is not the implementation of each of these technologies individually into
the laboratory but the combination of them together to form streamline
processes that can be highly automated and that can carry out different
steps in a short time with high sensitivity [3].

2.1. 2D-PAGE

Since the introduction of 2D-PAGE in 1975 [4, 5], long before the term
“proteomics” was even invented [reviewed recently in 1, 6], it has evolved to
become one of the most powerful techniques for separating proteins and
generating protein patterns. It has become widely applied to a variety of
biological samples and therefore promises to have a major effect on medical
diagnostics.

To run a 2D-PAGE, proteins are separated in the first dimension, usually
using (commercially available) immobilized pH gradient gel strips for isoelec-
tric focusing [7], and then in the second dimension using SDS-PAGE (for
which both linear and gradient precast gels are also commercially available).
Because of standardization and the covalent immobilization of the ampho-
lytes into the acrylamide, the pH range of the isoelectric focusing, the length of
the strips, and the shape of the pH gradient can be precisely defined by the
commercial manufacturers. Thus, for both dimensions the resolution has
been vastly improved and the reproducibility has been dramatically increased.

Because of standardization and commercially available gel strips,
2D-PAGE has become more user friendly and no longer requires highly
skilled and experienced operators. The procedures can be run by technicians
after a relatively short training period. Covalent attachment of ampholytes to
the acrylamide has allowed for loading of larger amounts of proteins onto
each strip, facilitating the detection and analysis of the less abundant pro-
teins. Moreover, as the gel strips do not need to be prerun to establish the pH
gradient, as was needed in the past, the proteins can be loaded onto them just
by rehydrating them in a protein solution.
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The net result of a 2D-PAGE is a 2D ““fingerprint.” The resulting spots,
even those containing nanogram amounts of individual proteins, are then
color-stained so they can easily be detected. Available stains include Coo-
massie blue, silver, and zinc-imidazole, as well as fluorescent ones such as
Sypro-ruby [8-10]. The protein fingerprints can be digitally recorded and
then analyzed with image processing software to detect unique patterns and
specific proteins for further comparisons between different samples. Of par-
ticular interest are the PTMs, which affect both the isoelectric points and
the molecular masses of proteins, thus shifting the location in the gel of the
altered proteins relative to the unmodified forms. Shifts resulting from the
PTMs of proteins can add another layer of information about the disease
because abnormal PTMs are often either a cause or an effect of the patho-
logical state, and therefore may be important for diagnosis or prognosis.
Once a fingerprint protein pattern for a given disease is established, or a
deviation from a normal pattern can be recognized, the data can be
incorporated into a diagnostic kit.

Although 2D-PAGE has the potential to be used daily in a clinical setting, it
is currently not amenable to complete automation, and this limitation hinders
its use as a separation technology for routine laboratory diagnosis. However,
it is only a matter of time before 2D-PAGE becomes fully automated, as all of
the necessary steps can employ ready-made reagents. Already, some groups
have maximized the use of robotics in running gels. Because two different
proteins can be hidden in one single protein spot, an automated approach to
analyzing each spot can be very useful. First, “‘spot-picking robots’’ transfer
the gel pieces to microtiter plates. Then, the plates are processed in automated
washing stations, followed by automated trypsin digestion and peptide spot-
ting on MS target plates. As many as 15,000 spots per day are processed
because of this fully automated gel spot analysis system [3].

2.2. HPLC

One-, two-, and multidimensional capillary HPLC is becoming an attrac-
tive alternative to 2D-PAGE as a preparatory step for large-scale identifica-
tions and comparisons of protein repertoires in complex biological samples.
Most commonly, the first dimension of HPLC separation is strong cation
exchange, with reversed-phase usually serving as the second (or last) dimen-
sion. Chromatography is amenable to automation and can be connected
directly to MS through an electrospray interface. The main limitation in
the use of chromatography as a separation method relates to the low recov-
ery rate for some of the proteins from the columns. Most proteins are too
large and too hydrophobic for standard reversed-phase chromatography;
consequently, they irreversibly “‘stick” to the columns. Small peptides,
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however, are more amenable to chromatography, including reversed-phase
chromatography. Therefore, the most common approach is based on first
digesting the entire protein content of the biological sample, or a set of
individual proteins, into small peptides. The proteins are digested most
often with an enzyme such as trypsin, which cuts at specific amino acids
(Iysine and arginine). The resulting peptides are then separated by one- or
two-dimensional HPLC, resulting in peptide maps that are very reproduc-
ible. Their patterns can then be compared between samples with the aim of
identification of disease markers [11]. As described below (see section 2.3),
the individual peptides in the mixtures can be identified using MS, their
relative amounts can be quantified, the PTM patterns can be defined, and
the patterns of the peptides can be compared between different samples [12].

When a limited amount of a sample is available, proteomic analyses
require the scaling-down of the chromatography columns and flow rates to
accommodate the subpicomole and even subfemtomole amounts of proteins.
Capillary columns made from fused silica are the solution, as they offer a very
smooth internal surface and high-pressure resistance and can easily be cut to
the desired size. The columns require packing with chromatography adsor-
bents; thus, many commercial sources have made available capillaries pre-
packed with a variety of beads and, more recently, with monolithic materials
polymerized into the columns [13]. The main problem with the capillaries is
their tendency to clog and break. HPLC pumps designed for capillary flow
rates are also available but are not always required for all applications, as
the flow of regular HPLC can be split with only a fraction of it directed into
the capillary columns.

2.3. MASS SPECTROMETRY

Mass spectrometers are used not only to detect the masses of proteins and
peptides, but also to identify the proteins, to compare patterns of proteins
and peptides, and to scan tissue sections for specific masses. MS is able to do
this by giving the mass-to-charge ratio of an ionized species as well as its
relative abundance. For biological sample analysis, mass spectrometers are
connected to an ionizing source, which is usually matrix-assisted laser de-
sorption ionization (MALDI) [14], surface-enhanced laser desorption/ioni-
zation (SELDI, a modified form of MALDI) [15], or electrospray ionization
[16]. These interfaces enable the transfer of the peptides or proteins from the
solid or liquid phase, respectively, to the gas (vacuum) phase inside the mass
spectrometer. Both MALDI and electrospray ionization can be connected to
different types of mass analyzers, such as quadrupole, quadruple-ion-traps,
time of flight (TOF), or hybrid instruments such as quadrupole-TOF or
Fourier transform-ion cyclotron resonance. Each of these instruments can
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measure masses, ranging from small pieces of peptides to very large proteins,
relatively accurately.

Exact mass measurements are particularly useful when applied to proteo-
lytic peptides as a way of identifying the proteins from which they were
derived. After treating a protein with a specific protease, such as trypsin,
the masses of the resulting peptides are determined. This list of measured
masses is then compared, using computer databanks, to a theoretical list of
masses calculated for each protein based on the specific protease that was
used (discussed in Section 2.5). The main caveat is that the use of peptide
mass fingerprinting leads to correct protein identification only if the mass
spectrometer is very accurate and of high resolution. Otherwise, erroneous
identifications are declared. When mixtures of proteins are proteolyzed, the
danger of incorrect identifications is more acute, as the list of masses might
have a better match with an incorrect protein.

Most of the modern mass spectrometers are also capable of fragmenting
peptides into smaller pieces by collision-induced dissociations with gas atoms
in the vacuum phase and then measuring the masses of the resultant
fragments. This process is called tandem mass spectrometry (MS/MS).
A “fingerprint” of mass fragments for each peptide will be generated accord-
ing to their amino acid sequence and PTMs. Therefore, MS/MS, which is the
combination of proteolysis of the proteins, separation of the resulting pep-
tides, and gas-phase fragmentation, has become the most common approach
for protein identification and PTM characterization [12, 17].

The MS/MS generated data consist of the intact masses of each peptide
and its fragments, which is usually sufficient information to identify the
peptide and therefore its source protein. The identifications are usually
performed with dedicated software tools (see Section 2.5) that compare the
measured masses from the MS/MS data to those of all the possible peptides
in protein databanks to identify the peptides (without having to actually
sequence the peptides). The sensitivity of modern mass spectrometers is very
high, reaching the femtomole, attomole, and even smaller ranges of proteins
(less than nanogram amounts), thereby making it possible to analyze even
minute amounts of tissues [18]. In addition, the throughput of the instru-
ments is sufficiently high so that hundreds or even thousands of proteins
can be analyzed daily.

When 2D-PAGE and HPLC are interfaced to MS, unique peptide maps for
each biological sample of interest can be generated. The pattern of each map
can be compared between samples, and by implementing pattern recognition
tools, they can become indicators of a disease. Starting with 2D-PAGE,
stained gel pieces are excised, the proteins within them are proteolyzed, and
the resulting peptides are eluted and subsequently analyzed by HPLC and
MS/MS. This process also allows for each of the stained spots to be identified
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and then analyzed for PTMs. It can be concluded that 2D-PAGE, HPLC, and
MS can all be connected to generate remarkably accurate and sensitive data.
Together, they can not only detect particular proteins or peptides in a
biological sample but also quantify them, establish their PTMs, identify
molecular patterns, and even compare samples [recently reviewed in 1, 12].

2.4. PROTEIN ARRAYS

To evaluate massive amounts of complex mixtures of proteins and be able
to detail changes in the content as indicators of disease, proteins arrays are
the key. Protein arrays are made by physically attaching proteins (or anti-
bodies directed against them) to glass or plastic slides at a high surface
density. The modern tool of “printing” proteins on slides is sufficiently
powerful such that thousands of different proteins can be separately attached
at different locations on slides the size of regular microscope slides. There are
commercially available glass slides with different premade chemical function-
alities or preactivated groups for covalent attachment of the proteins. This
supports the construction of protein or antibody arrays for large-scale anal-
yses of proteins in body fluids and tissue extracts. The binding of the soluble
proteins within the biological mixtures to the bound proteins (or antibodies)
on the arrays can then be detected by optical means, such as fluorescent
labeling. Other ways to check for binding are to add secondary antibodies
directed against the initial soluble ones, and then use plasmon resonance
[19, 20] or MS to scan the array [21-24, reviewed in 25-27].

2.5. BIOINFORMATICS

All four of the proteomic technologies mentioned above (2D-PAGE,
HPLC, MS, and protein arrays) are dependent on the use of bioinformatics
as a tool for data mining and elucidation. Often, MS runs generate lists of
thousands of potential peptide biomarkers, and only with the help of dedi-
cated software tools can the data be analyzed. Computer searches involving
databanks of peptides and proteins are used to compare the lists of masses of
the proteolytic peptides to theoretical proteolytic products. Matches between
the observed mass and the calculated mass can serve as a way of identifying
proteins of interest [28-32].

Bioinformatics tools involving computer-based statistical analyses are
essential for data management and analysis. When a complex biological
sample containing thousands of different proteins is analyzed by multiface-
ted approaches, such as multidimensional protein identification technology,
the identification of the proteins in the mixture is extremely complicated.
Even multiple peptide identification methods, such as using both MS and
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MS/MS, are often not sufficiently accurate that they can be faithfully relied
on [33]. In these cases, a statistical analysis should be introduced that would
include more parameters that could assist in protein and peptide identifica-
tion. For example, the observed and calculated relative retention times from
reversed-phase columns could be correlated to provide further validation
[34, 35].

Pattern recognition tools under the umbrella of bioinformatics are just
beginning to emerge to help deal with the challenge of distinguishing molec-
ular patterns in different samples. Already there is a need for dedicated
software tools to compare patterns generated from the analysis of normal
tissue extracts to those of diseased specimens [36]. Other software tools are
being developed with the aim of helping to organize MS data, such as
clustering algorithms. They help deal with the massive amounts of MS/MS
generated data combining similar spectra throughout an entire project.
Clustering data both reduces the amount of data that needs to be processed
and also increases the signal-to-noise ratio to a large extent ([33] and
references therein). Software tools designed for clustering data, such as
Pep-Miner  (http://www.haifa.il.ibm.com/projects/verification/bioinforma-
tics), reduce it to a manageable size for further analysis. For example, in
one large-scale project using different lung cancer cell lines, Pep-Miner
reduced 517,000 mass spectra to 20,900 clusters and identified about 830
peptides [35].

2.6. TECHNOLOGY PORTABILITY, REPRODUCIBILITY, AND
PERFORMANCE CHARACTERISTICS

When considering the practical applications of the aforementioned pro-
teomic technologies in a clinical setting, the issues of portability, reproduc-
ibility, and performance characteristics are also important (see Section 6). To
address portability, one approach is to develop miniaturized, microfabri-
cated devices, such as “lab-on-a-chip” [reviewed in 37]. These chips integrate
multiple steps of different analytical procedures and only require submicro-
liter amounts of reagents and samples. These types of devices offer high
efficiency and reproducibility and would allow for such technologies to be
accessible not only to large centralized laboratories but also to small-scale
research centers.

For proteomic technologies to be of widespread use, the reproducibility
of each method must be determined. Several studies have been conducted
to investigate the coefficient of variance associated with different technolo-
gies. One group examined a fully automated HPLC 9.4-tesla Fourier trans-
form—ion cyclotron resonance MS designed for unattended proteomics
research 24 hours per day to investigate the instruments overall performance.
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Reproducibility was found to deviate from 1% to 5% in uncorrected elution
times, and repeatability was found to have less than 20% deviation in the
detected abundances for more abundant peptides from the same aliquot
analyzed a few weeks apart [38]. Another study aimed to evaluate the
intraday and interday reproducibility of selected plasma samples using mag-
netic bead separation and a MALDI-TOF MS (OmniFLEX, Bruker Dal-
tonics). The average intraday coefficient of variance of each mass spectra
peak area was determined to be 18%, whereas the average interday coefficient
of variance (evaluated on three different days) was 26% [39]. When consider-
ing SELDI spectra using ProteinChip WCX2 (Ciphergen Biosystems), re-
producibility can be analyzed by examining the mass location and intensity
from array to array on a single chip (intraassay) and between chips (inter-
assay). One group found that the intraassay and interassay coefficients of
variance for normalized intensity (peak height or relative concentration)
were 12% and 18%, respectively [40].

Technology performance characteristics include factors such as
automation to maximize reproducibility, efficiency, speed, and throughput
and make the investigative process minimally labor intensive [reviewed in 41].
The need for time- and cost-effective biological testing has encouraged the
development of combinatorial chemistry products that overcome the obsta-
cles posed by small amounts of each protein within complex samples. Ideally,
these tools would purify, analyze, and identify the protein of interest in
a rapid and robust manner. Although improvements have been made
in the currently available technologies, there is no single technique for
protein analysis that is optimal for all biological samples (see Table 1)
[reviewed in 42].

3. Proteins, Proteomics, and Patterns

Proteins are the functional units of a cell. They have constantly changing
expression levels, locations, and PTMs that may be associated with the onset,
progression, and remission of disease. Proteomic technologies (as described
in Section 2) are used to detect patterns of differentially expressed proteins
that have numerous potential clinical applications. Techniques such as
2D-PAGE and HPLC combined with MS can be used to identify proteins
for early detection, diagnosis, prognosis, and response to treatment.

Whereas past techniques for studying proteins, such as enzyme-linked
immunosorbent assay, were a slow and laborious process of examining one
protein at a time, the currently used proteomic analyses of thousands of
proteins simultaneously rapidly displays results in terms of protein patterns.
The mass spectra generated by analyzing clinical samples from healthy and
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TABLE 1
TECHNOLOGY PERFORMANCE CHARACTERISTICS FOR DIFFERENT MASS SPECTROMETERS

Relative time per

Accuracy Resolution Sensitivity sample

ESI

Q Low Low High Slow

QIT Low Low Higher Slow

Q-TOF High High High Slow

FT-ICR Very High Very High Higher Slow
MALDI

Reflectron (high-end) High High“ High Fast

Linear (low-end) Medium Low High Fast
SELDI Low Low High Fast

“Resolution decreases with increasing sample complexity or contamination.
ESI-electrospray ionization.

Q-quadrupole.

QIT—quadrupole-ion-trap.

Q-TOF—quadrupole time of flight.

FT-ICR-Fourier transform-ion cyclotron resonance.
MALDI-matrix-assisted laser desorption ionization.
SELDI-surface-enhanced laser desorption/ionization.

diseased individuals can be compared to define an optimum discriminatory
pattern. This concept was the foundation of the bioinformatics tool devel-
oped to distinguish neoplastic from nonneoplastic disease within the ovary
[43]. Using a preliminary set of mass spectra from the analysis of serum from
50 unaffected women and 50 patients with ovarian cancer, a proteomic
pattern that completely discriminated cancer from noncancer was identified.
The discriminatory pattern, comprising many individual proteins, none of
which could autonomously differentiate diseased from healthy individuals,
was then used to classify an independent set of 116 masked serum samples.
All 50 ovarian cancer cases were correctly identified, and 63 of the 66 cases
of nonmalignant disease were recognized as not cancer. Overall, with a 95%
confidence interval, this yielded a sensitivity of 100% (93-100), specificity of
95% (87-99), and positive predictive value of 94% (84-99). One of the newer
discriminatory patterns was shown to be both 100% sensitive and specific
in a blinded set of 52 healthy women and 92 patients with ovarian cancer [44].
The test is currently lacking the proper clinical validation and software
licensing which it requires before use for screening in conjunction with cancer
antigen 125 (CA125). At present, the most widely used biomarker for ovarian
cancer is CA125, which has a positive predictive value of less than 10% as a
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single marker and improves to about 20% with the addition of ultra-
sound [45]. Therefore, mass spectra—generated diagnostic patterns may
have higher accuracy than traditional biomarkers of cancer detection. This
approach should be performed carefully to ascertain that each peptide is
characterized and identified for its role in the carcinogenic process [45a].

Similar to the potential utility of patterns generated from mass spectra
analyses, patterns of protein expression observed by 2D-PAGE may also
be used for diagnostic purposes [6, 46, 47]. 2D-PAGE resolves complex
protein mixtures into numerous unique spots, forming a distinctive pattern.
The pattern formed by the protein spots from normal and diseased tissue can
then be visually compared. Proteins of interest can be excised from the
gel, digested using trypsin, and analyzed by MS to reveal their identity.

Just as if a novel single biomarker was being evaluated for its utility, for
potential proteomic patterns to be used as biomarkers they must be validated
for their specificity, sensitivity, and predictive value. When considering a
single biomarker, a major concern is the issue of false positives causing
unnecessary invasive and costly testing on healthy individuals, and false
negatives resulting in morbidity and mortality associated with undiag-
nosed or misdiagnosed disease [48]. The use of a panel of biomarkers
would enhance the positive predictive value of a test and minimize false
positives and false negatives [49]. Logically, multiple biomarkers would
have a higher level of discriminatory information compared to a single
biomarker, especially for sizable, diverse patient populations.

Past biomarker discovery efforts have used a one-by-one approach to
search for the single elusive protein in the blood. Because there are thousands
of intact, modified, and cleaved protein isoforms in human serum, most of
which have not been elucidated, finding the lone biomarker is like searching
for a needle in a haystack, as each candidate peptide must be identified and
checked individually. Given the complex nature of diseases that are most
often multistep processes, it is also very likely that one solitary biomarker
does not exist for many of them. Thus, proteomics, with its main thrust
focusing on high-throughput protein characterization, is perfectly suited to
tackle complex biological samples to identify discriminatory patterns
[reviewed in 48, 50, 51].

4. Accessing Biological Samples
Ideally, biomarkers should be measurable in a versatile and easily

accessible body fluid, such as serum or urine, to maximize clinical use in
terms of patient compliance and readiness to interface with the diagnostic
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equipment. To advance the widespread use of novel diagnostic techniques at
the clinical level, a patient’s willingness to undergo an unfamiliar and
innovative test is an important consideration. Several factors, including
the associated level of discomfort and procedural risks, must be taken into
account. Another important parameter is patient classification, such as
high-risk status resulting from a family history of a disease or a genetic
predisposition, compared with routine screening of the general population.
Most people are willing to come in for a peripheral blood draw or to give a
urine specimen without any signs, symptoms, or definitive indications other
than the request of a physician. That makes these fluids prime targets for
finding proteomic patterns of clinical usefulness. Biological samples whose
collection involves enduring minor amounts of discomfort or minimally
invasive procedures include saliva, sweat, and tears. Invasive procedures
are required to collect cerebral spinal fluid, amniotic fluid, peritoneal fluid,
pleural fluid, synovial fluid, and nipple aspirate fluid, and therefore demand
a definitive purpose other than general population screening. With the
advances in separation techniques and modern proteomic technologies, all
of these body fluids can be prepared such that they can be directly interfaced
with medical diagnostics equipment [52].

4.1. INVASION INTERFACE

In any disease state, the deranged molecular processes do not remain
confined to individual cells. Cancerous growths, for example, begin with
foci of malignant cells that extend outward, creating a tumor—host interface.
The tumor microenvironment involves a variety of cells and surrounding
stromal and vascular compartments through which blood and local body
fluids circulate [53]. Thus, factors that are secreted or shed by malignant cells
circulate locally as well as throughout the body. Although the stimulating
and promoting factors are still to be defined, body fluids—regional ones as
well as serum—are an information reservoir that can be exploited.

As a result of the recent advances in MS, proteomic spectra from a small
volume of blood can be generated in literally seconds. A routine peripheral
blood draw provides more than an adequate sample, making proteomic
studies involving serum amenable to widespread clinical use. However, tissue
specimens containing only a few hundred cells as the starting point for
analysis may be more problematic because a protein amplification system
analogous to PCR is not available. In that sense, researchers working with
nucleic acids have the advantage of using an amplification method to over-
come the problem of small amounts of material—an option that is not
available with proteins. Thus, novel microproteomic technologies that can
employ minute amounts of cellular material need to be developed.
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4.2. LASER CAPTURE MICRODISSECTION

After acquiring a minimal amount of specimen, ranging from a few hun-
dred to a few million cells, current proteomic analyses are able to generate
MS patterns in a relatively short time span. In one study, less than 2 hours
was needed to process human breast tissue that had been removed from
the patient in the operating room until the MS data had been acquired.
Mammary tissue containing normal breast epithelium and invasive carcino-
ma was compared, and over 40 peaks were identified that significantly differed
in intensity [54]. This study employed LCM to acquire the tissue specimens.

LCM allows for the isolation of specific cell populations from a mixture of
cell types under direct microscopic visualization [55]. In the past, tissue
heterogeneity complicated biologically meaningful analysis of bulk solid
tumor samples and therefore severely hindered the discovery of discase
markers (because of the inability of researchers to isolate pure cell popula-
tions). Fortunately, this technique procures samples with a precision of
3-5 pum, where the exact morphologies of both the captured cells and the
surrounding tissue are preserved. Within minutes, LCM can procure one to
several thousand cells with the DNA, RNA, and proteins remaining intact
and unperturbed. Using appropriate methodology, the proteins from all
compartments of the cells can be readily obtained in their native conforma-
tions and assayed for activity. Frozen tissue samples, surgical- or autopsy-
archived paraffin-embedded tissues, cytology cell preparations fixed with
formalin or alcohol, and hematoxylin and eosin-stained or unstained
tissues can all be extracted by LCM. Thus, LCM is perfectly suited
for selectively studying proteins within a specific cell population given a
limited quantity of tissue. Coupled to MS, protein analysis from pure cell
populations numbering fewer than 100 are now a reality.

In general, LCM is used to capture a very small number of cells, which
then undergo purification and subfractionation steps to isolate the proteins.
Once the proteins have been run through 2D-PAGE and MS, a proteomic
pattern is generated and the specific peptides of interest are identified. It is
usually necessary to then go back to the tissue sample to harvest a bigger
population of cells containing the desired proteins, so that a larger quantity
of them will be available for more in-depth studying.

The difficulties involving sample preparation are exemplified in working
with human brain material [56]. The brain is highly complex and hetero-
geneous, and profiling entire cellular proteomes without contaminants is
technically challenging. Furthermore, postmortem tissues undergo protein
degradation and artifact generation. Thus, integrating proteomic technolo-
gies into the study of neurological and psychiatric disorders is also limited
by access to brain and nerve tissue from living subjects.
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5. Preparing and Resolving Complex Specimens

Just as tissues need to be separated into their constituent cell parts and
then the proteins within further purified, body fluids are complex biological
samples with wide ranges of components that require subcellular fraction-
ation to increase protein identification. Given that the dynamic range of
proteins in biological systems can reach parts per million or lower, isolating
low-abundance proteins poses a particular challenge. Two complementary
approaches that aid in detecting proteins expressed at lower levels are imple-
menting cellular fractionation methods that reduce complexity and employ-
ing affinity purification for selective enrichment. After beginning with
prefractionation of whole-cell lysates, multiple modes of separation in suc-
cession (e.g., ion exchange followed by reversed-phase chromatography) are
often used. Strategies that reduce proteome complexity facilitate analysis by
increasing the dynamic range of protein detection [reviewed in 57].

One technique involves using a SELDI probe for extracting, purifying, and
amplifying an analyte within a complex biological solution before MS anal-
ysis. The affinity surface of the SELDI probe is designed such that its
chemical and physical properties maximize binding of the desired peptides,
while all the other molecules can be removed via sequential gradient wash-
ing steps. Binding characteristics of the probe may be wide-ranging, similar
to chromatographic media, such as ion-exchange, reversed-phase, and
immobilized metal. Alternatively, the probe may be very specific for certain
antibodies, enzymes, or ligands [58].

5.1. OPTIMIZING BIOLOGICAL SAMPLES

Every biological sample should be optimally prepared to interface with the
target diagnostic equipment to obtain the highest quality data. Plasma and
urine, the archetypal body fluids for proteomic analysis, each pose intrinsic
difficulties in effectively purifying the protein constituents. Plasma has an
abundance of lipids and salts; urine has a relative excess of salts and diluted
concentrations of proteins. One group of researchers successfully devised a
protein extraction method using a CHAPS-based (cholamidoprophy
dimethalammonio-1-propanesufonate) buffer to remove the lipids, combined
with a centrifugal filter device to exclude the salts. This sample preparation
method was applied to plasma as well as other body fluids to reproducibly
yield over 90% of the solubilized proteins [59].

Another completely different strategy for increasing the dynamic range of
proteins is by removing the highly expressed proteins to improve detection of
those expressed at lower levels. Within a given sample, individual protein
concentrations often span many orders of magnitudes, with most of the
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proteins of diagnostic interest present in relatively small amounts. Analyses
of complex samples, such as serum, that contain both abundant (albumin
and antibodies) and very rare (e.g., proteins released because of disruption of
cells) proteins are technically difficult because of the masking of the rare
proteins by the abundant ones. Only 22 proteins constitute 99% of the serum
protein concentration, which means that characterizing the other 1% of the
proteins, which would include peptides shed or secreted by healthy, diseased
and dying cells, is quite a technical and analytical challenge [60]. Given 1 mL
of blood, finding a peptide at a concentration of 10 pg/mL, such as interleu-
kin 6, among the albumin molecules present at 55 mg/mL, is like finding one
individual human being by searching through the population of the entire
world: 1 in 6.2 billion [61].

5.2. SUBFRACTIONATION OF PROTEIN MIXTURES

Clearly, extensive subfractionation efforts need to be carried out before
analyzing a sample. For 2D-PAGE, loading sufficient sample to detect trace
proteins invariably means excessive amounts of high-abundance proteins.
The widely spread pattern of albumin and immunoglobulins on the gel
obscures proteins with similar isoelectric points and molecular weights.
Thus, a variety of techniques can be employed to remove a few of the very
high concentration proteins to improve detection of the trace ones. Several
reagent kits are available to specifically remove albumin or to bind and
remove albumin and immunoglobulins [62]. One technique, immuno-
affinity-based protein subtraction chromatography, was applied before
running a gel and resulted in the detection of more than 350 additional
lower-abundance proteins [63]. This method removed several overbearing
molecules, including albumin and immunoglobulins G and A, effectively and
reproducibly. However, caution must be used in applying fractionation
methods for this purpose. In one study, after removing many of the interfer-
ing proteins using centrifugal ultrafiltration, it was found that a large number
of other proteins of potential clinical interest were unintentionally eliminated
as well [64].

Rather than avoiding the problems associated with eliminating carrier
molecules, such as albumin, some groups take advantage of the fact that
biomarkers may exist in association with the high-abundance proteins: They
study both the carrier molecules and their cargo. One group combined immu-
noprecipitation with microcapillary reversed-phase liquid chromatography
and MS/MS to investigate the low—molecular weight proteins that associate
with six of the most abundant serum proteins. Using this targeted isolation
technique, 210 proteins were identified, of which 73% and 67% were not found
in previous studies of the low—molecular weight or whole-serum proteomes,
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respectively [65]. Many of the identified proteins were recognized as clini-
cally useful biomarkers with a variety of associations from meningiomas to
pregnancy to coagulation factor precursors.

A different study purely focused on isolating carrier molecules and their
bound proteins to search for biomarkers of clinical interest. It was not only
found that circulating carrier proteins were reservoirs for the accumulation
and amplification of putative disease markers but also that the low—-molecular
mass proteins that bound to albumin were distinct from those bound to
nonalbumin carriers. Using SELDI-TOF, it was further verified that albumin
bound peptides associated with ovarian cancer. This demonstrated that
albumin capture was an effective method for harvesting disease-relevant
biomarkers [66].

6. Standardization of Proteomic Approaches

Proteomic technologies are currently and increasingly being applied to a
broad range of medical fields, and thus turning out enormous data sets at
progressively faster rates. For this tremendous amount of potentially useful
information to be incorporated into routine clinical practice, several stan-
dardization issues must be resolved. The international Human Proteome
Organization is already trying to deal with many of them (http://www.
hupo.org). Established by the Human Proteome Organization in April
2002, the Proteomics Standards Initiative aims to define community stan-
dards for data representation in proteomics and to facilitate data compari-
son, exchange, and verification [67]. In line with these principles, protocols
must be developed regarding the proper use of the technology and equipment
to achieve any given objective. Technical variables in specimen collecting,
handling, processing, and storing need to be meticulously evaluated and
normalized. Variances in the quality of the data also need to be systematical-
ly accounted for. Sets of stringent rules should be globally implemented
regarding criteria for data reporting and validation to ensure accuracy and
avoid publications of erroneous information. No single set of data is defini-
tive. Multiple sets of data using alternative methods of analyses should be
incorporated before drawing any firm conclusions. Ultimately, a worldwide
information management system needs to be initiated, such that reference
values can be integrated and made readily accessible to all laboratories,
whether they are centralized facilities or in remote locations.

This daunting process should begin by establishing a comprehensive map
of the healthy human proteome [68]. This formidable challenge involves
organizing the data into a user-friendly format so that the information can
easily be retrieved according to a variety of parameters: biological system,
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tissue type, cell type, and subcellular compartment. To define “normal,”
numerous variables must be accounted for including gender, age, time of
day, health status, and other yet-unrecognized factors. This baseline infor-
mation is crucial for detecting the subtle variations that would distinguish
a normal from a diseased state. Therefore, current proteomic research efforts
extend from identifying the primary sequence of peptides and proteins,
including their isoforms and PTMs, to three-dimensional structure charac-
terization and cellular location, function, and interactions with other
proteins and molecules.

7. Combining Modern Proteomic Technologies with
Traditional Histopathology Techniques

Just as pathologists must know normal histology to recognize abnormal
pathology, for a clinician to routinely use mass spectra, the data must be
interfaced with computerized pattern recognition algorithms to unambigu-
ously establish control versus diseased states. Until such comprehensive and
properly validated tools are available for use as novel “gold standard”
diagnostic procedures, proteomic patterns are more likely to be used in the
near future as supplements to current medical work-up schemes. Therefore,
many research groups have been working on devising protocols that would
allow for both a visual evaluation using a light microscope and protein
analyses by scanning MALDI-MS on the same tissue section.

Examining biological samples to detect proteins and peptides using
MALDI is like transforming the mass spectrometer into a scanning device,
much like a microscope. It is already being used as a modern tool for
pathology diagnostics [69-71], as it forms 2D mass images of tissue speci-
mens. The labeling of fixed tissues sections with antibodies, as is currently
practiced in pathology, is limited to looking for molecules against which the
antibodies are already available. The use of scanning MS, as a novel type of
microscope, is not restricted to previously identified proteins. Thus, it per-
mits obtaining extensive amounts of information on the molecules
distributed throughout the tissue sections and serves as a diagnostic tool of
immense power.

One of the most commonly used staining procedures involves hematoxylin
and eosin, but it was found that the dyes interfere with either the proteins or
the MALDI process. As a consequence, the quality of the mass spectra is
significantly compromised [54]. When five other staining protocols (Terry’s
Polychrome, Toluidine Blue, Nuclear Fast Red, Cresyl Violet, and Methylene
Blue) were compared to a control section (unstained tissue rinsed in 70% and
100% ethanol), Cresyl Violet and Methylene Blue had the highest degrees



176 SHOSHAN AND ADMON

of profile similarities in terms of both staining quality and MS results. In
particular, Cresyl Violet offered high nuclear/cytoplasm contrast, which is
essential for adequate histological analysis of cancerous tissue [69]. Using
these staining protocols, histopathological and MS analyses can be used
synergistically to provide sensitive and reliable results.

An alternative approach that is compatible with LCM microscopy
involves 2D-PAGE and MALDI-TOF-MS, which use fixed but unstained
tissue. This technique, called navigated LCM, uses an adjacent stained
section to direct the dissection of an unstained area of interest. The target
region must be fixed but remains unstained, thus avoiding the associated
generation of artifacts. This technology is ideal for microdissection of the
brain because many of the nuclei are too small or irregularly shaped to
precisely isolate manually. In one study, a section of rat brain was fixed
using 70% ethanol for 30 seconds, followed by navigated LCM, and com-
pared to fresh, unfixed tissue dissected by hand. The 2D-PAGE protein
patterns showed 14 matched spots that were subsequently excised, digested
with trypsin, and then analyzed by MALDI-TOF-MS. The same 15 proteins
were identified in both gels, thereby showing no statistically significant
difference in protein coverage between the two different tissue processing
methods [72]. This demonstrates that navigated LCM can be used to obtain
samples without affecting protein integrity and interfering with downstream
MS analysis.

The key to making an accurate diagnosis is in identifying the pathogno-
monic features of a specimen that unmistakably distinguish it. Using a
microscope, this can be done by visually inspecting a tissue section using
appropriate stains to highlight and contrast specific features. For MS, it is
not the individual proteins but, rather, the pattern that they together form
that gives the diagnosis. The discriminatory pattern alone can be used as the
diagnostic tool, without the prerequisite of establishing the identification,
function, or even clinical relevance of each protein independently. Although
identifying each and every peptide is the ultimate goal, it is not obligatory
before the technology can be put to clinical use.

8. Practical Clinical Applications

In addition to the potential diagnostic power of a given MS pattern, the
advantages of delineating the exact relationship between the various proteins
and the disease are seemingly infinite. The identified peptides and proteins
can be used for screening, diagnosis, staging, prognosis, monitoring treat-
ment response, or detection of tumor recurrence [73]. Proteomic technology
has relevance to every field of medicine and science, making a complete
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review of the current applications beyond the scope of this chapter. Instead, a
few remarkable examples demonstrating the breadth of possibilities are
presented, including cancer and infectious diseases [reviewed in 49, 74, 75].
Other topics of interest that are not covered include evaluating drug toxic-
ities [76, 77]; profiling of neuropsychiatric disorders such as schizophrenia,
Alzheimer disease, and Parkinson disease [reviewed in 78]; immunopheno-
typing of leukemias with a long-term goal of monitoring minimal residual
disease [79], and characterizing human spermatozoa surface antigens in
relation to immunological infertility [25].

8.1. TUMOR MARKERS

Because 2D-PAGE and MS patterns can be used to differentiate between
healthy and cancer patients, the proteins in these spectra contain tumor
markers. If they could be isolated and identified, they would be useful for
innumerable purposes, most notably for early detection. If a tumor marker
can warn of the presence of disease at an early stage, before the cancer can be
visualized using imaging studies, this would increase the chances of treating
at a curative stage.

Tumor antigens can be classified as tumor-specific antigens if they are
exclusive to a particular type of cancer cell, or tumor-associated antigens if
they are not unique to malignant cells, but are expressed to a significantly
greater extent in tumor relative to normal cells. Tumor-associated antigens
and tumor-specific antigens include mutated oncogene proteins (p53, c-myc)
[80, 81], embryonic proteins (alpha-fetal protein, carcinoembryonic antigen)
[82] peptides from immunoprivileged sites (cancer-testis antigens) [83], and
overexpressed proteins (HER2/neu) [84-86].

Many tumor markers have been identified in recent years since the
improvements in proteomic technologies. For example, one study analyzed
human serum with 2D-PAGE and MALDI-TOF-MS to identify a distinct
repertoire of autoantibodies associated with hepatocellular carcinoma. These
proteins differentiated the cancer patients from those chronically infected
with hepatitis B or C, which constitute a high-risk group for developing
hepatocellular carcinoma. Thus, proteomic-based technology was used to
identify a set of four proteins that may have utility in early diagnosis of
hepatocellular carcinoma [87].

A different study used 2D-PAGE and MS to detect proteins from lung
adenocarcinoma tissue associated with patient survival. Importantly, protein
profiles were used to predict survival of stage I tumor patients. The current
standard of care for these patients is surgical resection alone. Therefore, if
high-risk stage I individuals could be singled out, they could receive more
aggressive adjuvant therapy, which could increase survival rates [88].
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Treatment regimens are often based on the predicted clinical outcome;
thus, physicians differentially administer aggressive or conservative thera-
pies. This is especially true for prostate cancer, where some men develop
advanced disease at a young age and others are merely under observation for
prolonged periods of time. To better characterize the immune response in
prostate cancer patients, a study was conducted using HPLC and protein
microarrays. 2D liquid chromatography was used to separate proteins from
the prostate cancer cell line LNCaP into 1760 fractions. These fractions were
spotted onto microarrays, which were then incubated with serum samples
from men with prostate cancer and male controls. A bioinformatics-based
decision tree with two levels of partitioning classified the samples with 98%
accuracy as either prostate cancer or control. These results indicated that
patterns of immune recognition generated from microarrays of fractionated
proteins could be used for prostate cancer diagnosis [89].

Although efforts are underway to identify markers in serum and prostate
tissue, the question arose as to whether metastatic prostate cancer cell lines
accurately represent in vivo disease. It was found that in vitro cell cultures
(LnCaP and PC3) shared less than 20% of proteins when compared to in vivo
LCM procured malignant prostate cancer. 2D-PAGE protein profiles were
used to compare normal and malignant cells to immortalized cells from the
same patient. Protein expression patterns were dramatically altered when
cells were grown in culture and immortalized; most notably, a loss of prostate
specific antigen expression was observed [18]. Thus, caution must be used
when working with immortalized cell lines to discover potential disease
markers.

8.2. DISEASE-RELATED APPLICATIONS

Current diagnostic methods rely on invasive procedures, such as biopsies,
to accurately assess many conditions. For many disorders, visualization of
the pathology via imaging modalities is only possible at an advanced stage.
One of the main goals of proteomics is to use readily accessible body fluids to
make an accurate diagnosis earlier in the course of the disease. One issue is
whether all diseases have associated cells that secrete or shed markers that
can be reliably detected through serum or urine profiling, thus obviating the
need to perform more invasive procedures. It is still not known which
pathologies can be diagnosed by analyzing body fluids, and which ones can
be detected only by examining the tissues themselves.

Differential diagnosis of graft-versus-host disease currently depends on
organ biopsy to distinguish it from other common complications associated
with transplantation. As a means of avoiding repeated biopsies, one group
analyzed the urine of patients after hematopoietic stem cell transplantation
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to generate a peptide pattern that could be used to diagnose graft-versus-host
disease. Capillary electrophoresis and electrospray ionization-TOF-MS were
used to evaluate the protein patterns in urine from 40 posttransplant patients
and compared them to those of five patients with sepsis. Peptides present
or absent with an absolute difference of more than 50% or with a more than
10-fold difference in the MS signal intensity between the two groups were
accepted as significant disease markers. Sixteen graft-versus-host-disease-
specific and 13 sepsis-specific peptides were identified, showing that this
technology may be used as a powerful diagnostic tool. Early and accurate
identification of patients developing complications after transplantation can
lead to more timely and appropriate therapeutic interventions, ultimately
translating into reduced morbidity [90].

Since 1986, scientists had been trying to identify the CDS8 antiviral factor
that was found in greater than normal amounts in certain HIV-1-infected
individuals [91]. The elusive CD8 antiviral factor was of tremendous clinical
interest because it conferred immunological stability, characterizing this
group as long-term nonprogressors. The breakthrough discovery of CD§
antiviral factor being a—defensin 1, 2, and 3 was made possible with the use of
SELDI-TOF-MS and searching through protein databases. Only with the
help of modern proteomic technology was the extensive 16-year search
effectively ended with a greater understanding of the soluble peptide factors
suppressing HIV-1 replication [92].

9. Future Directions

A resource infrastructure is already being developed to accommodate the
shift from current modalities to proteomic technologies used for clinical
laboratory diagnosis. The future of cost-effective, fast, highly sensitive, and
reliable diagnoses will be based on 2D-PAGE, HPLC, MS, protein arrays,
and bioinformatics. Protein patterns generated from 2D-PAGE and MS will
more accurately point to early cancer diagnoses than the currently used
histological grading and staging systems. Panels of protein biomarkers in
serum and urine will be used for population screening. Collecting these and
other readily accessible body fluids will replace invasive biopsies and imaging
studies as information sources related to treatment response and disease
recurrence. Instead of first- and second-line drug regimens, patient-tailored
therapies will become the standard because of individualized protein profiles
that can predict the most appropriate medication schemes.

To move from the research phase to the product phase, new generations
of proteomic equipment will continue to be developed. This includes
novel microproteomic technologies that use tiny amounts of material
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with extraordinary detection levels for target proteins and peptides. Automa-
tion with robotics and standardized machinery will replace manual labor
to bring down costs, increase the rate of data analysis, and ensure repro-
ducibility. Biomarker candidates, specifically disease-associated protein pat-
terns, will be verified for their sensitivity, specificity, and reliability of
detection. Potential new drug therapies will likewise be tested for their safety
and efficacy. Proteomic technologies have the power to bring about all of
these objectives, and with time and imagination they will become our new
reality.
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1. Introduction

Aging can be considered the product of an interaction between genetic,
environmental, and lifestyle factors, which in turn influence longevity that
varies between and within species [1]. Given the high complexity of the
phenomenon, several theories have been proposed providing an insight in
the role of genetic and environmental factors in the process of aging [2, 3].
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The “disposable soma theory” [4, 5], the most attractive theory, as well as
other evolutionary theories state that aging is not only under genetic control
and can also be considered a result of the failure of homeostasis. Therefore,
although most studies agree that genetics influence longevity in humans, the
magnitude of this effect is debated [6]. A study on children of nonagenarians
indicated a strong relationship between genetic influences and longevity [7], as
did a study that compared the life span of adopted children with those of their
adoptive and biological parents [8]. Nonetheless, studies on twins reared
together and twins reared apart indicated a small genetic influence on longevi-
ty [9, 10]. In fact, in one study, genetic factors explained no more than 30% of
the variance in longevity [10], and in another study, this variance was even less
[9]. However, these studies did not analyze the oldest survivors, nor did they
compare the longer-living with the shorter-living subjects. In fact, a strong
relationship between genetics and longevity was demonstrated when cente-
narians were included [7, 8], suggesting that genetic control of longevity is
greatest in the oldest adults. A recent study demonstrated that the siblings of
centenarians are three to four times more likely to survive to the 10th decade of
life, compared with siblings of noncentenarians [11]. Furthermore, immediate
ancestors of Jeanne Calment from France, who died at the age of 123 years,
were shown to be 10 times more likely to reach age 80 years than the ancestral
cohort [12]. These studies support the concept that longevity is a familial trait
likely to be inherited and points to extreme age as the phenotype for an initial
approach in identifying chromosomal regions that harbor longevity-assur-
ance genes. Therefore, although the debate of the importance on genetics in
determining the reaching of extreme longevity is open, it is mandatory to study
the role of genetic determinants of longevity in humans, and several studies
have been focused on healthy centenarians [2]. In fact, these exceptionally
long-living individuals represent a model-—not discussed—of successful
aging, having escaped the major age-associated diseases, and with most of
them maintaining good cognitive and functional status.

When age is plotted against the log of mortality rate, it gives a straight line
as the mortality rate increases exponentially with age [13]. However, the log
of mortality rate falls below the expected at the ages of 95-100 years,
indicating that mortality rate is no longer increasing exponentially in this
age group [14, 15]. Although the mortality rate from cancers increases by
approximately 10% per decade, it actually decreases after the age of 90 years.
Thus, those individuals who have achieved an age of 90 years or older seem
to be biologically unique; they have escaped disease-related mortality and get
the biological make-up for successful aging. Interestingly, because the ratio
of women to men at age 100 is 5 to 1, the female phenotype contributes to
longevity independent of other genetic characteristics. Thus, based on
biological distinctions, differences in mortality pattern, and the marked
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decrease in cancer, centenarians are likely to possess the strongest genetic
determinants of longevity.

The identification of gene variants involved in aging and longevity presents
an interesting challenge [6]. The discovery of genetic variations that explain
even 5%-10% of the variation in survival to extreme old age could yield
important clues about the cellular and biochemical mechanisms that affect
the aging process and susceptibility to age-associated diseases [16]. Candidate
gene approaches, in which a gene is chosen based on function and the
presumption that alteration in its function may affect the phenotype, have
met with some success. Nonetheless, the definition of longevity and its
associated intermediate phenotypes is still being debated. Furthermore, in
the absence of detailed genealogies and prospective data, it is not possible to
know definitively which individuals are or will be long-lived, and which are
or will not be long-lived. Finally, individuals who died at early ages in
accidents or war, or even from diseases resulting from environmental or
other genetic factors, may still have harbored longevity-assurance genes [6].

Recently, Richard Miller proposed a classification of longevity genes in
different categories [17] (Table 1); the first one includes genes that cause or
accelerate aging, even though it is a point of debate whether or not genetic
mutations exist in nature that actually either cause or accelerate aging (e.g.,
P53 gene, telomerase gene). The second category concerns genes that increase
the risk of a specific illness early in life but do not appear to be related to
aging (e.g., CF gene and cystic fibrosis), or alternatively, genes that increase
the risk of specific illness that resembles some of the consequences of aging.

TABLE 1
HYPOTHETICAL CLASSIFICATION OF LONGEVITY GENES OR THEIR ALTERNATIVES®

—

. Genes that cause aging (P53?)
2a. Genes that increase the risk of a specific disease early in life but do not appear to be related to
aging (e.g., CF gene and cystic fibrosis)
2b. Genes that increase the risk of specific disease that resembles some of the consequences of
aging (e.g., Werner’s syndrome)
3. Genes that influence or cause age-related diseases (e.g., Alzheimer’s disease and
apolipoprotein E ¢4 allele)
4. Low-fitness genes that extend maximum life span, probably by slowing down aging (as
observed in lower organism mutations; e.g., daf genes)
5. Polymorphic genetic loci that influence the rate of aging (many quantitative trait loci with
varying influences on aging and age-associated diseases)
6. Genes that influence differences in life-span among species (e.g., longevity-enabling genes)”

“Adapted from Miller RA. A position paper on longevity genes. Document URL: http:/
sageke.sciencemag.org/cgi/content/full/sageke;2001/9/vp6 and from: Miller RA. A position
paper on longevity genes. Sci Aging Knowledge Environ 2001, vp6 (2001) (17).
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The third category consists of genes that influence or cause age-related diseases
(e.g., Alzheimer disease [AD] and apolipoprotein E [APOE] €4 allele). Because
variations in these genes are also associated with increased mortality risk, it is
likely that centenarians do not have many of these predisposing variations.
However, because the frequency of disease alleles is reduced in centenarians
versus younger controls selected from the population, the statistical power of
an association study between centenarians and subjects with a specific disease
should be increased. This should be particularly true when searching for alleles
that have a relatively high frequency in the general population. The fourth class
includes low-fitness genes that extend maximum life span, probably by slowing
down aging, as observed in lower organism mutations. One approach to
determining the significance of such genes in humans is to screen for poly-
morphisms of their human homologs and to determine the allele frequencies
among specific human phenotypes such as centenarians and to compare them
to ethnically matched younger controls or controls predisposed to premature
mortality [18]. The fifth and sixth categories concern, respectively, polymorphic
genetic loci that influence the rate of aging, and genes that influence differences
in life span among species (e.g., longevity-enabling genes). A useful approach to
finding these life span genes may be association studies using centenarian
sibships. Families highly clustered for longevity, with five or more centenarian
siblings and multiple centenarian cousins, provide the potential opportunity to
perform linkage studies, linking the extreme longevity phenotype to a specific
gene or genes [19].

The aim of this chapter is to examine in depth the current knowledge of the
role of different genetic determinants in modulating aging and in reaching of
extreme longevity in humans, with particular interest in centenarian studies.
We reviewed studies belonging to the third Miller’s class of longevity genes,
concerning those genes that influence or cause age-related diseases [17]. First,
we focused our attention on genes involved in vascular risk and vascular-
related diseases and discussed the evidence that genetic factors, likely to be
linked to both vascular disease and AD, may have an additional role in
determining human longevity. Second, we reviewed principal findings on
genetic factors linked to inflammation (interleukin 6 [IL-6] gene and other
cytokine genes) and regulating immune response.

2. Vascular Genetic Factors and Human Longevity

Complex interrelationships between age-associated illnesses such as vas-
cular disecase and AD indicate that biological and genetic pathways may be
worthy of examination in centenarian populations to provide insights into
human longevity. This is also borne out by the involvement of lipoprotein
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metabolism and a number of vascular genetic risk factors [20, 21]. The search
for factors involved in aging and longevity has progressed extensively in
recent years because of increased human life expectancy and elevation of
the number of elderly people, which in turn results in increased prevalence of
age-related illnesses. Different genetic and nongenetic factors have been
examined in the quest to understand the biological basis of human longevity.
For example, centenarians are characterized by marked delay or escape from
age-related diseases, such as coronary artery disease (CAD), cerebrovascular
disease (CVD), and AD, which respectively are the first, the third, and the
fourth largest causes of mortality in Western populations. Thus one can
suggest that genes and biochemical factors likely to be implicated in these
disorders may have a role in human longevity.

Among the genetic markers, the APOE gene has been the most widely
examined in centenarian populations [22-24], because of its well-documented
role in AD [25] as well as vascular diseases [26]. In fact, the APOE ¢4 allele is
associated with high serum total cholesterol, low-density lipoprotein choles-
terol (LDL-C), and apolipoprotein B gene (4POB) levels in many popula-
tions [27] and has been found to increase risk for CAD, myocardial infarction
[26], and AD [25]. Another gene, the angiotensin 1 converting enzyme
(ACELl), a suggested risk factor for CAD [28] and late-onset AD [29], has
also been associated with longevity [24]. However, the latter longevity find-
ings have not been replicated in independent populations [30-33]. A small
number of other genes linked to lipoprotein metabolism and vascular disease
have been investigated as putative markers for longevity, although generally
with negative or inconsistent association results. However, it remains too
early to make any clear conclusions about the involvement of these genetic
and nongenetic factors in successful aging and longevity, as more studies in
different centenarian populations are required.

2.1. APOE GENE POLYMORPHISM AND LONGEVITY

APOE has three common isoforms, namely, E2, E3, and E4, which are
coded by the APOE alleles €2, €3, and ¢4 at a single locus on chromosome 19.
The APOE gene has been extensively examined in populations worldwide for
its association with an increased risk for CAD and AD [25, 34] and has also
been evaluated in centenarian populations in different studies.

2.1.1. APOE Studies on Centenarians and Longevity

In a recent study we showed that the frequency of the ¢4 allele was
significantly higher in middle-aged subjects than in centenarians, indicating
selection against €4 alleles. In the same study the €2 allele was found to be
increased in centenarians, although not significantly [23] (Table 2). Our study
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TABLE 2
PRINCIPAL STUDIES ON GENE POLYMORPHISMS LIKELY INVOLVED IN HUMAN LONGEVITY

Apolipoprotein E (APOE) polymorphism studies
Reference Results and conclusions

Shachter et al., 1994 The APOEe4 allele frequency was significantly decreased in
centenarians versus middle-aged controls (0.05 vs. 0.11;
p < .001), while the APOE-e2 allele frequency was significantly
increased (0.13 versus 0.07; p < .01).

Loubhija et al., 1994 The APOERe2 allele frequency was significantly higher
(0.07 versus 0.04; p < .05) and the APOEe4 allele lower in
centenarians than in control populations (0.08 versus 0.23;
p <.001).

Panza et al., 1999 The APOEe4 allele frequency was significantly higher in
middle-aged subjects than in centenarians (0.08 versus 0.02;
p < .05), while APOEg2 allele frequency did not reach
significance.

Angiotensin I converting enzyme 1 (ACE1) polymorphism studies

Reference Results and conclusions

Shachter et al., 1994 Increased ACE1*DD genotype was observed in centenarians
compared to middle-aged subjects (0.4 versus 0.26; p < .01).

Rahmutula ez al., 2001 Within the Uighur group the frequency of the D allele was

significantly higher in the older age group (90-113 years)
(0.45) than in the younger age group (59-70 years)
(0.36) (p < .04).

Other relevant gene polymorphism
Methyltetrahydrofolatereductase (MTHFR) polymorphism

Matsushita et al., 1997 The homozygous mutation occurred significantly less often in
both the older (55-79 years) and oldest (>80 years) groups than
in the younger group, especially among males (total:
younger = 0.19, older = 0.14, oldest = 0.07; p = .006 for
differences among the three age groups).

Paraoxonase 1 (PON1) polymorphism

Bonafe et al., 2002 The percentage of carriers of the R allele at codon 192 was
higher in centenarians than in controls (0.54 versus 0.45).
Rea et al., 2004 The oldest subjects in Italy demonstrated an increased frequency

of the PON1 192 R allele (0.32 versus 0.26) (p = .02).

3’ Apolipoprotein B (APOB)-VNTR polymorphism

De Benedictis et al., 1997 There was an association between the APOB locus and
longevity. In particular, the frequency of 3’ APOB-VNTR
alleles with fewer than 35 repeats was significantly lower
in cases than in controls.

De Benedictis et al., 1998 The frequency of SS (small, 26-34 repeats) in the genotype
pool increased from the group aged 10-19 years (3.06) to
that aged 4049 years (8.51). Then it declined, reaching the
minimum value in centenarians (1.58).
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TABLE 2 (Continued)

PAI-1 4G/5G polymorphism

Mackness et al., 1998 In centenarians there was a significantly higher frequency
of the 4G allele and of the homozygous 4G/4G genotype
associated with high PAI-1 levels.

Apolipoprotein CIII (APOCIII)-SstI polymorphism

Louhija et al., 1999 The APOC-III S2 allele (SstI restriction site present)
occurred more often in the centenarians (0.13) than
in the youngest reference population (0.09) (p < .05).

Apolipoprotein CIII (APOCIII) T-455C polymorphism

Anisimov et al., 2001 A greater frequency of the APOC-II1-455C allele was
demonstrated with aging (p < .005).

confirmed the findings from previous studies from France [24] and Finland
[22] showing a decrease of the APOEe4 allele frequency and a concomitant
increase in APOEe2 allele in centenarians compared with patients from
younger age groups (Table 2). A similar, but not significant, trend was
found in a smaller cohort from Japan [35-37]. A decrease in frequency of
APOEe4 allele was also observed in studies on octogenarians and nonagen-
arians [38, 39]. Interesting and perhaps even surprising was the observation
from a Northern Ireland population that, despite a high intrinsic incidence of
cardiovascular disease in nonagenarian subjects, the €4 allele frequency was
still reduced and the €3 unchanged and €2 increased [40]. Furthermore, in a
related study involving 1562 Han Chinese subjects (20-108 years of age), the
APOE€4 allele frequency in the oldest age group (>85 years) was significant-
ly lower from that in the young (20-39 years), middle (40-59 years), and old
(60-84 years) age groups (2.5% versus 8.4%, 7.9%, and 7.6%, respectively)
[41].

2.1.2. APOE Allele Geographical Trends and APOE Serum Levels
in Centenarians

In our study, we reported for the first time a significant geographic trend for
increasing €2 allele and decreasing €4 allele prevalence in centenarian popula-
tions from northern and southern regions of Europe [23]. We suggested that
this geographical trend could influence the strength of association between
the €2 allele and longevity, as confirmed by a Finnish centenarian study
showing a significant trend for increased €2 allele frequency in persons aged
100-101 (9%), 102-103 (21%), and 104 years and older (25%) [42]. However,
in the same population of centenarians who were identified from the Finnish
National Population Register in 1991, a previous study had showed no
significant survival differences after a 3-year follow-up among different
APOE allele carriers, indicating that in this very select group the protection/
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risk effect associated with the APOE polymorphism might be attenuated [43].
In another recent study conducted on 177 Danish centenarians and data from
a study of 40-year-old Danish men, 21% of the centenarians were APOEe2-
carriers and 15% were e4-carriers compared to 13% and 29%, respectively, of
the young men. The relative mortality risk-values were 0.95 for e2-carriers
and 1.13 for ed-carriers, using e3/e3 and e4/e; genotypes as reference, thus
supporting their view that the APOE gene is a “frailty gene” and not a
“longevity gene” [44]. Furthermore, we have recently evaluated serum
APOE levels in centenarian population compared to young healthy adults
and demonstrated a significant trend for decreasing serum APOE levels in
healthy centenarians and young healthy adults from APOE e2- to e4-carriers;
we also observed significant differences in serum 4 POE levels with respect to
age in APOEe4-carriers either in young healthy adults compared to elderly
age-matched controls for AD subjects or in young healthy adults compared
to centenarians, but only after adjustment for serum high-density lipoprotein
cholesterol levels [45]. The role of serum APOE concentration in extreme
longevity may be explained by the relevance of this factor in CVD [46], which
may be linked with observation that serum 4 POFE concentration modulates
lipid metabolism [47], or related to genetic association with inheritance of
APOE variants, as has also been suggested with respect to CAD [48].

2.2. ACE1 GENE AND CENTENARIANS

ACE]l, located on chromosome 17, has an insertion (I allele)/deletion (D
allele) genetic polymorphism in its 16th intron [49]. The physiological impor-
tance of ACE1 I/D polymorphism relies on the fact that subjects bearing the
D allele have higher circulating and tissue A CE levels than those with I allele.

The potential role of the ACE I/D polymorphism in longevity was initially
suggested in a French study by Shachter et al. [24], who reported a higher
prevalence of the ACE1*D allele in centenarians compared with younger sub-
jects aged 20-70 years (Table 2). The greater representation of the D allele in the
very old subjects was an apparent paradox because previous studies had shown
that patients with CAD bear the D allele more frequently [28]. The apparent
dichotomy might be explained by the possibility that there is an advantage from
the inheritance of the D allele that might be linked to the involvement of the
ACE]1 polymorphism in a wider range of cellular functions than previously
thought, such as repair to damaged tissues or resistance to neoplasia or infec-
tion, all of which would favor increased survival rates [50, 51]. However,
although this remains a speculation, the unexpected association of ACE1*D/
D genotype with longevity [24] might also be related to the recent suggested
relationship between ACE1*D allele and reduced risk of AD development [29].

Since the original ACEl-longevity association was reported [24], several
studies have attempted to replicate the findings, but with little success
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[30-33]. A small study on British subjects aged 84 years and older reported a
significant depletion of the ACE1*I/I genotype, but only in elderly males
compared to elderly women and controls, indicating an influence of gender
on the penetrance of ACEI locus [52].

A retyping of the ACEI locus in the original centenarian cohort of Schach-
ter [24] revealed a 5% difference with the original frequencies of the ACEI
alleles. These differences were homogeneously distributed across genders in
both populations of centenarians and controls [31]. It is notable that the
French centenarians and controls of the original study [24] were not matched
for geographical origin, and 20% of the centenarians were born outside of
France or had unknown birthplaces, indicating heterogeneity in the geograph-
ical distribution of the ACE1 polymorphism. In a recent study by our group,
we found no evidence to support the suggested role of the ACE1 I/D polymor-
phism in human longevity [33], as did previous studies from Denmark [30] and
Korea [32]. However, we did provide the first report that the ACE1*1 allele
frequency decreases according to a geographical gradient from Northern to
Southern Europe in centenarians, while conversely, the ACE1*D allele fre-
quency appears to increase in the opposite direction (from south to north) [33].
These data reflect similar results from other separate studies on ACE1 involve-
ment in CAD, where closer inspection of ACE1 data in the cohorts revealed
regional differences in the ACE1*D allele frequency (3% within France and
7% between Northern Ireland and Southern France) [28].

In the Asian population, the only association supporting the role of
ACE1*D allele in longevity was found in a certain ethnic group, where the
frequency of the D allele was significantly higher in the older age group
(0.448) than in the younger age group (0.355) [53] (Table 2).

While it appears that APOE may play a role in longevity in different popula-
tions [22-24, 31, 35-37], the majority of evidence on ACE1 [30-33, 54] does not,
to date, support its involvement in longevity. It is clear that only large longitu-
dinal studies specifically designed for addressing the effect of the ACE1 poly-
morphism on extreme longevity could provide more robust evidence. However,
although it is noteworthy that significant geographical differences exist in
ACET1*I allele frequency in centenarians [33], which could effect, with other
environmental factors (e.g., differing diet, lifestyle), on variation in human
longevity, one might also have to question the value for further studies of
ACEI! in longevity with the overwhelming evidence indicating otherwise.

2.3. CURRENT SEARCH FOR OTHER VASCULAR SUSCEPTIBILITY GENES
RELATED TO LONGEVITY

The development of vascular disease, a major cause of mortality in
Western countries, involves the interaction of multiple genetic factors and
environmental influences. Comparison of genotype frequencies among
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age-stratified healthy populations may be a useful strategy to identify
polymorphisms associated with common human diseases, such as vascular
diseases (CAD or CVD) or AD. Indeed some of the vascular suscepti-
bility genes that have been independently associated with both vascular
disease and AD have been investigated with respect to their putative roles
in longevity.

2.3.1. Nonapolipoprotein Genes

An example of one such gene is the methyltetrahydrofolatereductase gene
(MTHFR), which is involved in the metabolism of homocysteine. A common
mutation in this gene (C677T) has been identified that results
in thermolability and mildly reduced activity of the encoded enzyme, which
in turn can cause hyperhomocystinemia [55], that has been suggested to be an
independent risk factor for CAD and stroke [56]. The hypothesis of MTHFR
involvement in longevity is based on the premise that, if the MTHFR TT
genotype is associated with higher levels of homocysteine and premature
death, its prevalence should decrease with advancing age. This hypothesis
was supported by two different studies, in which a decrease in MTHFR TT
genotype or T allele frequency was observed in healthy elderly group com-
pared with the younger controls [57, 58] (Table 2). A trend toward a lower
frequency of the mutant allele in centenarians compared to a control group
was also reported by a French study [59]. In contrast, no statistically signifi-
cant differences in MTHFR allele or genotype frequency were observed
between elderly aged and younger controls in other independent populations
[30, 54, 60-63]. These conflicting results indicate that although MTHFR
genetic variation cannot be wholly excluded in longevity mediation, the
effect of this genetic polymorphism on longevity is not as important as
previously thought.

The links between some polymorphic genetic factors involved in hemosta-
sis and blood pressure regulation and both vascular diseases and AD have
prompted investigations into their role in longevity. In a Danish study, the
analysis of several genetic polymorphisms linked to vascular risk, in addition
to both MTHFR C677T and ACEI (blood coagulation factor VII [FVII]
[R/Q353 and intron 7(37bp)n], S-fibrinogen [BcllIl and —455G/A], plasmino-
gen activator inhibitor type I [PAI-1] [-675(4G/5G)], tissue plasminogen
activator [intron 8 ins311], platelet receptor glycoprotein IIb/IIla [L/P33],
prothrombin [20210G/A], angiotensinogen [M/T 235]) in 187 unselected
centenarians and 201 healthy blood donors, revealed no differences in the
frequencies of the high—vascular risk alleles of all these polymorphisms in
centenarians and blood donors [6, 30]. Another study conducted in Danish
centenarians versus young individuals investigated three genetic polymorph-
isms (angiotensinogen M/T235, FVII R/Q353, and FVII-323ins10) and
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showed significant influences on survival in males, with reduced hazards of
death in subjects bearing the angiotensinogen M235 allele, the FVII Q353
allele, and the FVII-323P10 allele [64]. The R/Q353 polymorphism of the
FVII gene was also analyzed in a Scottish group of subjects with age of 90
years compared with younger controls. A trend, although nonsignificant,
was revealed toward overrepresentation of the Q allele in the nonagenarians
group [65]. Thus, it is possible that the FVII gene might exert just a weak
influence on longevity. Three gene polymorphisms (factor VII [R/Q353], -
fibrinogen [—455G/A] and PAI-1), all associated with the plasma levels of
coagulation and fibrinolysis proteins, were evaluated in a group of Italian
centenarians, and differences were only found between centenarians and
young controls in the allele and genotype frequency distribution of the
PAI-1 polymorphism [66]. However, the association of this PAI-1 polymor-
phism with longevity has not since been replicated [30, 67, 68].

In addition to the MTHFR gene, five other vascular-related polymorph-
isms (factor V G1691A Leiden, factor II G20210A, glycoprotein Ia C807T,
GPIlla T1563C, and ACEI) were examined. Only the PL*? allele frequency
of the GPIIIa polymorphism decreased from younger to older age groups,
especially in ACE1*DD carriers [54].

Two polymorphisms in the gene encoding paraoxonase 1 (PONI) (a
leucine [L allele] to methionine [M allele] substitution at codon 55, and a
glutamine [Q allele] to arginine [R allele] substitution at codon 192), previ-
ously identified and linked with CAD [69, 70], were assessed in 308 centenar-
ians and 579 people aged 20-65 years [71]. In this study the percentage of
carriers of the R allele at codon 192 was higher in centenarians than in
controls, while no significant difference was observed for the PON1 L55M
polymorphism. The authors proposed that the B allele decreases mortality in
carriers, but that the effect of PONI1 variability on the overall population
mortality is rather slight, and they suggest that PONI1 is one of the genes
affecting the individual adaptive capacity and, therefore, the rate and quality
of aging [71] (Table 2).

A recent study including a large combined group of Italian centenarians
and octo/nonagenarians from Northern Ireland reported a significant differ-
ence in PONT1 192 genotypes in Italian centenarians compared to younger
controls and a similar but nonsignificant trend between octo/nonagenarian
and young subjects from Northern Ireland. Using logistic regression analysis
on the combined Italian and Irish data sets, there was a small survival
advantage for centenarian and octo/nonagenarian subjects heterozygous
for PON1 192 R allele, with a stepwise increase for RR homozygous subjects
compared to QQ subjects. These data indicate a modest association between
the 192R allele and longevity in two very elderly European populations [72]
(Table 2).
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The codon 405 isoleucine-to-valine (I405V) variation in the cholesteryl
ester transfer protein gene, which is involved in regulation of lipoprotein,
and its particle sizes have been assessed in a case—control study including
Ashkenazi Jewish probands with exceptional longevity (mean age: 98.2
years), their offspring (mean age: 68.3 years), and an age-matched group of
Ashkenazi Jews and participants from the Framingham Offspring Study as
controls. Probands and offspring had a 2.9- and 3.6-fold (in men), and 2.7-
and 1.5-fold (in women) increased frequency of homozygosity for the 405
valine allele of cholesteryl ester transfer protein (VV genotype), respectively,
compared with controls. Probands with the VV genotype had increased
lipoprotein sizes and lower serum cholesteryl ester transfer protein concen-
trations. Individuals with exceptional longevity and their offspring had sig-
nificantly larger high-density lipoprotein and LDL particle sizes. These
findings indicate that lipoprotein particle sizes are heritable and promote a
healthy aging phenotype [73].

2.3.2. Apolipoprotein Genes

In addition to APOE, genetic polymorphisms in other apolipoprotein
genes have been shown to modulate lipid metabolism and risk for CAD
[74, 75] and thus have been examined for their potential role in human
longevity. In Italian centenarians, the 3’APOB-VNTR polymorphism, a
marker located less than 100 bp downstream of the second transcription
signal of the APOB gene, has been reportedly associated with longevity
[76, 77]. APOB is the main protein in LDL-C and plays a major role in
cholesterol homeostasis [78]. In both Northern and Southern Italian popu-
lations the frequency of the 3’APOB-VNTR alleles with fewer than 35
repeats (small alleles) was significantly smaller in centenarians than in
20-60-year-old subjects [76, 77] (Table 2). These findings were not replicated
in Danish centenarians and younger controls (20-64 years), but a significant
gene—sex interaction relevant to alleles having more than 37 repeats (long
alleles) was found [79]. Furthermore, a significant difference was observed in
the frequencies of the small alleles in younger controls between Denmark and
Italy that was not present in centenarians [79]. These findings support the
phenomenon of regional differences from Northern to Southern Europe in
allele and genotype frequencies of various genes (such as APOE and ACE1),
as reported in our studies in centenarians and younger controls [23, 33].

Genes encoding for apolipoprotein C-I (APOC-I), apolipoprotein Al
(APOA-I), apolipoprotein C3 (APOCIII), and apolipoprotein A4 (APOA-
IV) have all been subject to studies on longevity. In a small British study
conducted in subjects aged 84 years and older, the authors examined APOE
and APOC-I genes, as they are less than 10 kb apart, and APOC-I genotype
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and allele frequencies can be used to confirm associations at the APOE locus.
This study reported a significant difference in APOC-I allele and genotype
frequencies in elderly women compared to the younger sample, while no age
based difference was observed in the men [52]. Similar differences in APOE
genotype distribution were also observed between the elderly and young
women; however, the APOE ¢2 allele was not overrepresented in either
elderly women or men [52].

The APOA-I, APOCIII, and APOA-IV genes are organized in tandem in a
cluster on the long arm of the human chromosome 11 and have been
extensively investigated in lipoprotein disorders and vascular disease [74].
An analysis of the distribution of APOA1-Mspl (—75 nt from the transcrip-
tion starting site) A/P allele (absence/presence of the restriction site) frequen-
cy in three age classes (18-45 years, 46-80 years, and 81-109 years) revealed
that the frequency of the P allele tends to increase in the oldest males (81-109
years), but not in the female group [80]. Thus, APOA-1 P allele appears to be
linked to longevity in a sex-specific way. Because the P allele is associated
with higher serum LDL-C at middle age and is overrepresented in patients
affected by cardiovascular disease with high LDL-C serum levels, these
results give additional evidence of an intriguing genetic paradox in centenar-
ians. These apparently contradictory findings confirm that genetic risk fac-
tors known to act in a detrimental way at middle age can be present or even
overrepresented in centenarians [24, 66]. Similarly, alleles deemed to be
protective at young age, as reflected by their prevalence in the young age
group, may have properties that change and become disadvantageous in
older people. Analysis of APOCIII-Sstl (3’UTR 3238 nt) and APOA-IV-
HinclI (Asp,7/Ser;»7) polymorphisms in the same three age classes showed
no age-related variation either in males or females [80]. Conversely, determi-
nation of APOCIII-Sstl polymorphism in almost all Finnish centenarians
alive in 1991 showed that the APOC-III S2 allele (SstI restriction site present)
occurred more often in the centenarians than in the youngest controls [22]
(Table 2). Another polymorphism of the APOC-III gene located in the
5'UTR (T-455C) within a functional insulin element was examined in Rus-
sian population and found to be associated with longevity [81]. The greater
frequency of the APOC-III-455C allele was observed in subjects older than
80 years [81] (Table 2). Analysis of common APOA-IV genetic variant at
codon 360 (Gln—His) revealed an overrepresentation of the 360/His allele in
the aged healthy subjects compared with the younger group, indicating a role
for this polymorphism in successful aging and longevity [82]. However, these
studies are unique, and a role of the APOAI-CIII-AIV gene cluster in human
longevity has to be further substantiated and verified through attempts to
replicate these data.
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3. Inflammation and Immune Response in Human Longevity

Aging is not synonymous with illness. However, aging does increase the
risk for certain illnesses. Overall, elderly people have an increased rate of
chronic disorders, infections, autoimmune disorders, and cancer. A signifi-
cant part of this increased risk seems to be related to aging changes in the
immune system. With age, the number of immune cells may decrease slightly.
More important, the functioning of these cells declines. The cells are often
less able to control illness than in earlier years. As a person ages, the immune
system produces fewer antibodies. It also responds more slowly to injury,
infection, or disease. Cells of the immune system can also lose their ability to
tell the difference between normal and abnormal tissue. Accordingly, several
studies have shown an association between in vitro T cell function and
longevity, suggesting that a well-preserved immune system may be associated
with extended longevity [83]. Therefore, centenarians are the best examples
of successful aging and longevity, as not only do they escape death but, by
and large, they escape illness for most of their lives.

Some years ago came the Genetic Theory of Aging, which suggests that
all stages of life from conception until death are genetically programmed [84].
The senescence is caused by perturbations in switching on and off the
capacity of genes to translate the messages whose metabolic products are
necessary for tissue functions and integrity. For example, complex immune
traits related to lifelong immune responsiveness and immunosenescence,
such as level of circulating immunoglobulins, and the peripheral CD4/CDS§
T lymphocyte ratio, seem to be under strict genetic control [85, 86].

Another theory, the “network theory,” suggests that a variety of defense
functions or antistress responses, globally acting as antiaging mechanisms,
indirectly control the aging process [87]. The stressors include different
physical (heat, ultraviolet), chemical (oxygen-free radicals and reducing
sugars), and biological (viruses, bacteria) agents. This theory argues that a
global reduction in the capability to cope with a variety of stressors and a
concomitant progressive increase in the proinflammatory status are major
characteristics of the aging process and are provoked by a continuous
antigenic load and stress [88]. In fact, assuming that the major characteristic
of human immunosenescence is the filling of the immunological space by
memory and effector T cell clones as a consequence of the chronic antigenic
stress, another major consequence of chronic exposure to antigens is the
progressive activation of macrophages and related cells in most organs and
tissue [88]. This phenomenon, called “inflamm-aging,” was a theoretical
extension of the network theory, suggesting that the immune response, the
stress response, and inflammation constitute an integrated, evolutionary
conserve defense network [88]. Thus, an inflammatory status is compatible
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with extreme longevity in good health, and “paradoxically,” proinflamma-
tory characteristics have been documented in healthy centenarians [89]. The
rate of reaching the threshold of proinflammatory status over which diseases/
disabilities ensues, and the individual capacity to cope with and adapt to
stressors, are assumed to be complex traits having a genetic component [88].

On this basis, identification of genes and processes that set the aging rate
has been attempted by several approaches in different species. Among the
possible immune system and inflammation genes likely involved in longevity,
class I and class I HLA genes, and genes encoding for cytokines, the
hormones of the immune system that regulate the interaction among
the different elements of the immune system [90] have been considered,
with conflicting results.

3.1. RoOLE oOF IL-6 AND OTHER INTERLEUKIN GENES IN
HuMAN LONGEVITY

Systemic inflammation, represented in large part by the production of
proinflammatory cytokines, is the response of humans to the assault of the
nonself on the organism.

However, apart from disease states, there is a natural evolution of cytokine
production with aging, including decreased T cell proinflammatory IL-2 and
interferon-v (type Il pro-inflammatory IFN-v), decreased non-T cell antiin-
flammatory type I IFN (IFN-« and IFN-3), and increased non-T cell
proinflammatory IL-1, IL-6, and tumor necrosis factor a (TNF-«) [90].
The IL-6 is one of the pathogenic elements of inflammatory and age-related
diseases (AD and atherosclerosis) and has been defined as the “cytokine for
gerontologists™ [91].

The IL-6 gene in humans is located in the short arm of chromosome 7 and
has a-174 G/C polymorphism in its promoter region. Fishman e al. [92]
reported that the IL-6-174 G/C promoter polymorphism is associated with
reduced IL-6 gene expression and plasma levels. An age-related increase of
IL-6 concentration has been found in serum, plasma, and mononuclear
blood cell culture among elderly people and centenarians [89, 93]. Recent
population-based studies identified among the elderly the magnitude of IL-6
serum levels as a predictor of mortality and functional disability, in regard to
mobility or selected activities of daily living [94-96]. Bonaf¢ et al. [97] found
that subjects who are genetically predisposed to produce high levels of IL-6
(i.e., IL-6*G/*G homozygous men) have a reduced capacity to reach extreme
longevity. In fact, the researchers noted a marked reduction of the IL-6*G/
*G genotype in male, though not female, Italian centenarians compared with
elderly (60-80 years) and long-lived (81-99 years) subjects. However, they
found that the age-related increase of IL-6 serum levels in women was
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independent from the-174 G/C promoter polymorphism [97]. Furthermore,
Olivieri et al. found that cultured peripheral blood mononuclear cells from
C allele carrier individuals produced smaller amount of IL-6 than noncar-
riers, and that IL-6 production by peripheral blood mononuclear cells in vitro
increased with age in C allele carriers but not in noncarriers. The authors also
found that C allele carriers had lower plasma levels of IL-6 than noncarriers,
but this phenomenon was significant only in men [98].

In our recent study, we did not find statistically significant differences in
1L-6-174 G/C promoter genotype or allele frequencies between centenarians
and middle-aged subjects from Southern Italy [99], providing no evidence for
the suggested role of the IL-6-174 G/C promoter polymorphism in human
longevity [97]. These findings were supported by the previously reported
associations of the IL-6*G/*G genotype with elevated circulating IL-6 plas-
ma levels at all ages: young adults, elderly adults, and centenarians [92, 97,
98, 100]. In fact, high IL-6 concentrations were shown to be a credible
predictor of increased disability and mortality in the elderly [94-96], and
the IL-6*G/*G genotype was associated, probably through increased IL-6
plasma levels, with higher risk of AD [101], MID [102], and vascular diseases
[99, 103, 104].

Another two studies have been conducted on this polymorphism in octo-
genarian and nonagenarian subjects [105, 106]. In 250 Finnish community
living and hospitalized nonagenarians and 400 healthy blood donors, aged
18-60 years, there was a lack of association between human longevity and
gene variants of IL-1 cluster, IL-6-174 G/C promoter, IL10, and TNF-q,
alone or in combination; however, a reduction of 2.5% of the Il-6*G/
*G frequency between nonagenarians and widely age-selected younger con-
trol group was observed [106]. On the contrary, Rea et al. [105], in the Belfast
Elderly Longitudinal Free-Living Ageing Study, found a trend for a reduced
frequency of the IL-6*G/*G genotype in octogenarian and nonagenarian
subjects compared with younger subjects of the local population, aged 20-45
years. This trend appeared more marked in elderly males compared with the
females [107], but both groups showed an almost 10% decrease frequency in
the oldest subjects.

Explanation for the conflicting findings could be linked to variability in the
strength of association between the IL-6-174 G/C promoter polymorphism
and longevity, which could be modified by European regional differences
in allele frequencies, as seen above [20, 21, 23, 33]. In fact, interestingly, the
IL-6*C allele frequency appears to vary across Europe, with an increasing
trend from south to north in the very old populations.

Beyond the supposed role of the IL-6, some other cytokine genes, such as
IL-10, IL-2, IL-1, and IFN-v show polymorphisms that may be relevant in
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human longevity, as some studies revealed a different expression of cytokines
in elderly compared to young people [108, 109]. In particular, a study per-
formed on Italian centenarians reported that the-1082G IL-10 single-nucleo-
tide polymorphism, associated to elevated production of the cytokine, was
increased in male centenarians [110, 111]. Differently, the +847T single-nu-
cleotide polymorphism at the IFN-v gene, part of the I2CA/+847T haplotype
responsible for increased production of the cytokine, was less frequent in
female Italian centenarians [112]. These findings show that different alleles
at cytokine genes coding for pro-(IFN-v) or antiinflammatory (IL-10) cyto-
kines may affect individual life span expectancy, influencing the type and the
level of immune-inflammatory response to environmental stressors. The gen-
der-related effects are difficult to explain. However, men and women have
claimed to follow different strategies to reach longevity, and female centenar-
ians always outnumber male centenarians, with ratios ranging from 4/1 to 7/1,
with the exception of Apulia, where it is 2.7/1 [23], and Sardinia, where itis 2.1/
1[113]. In another study, the polymorphic variants of IL-1« (C-T transition at
position-889), IL-15 (C-T transition at position-511), and IL-1 receptor an-
tagonist (Ra) (86-bp repeated sequence in intron 2) were analyzed in 1131
subjects from Northern and Central Italy, including 134 centenarians. The
results indicate that no one particular polymorphism in the IL-1 gene cluster
yields an advantage for longevity [114]. In the AKEA study on Sardinian
centenarians, no significant differences were observed in IL-6, IL-10, and
IFN-v polymorphism frequencies among centenarians and controls [113].
Other studies analyzed the role of different cytokine polymorphisms in the
aging, but they examined somewhat younger populations, which are less
selective than centenarians [106, 107, 115, 116]. In particular, in Finnish
nonagenarians compared with healthy blood donors (18-60 years) no evi-
dence of association of IL1A-889, IL1B+3953, IL1B-511, ILIRN VNTR,
1L6-174, TL10-1082, and TNFA-308 polymorphisms with aging was found
[106]. Similar results were obtained for a range of cytokine polymorphisms
(IL-2, IL-6, IL-8, IL-10, IL-12, and IFN-v) in healthy aged Irish population,
also with respect to gender [107]. Moreover, no age-related allele or genotype
frequencies were observed in the Irish for two polymorphic nucleotides in the
TNF cluster (G-308A TNF-a and G+252A TNF-3), associated with
increased TNF-a production [116]. A recent study in healthy elderly
Bulgarians did not reveal any statistically significant allele and haplotype
frequency differences between the elderly and control groups, but in families
with at least two generations of longevity members in their pedigrees (IL-10
genotypes-1082G/A, -819 C/C and -592 C/C), related to the intermediate
production, were positively associated, whereas genotypes-1082A/A, -819 C/
T, -592 C/A, related to a low level of production, were negatively associated
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with longevity in Bulgarians. This effect was modulated by IL-6 and IFN-vy
genotypes associated with the low level of these proinflammatory cytokines
[115].

All of these findings indicate that cytokine/longevity associations may
have a population-specific component, being affected by the population-
specific gene pool as well as by gene-environment interactions and behaving
as survival rather than longevity assurance genes [113].

3.2. GENES LINKED TO IMMUNE RESPONSE: THE HLA SYSTEM

Studies performed in mice and humans indicated the effect of polymorphic
class I and class I HLA genes on life span and human longevity. In particular,
studies on experimental animals argued that certain MHC genes may be
associated with shorter life and others with a longer life span; however, the
effects depend both on genetic background and on the environmental condi-
tions [117-119]. Results of analogous studies in man are confusing and contra-
dictory. Most studies would indicate that the effect of HLA on human longevity
might be rather small; however, it is not allowed at present to reach clear and
definitive conclusions. Thus, when comparing HLA antigen frequencies be-
tween groups of young and elderly subjects, the same HLA antigens are
increased in some studies and decreased or unchanged in others [120]. The
association between heterozygosity at HLA loci and human longevity have
also been addressed because it was shown that heterozygote individuals are
more fit for survival than homozygote ones. However, conflicting findings have
been obtained, as well; most studies found an increase in heterozygosity at HLA
loci in elderly compared to young groups, whereas others did not observe any
change [120]. It can be supposed that the different results observed in the various
studies are a result of bias. Apart from class I and I HLA loci, the MHC system
include many class III genes with the potential involvement in modulating
immune response that can play a role in the genetic control of longevity.
Particularly, TNF genes show strong linkage disequilibrium with HLA class
Iand IT genes, and structural or functional defects in TNF genes may contribute
to pathogenesis of MHC-associated disease [121]. A combination of specific
immunogenetic and immunophenotype profiles could contribute to the
successful aging and to maintaining healthy status in elderly.

4. Conclusions
Genetic analysis of pertinent genes likely to be related with CAD, CVD,

or AD may provide insights into the human longevity. In fact, human
longevity—enabling genes should influence aging at its most basic levels,
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thus affecting a broad spectrum of genetic and cellular pathways. Cytokine
genes may play a role in longevity by modulating an individual’s responses to
life-threatening disorders as well. In fact, the release of cytokines is of crucial
importance in the regulation of the type and magnitude of the immune
response in the elderly. Therefore, genetic determinants of longevity should
reside in those polymorphic genes that regulate immune responses or are
related to illnesses in the life.

However, the real role that genetic traits play in reaching a far advanced
age has not been properly and sufficiently addressed, and further studies are
needed. In particular, longitudinal studies specifically designed for ad-
dressing the effect of these gene polymorphisms on extreme longevity could
provide more robust evidence for further understanding their role in the
reaching of human extreme longevity. Moreover, it should keep in mind
the multiplicity of mechanisms regulating aging at the molecular, cellular,
and systemic levels, and the whole array of environmental factors, such as
diet, lifestyle, and economic circumstances, that it is not possible to leave out
of consideration in determining the very complex trait of longevity.
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1. Introduction: Antiaging and Life Span-Extending Actions
of Caloric Restriction

In 1935, McCay and coworkers were the first to determine that caloric
(dietary or energy) restriction (CR) starting at or soon after weaning
increases longevity in rats. Thereafter, it was recognized that a reduction in
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caloric intake by 30%—40% from ad libitum (AL) levels leads to a significant
extension of median and maximal life span in a wide variety of short-lived
species from invertebrates to mammals, including yeast, rotifers, water
fleas, nematodes, fruit flies, spiders, fish, hamsters, mice, and rats [1]. There-
fore, CR has been applied as a powerful tool in aging research by many
investigators for nearly 70 years. Although new genetic interventions that
extend rodent life span have emerged recently, CR remains the most robust,
reproducible, and simple experimental manipulation extending median and
maximum life span in a variety of short-lived mammals, including mice and
rats [1, 2]. In many reports, the pathology of CR rodents has been compared
with that of rodents fed AL. In general, CR delays the onset of or prevents
several age-related diseases, including nephropathy, cardiomyopathy, and
several kinds of neoplasia [1-6]. Moreover, CR suppresses age-related cellu-
lar and molecular alterations and maintains many physiological functions at
more youthful levels [1, 2].

The relationship between dietary or caloric intervention and life span
has been characterized in rodents. Restriction of the protein component
without CR suppresses the development of both nephropathy and car-
diomyopathy [6], and restriction of the fat component without CR also
suppresses nephropathy [7]; however, neither markedly retards the aging
processes or extends the life span [7, 8]. Thus, restricting protein, fat, or
mineral components without CR suppresses certain specific age-related
pathology but does not markedly influence the aging processes or life span.

A dietary regimen replacing dietary casein with lactalbumin without CR
does not influence the pathology, aging processes, or longevity [9], but
replacing dietary casein with soy protein without CR retards the progression
of nephropathy [10]. Moreover, this dietary regimen extends longevity but is
less effective than CR. Thus, dietary regimens that use several different
replacement protein sources (casein, lactalbumin, or soy protein) do not
markedly influence aging processes or longevity, indicating that the beneficial
actions of CR depend on the reduction of caloric intake rather than of a
particular nutrient [6-10].

CR during any part of the life span enhances survival to some extent,
but CR throughout life maximally extends longevity [8, 11]. It is likely that
the duration of CR within a life correlates with the extent of the beneficial
actions on longevity [8] and pathology [12]. Moreover, as shown in Fig. 1A
[11], the extent of longevity prolongation by CR depends on the extent of the
reduced caloric intake (severity of CR) without malnutrition [11]. In other
words, excess food consumption above an optimal amount of food intake
progressively shortens longevity and promotes aging.

Many gerontologists have postulated hypotheses to try and explain the
mechanism of life prolongation and the antiaging actions of CR. However,
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F1G. 1. Effects of caloric restriction on (A) percentage survival and (B) body weight in female
C3B10 F1 mice; 85 kcal (closed circles), 50 kcal (open squares), and 40 kcal (open circles) food
intake per week is equivalent to 25%, 55%, and 65% caloric restriction compared with the food
intake of mice fed ad libitum (closed squares), respectively. Adapted from reference 11.

the exact underlying mechanism remains debatable. In general, it is believed
that modulation of hyperglycemia and insulinemia, alteration of energy
metabolism, and protection against internal oxidative and environmental
stresses play important roles in the beneficial actions of CR [2, 13, 14].
Recently, SIRT1, an NAD*-dependent deacetylase [15], and mitochondrial
function, including production of reactive oxygen species, proton leakage,
and lipid unsaturation of the mitochondrial membrane [16, 17], have been
suggested to have roles in the beneficial actions of CR. Holliday explained
the effect of CR from the evolutionary viewpoint that organisms have
evolved neuroendocrine and metabolic response systems to maximize surviv-
al during periods of food shortage [18]. When food is plentiful, organisms
grow, reproduce, and store excess energy as triglyceride in adipose tissues for
later use as fuel. In contrast, on extended food shortage, animals suspend
growth and reproduction to enhance survival. Thus, individuals are more
likely to survive a period of food shortage and reproduce when food is once
again abundant. The action of CR may derive from this adaptive response
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system against food shortage [18-20]. Here, we present CR-associated altera-
tions from laboratory findings and focus on explaining these alterations on
the basis of the adaptive response hypothesis.

2. Laboratory Findings in CR Rodents

2.1. SMALL Bopy

CR reduces body size and body weight [1, 2, 11, 21]. These parameters
approximate those of caloric intake (Fig. 1B [11]). Growth hormone and its
effecter hormone, insulin-like growth factor 1 (IGF-1), are the major regu-
lators of body size. Normally, growth hormone is secreted from the pituitary
gland in a pulsative pattern in a diurnal cycle. Growth hormone pulsative
secretary dynamics are attenuated, and the mean daily level of plasma
growth hormone decreases with age in AL animals [22]. Although CR
suppresses the pulsative secretary dynamics of growth hormones in young
animals, the pulse amplitude is increased in CR animals at 26 months of age
and is indistinguishable from that in young AL animals [22]. The plasma
IGF-1 level decreases significantly with age in AL rats, whereas it only
slightly decreases with age in CR rats. Moreover, it is significantly higher in
AL rats than in CR rats for a large part of their life, particularly from young
to middle age (Fig. 2 [23]).

It is well known that dwarf animal models, including Ames mice [24] and
minirats bearing an antisense GH transgene [25], live longer than their
normal counterparts. Therefore, it has been suggested that the GH/IGF-1
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F1G. 2. Effects of aging and caloric restriction on the plasma insulin-like growth factor 1
concentration in male Brown-Norway x F344 rats. Adapted from reference 23.
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axis plays a major role in the beneficial actions of CR. However, according to
recent CR studies conducted on Ames mice and mini rats, CR affects aging
and longevity by mechanisms other than suppression of the GH/IGF-1 axis,
as it extends the life span of both Ames mice and minirats to a similar extent
as it does that of their normal counterparts [26, 27].

2.2. MODULATION OF HYPERGLYCEMIA AND INSULINEMIA

In F344 rats, CR significantly reduces the blood glucose concentration
throughout their life (Fig. 3 [28]), and the plasma insulin levels at 6 and 12
months of age (Fig. 4 [28]). In Brown-Norway rats, the blood glucose
concentration is significantly lower in CR rats than in AL rats at 11 and 17
months of age, but not at 29 months of age [29]. Furthermore, the plasma
insulin levels are lower in CR rats than in AL rats at 11, 17, and 29 months of
age [29]. Therefore, despite the use of different strains, CR appears to reduce
both the blood glucose and plasma insulin concentrations during a large part
of their life. The concentration of plasma glucagon increases with age until 24
months of age in both AL and CR F344 rats and does not differ significantly
between the two dietary groups [28].

During glucose tolerance testing, the blood glucose concentration in
rats increases to a peak value at 15 minutes and then returns to the basal
(0 minutes) level in both AL and CR rats (Fig. 5SA). However, the blood
glucose concentration in AL rats gradually decreases from 15 to 90 minutes,
whereas that in CR rats quickly returns to the basal level at 30 minutes [30].
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F1G. 3. Effects of aging and caloric restriction on the plasma glucose concentration in male
F344 rats. Adapted from reference 28.
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FIG. 4. Effects of aging and caloric restriction on the plasma insulin concentration in male
F344 rats. Adapted from reference 28.

CR affects the serum insulin concentration during glucose tolerance testing
(Fig. 5B); the concentration of insulin is transiently increased at 15 minutes in
AL rats and then reduces rapidly to the basal level at 30 minutes. There is no
similar surge of insulin in CR rats, indicating that CR activates non-insulin-
dependent glucose disposal [30]. During insulin tolerance testing, the blood
glucose concentration decreases gradually from 15 to 120 minutes after
insulin injection, whereas CR reduces blood glucose concentration more
rapidly and markedly (Fig. 5C), indicating that CR enhances insulin sensi-
tivity. Taken together, CR appears to activate both insulin-dependent and
non-insulin-dependent mechanisms for glucose disposal [30].

2.3. Low Bopy TEMPERATURE

The core body temperature of CR mice has been reported to decrease to
a nearly ambient temperature (torpor) and then recover every day [31].
Koizumi et al. reported that the beneficial actions of CR are partially
attenuated by the prevention of hypothermic episodes in CR mice by housing
the animals at 30 °C [32]. The extreme hypothermia observed in CR mice is
not observed in larger mammals, including rats, although CR does slightly,
but significantly, reduce the body temperature in a variety of animals, in-
cluding rodents [31-34]. Therefore, hypothermia may constitute a primary
physiological response to CR.

2.4. TRANSIENT REDUCTION OF METABOLIC RATE

McCarter and McGee [35] examined changes in the metabolic rate imme-
diately after starting 40% restriction of food at 6 weeks of age and continued
to examine it until 24 weeks of age. As shown in Fig. 6A, the metabolic rate
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FIG. 5. (A) Blood glucose concentration during glucose tolerance testing. Dietary effect:
p = .06, time effect: p < .0001, diet x time effect: p = .0327, *: p < .0l. (B) Serum
insulin concentration during glucose tolerance testing. Dietary effect: p < .0001, time effect:
p < .0001, diet x time effect: p < .0001, *: p < .0001. (C) Blood glucose concentration during
insulin tolerance testing. Dietary effect: p < .0001, time effect: p < .0001, diet x time effect: not
significant, *: p < .05, **: p < .01. Ad libitum—fed and calorically restricted male Wistar rats were
subjected to both glucose and insulin tolerance tests at 6-7 months of age after overnight fasting.
Adapted from reference 30.
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FIG. 6. (A) Variation of total daily metabolic rate for 18 weeks after initiating caloric
restriction in male F344 rats at 6 weeks of age. The metabolic rate is normalized to the unit
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both ad libitum—fed and calorically restricted male F344 rats from 6 weeks to 24 months of age.
Adapted from reference 21.

per unit lean mass decreases transiently after starting CR, but after a
few weeks, the metabolic rate of CR rats no longer differs from that of AL
rats [35]. Moreover, both AL and CR rats exhibit variation of the metabolic
rate per unit lean mass over their life span, with the rate decreasing until
18 months of age and then slightly increasing from 18 to 24 months of age
(Fig. 6B [21]). These results indicate that the rate per unit lean mass of CR
rats is not lower than that of AL rats [21, 35]. However, some reports have
suggested that CR reduces the metabolic rate [36]. Thus, the metabolic
rate results for AL and CR animals are still controversial. Recently, Blanc
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et al. suggested that the long-standing debate regarding the effects of CR
on the metabolic rate may derive from the lack of consensus on how to
adjust for body size and composition [37]. Therefore, further studies and a
statistically suitable adjustment of the metabolic rate for body size are
required.

It has been suggested that thyroid status is a possible major regulator of
metabolic rate. Herlihy et al. [38] found that CR reduces the 24-hour mean
serum triiodothyronine (T3) level, but not the thyroxine (T4) level. CR
appears to have this action because it attenuates the circadian amplitude in
the concentrations of both hormones. However, Snyder et al. [39] found no
effect of CR on either T4 or T3 in young rats and no consistent effect of CR
on age-related changes in the concentrations of these two hormones.

An adrenergic state is another regulator of metabolic rate. Plasma norepi-
nephrine and epinephrine concentrations were measured in AL and CR rats
at 12 months of age [40]. CR does not appear to alter either basal (resting) or
stimulated (hypotension) plasma norepinephrine and epinephrine levels;
however, the recovery of plasma norepinephrine and epinephrine to their
basal levels after hypotensive stress is enhanced in CR rats, indicating the
possible enhancement of transmitter uptake by nerve endings [40]. Plasma
catecholamine concentration in aging has been measured in rodents, but the
results are variable. It has been reported that aging both increases and has no
effect on rat plasma catecholamine concentrations. Kingsley ef al. [41] exam-
ined the adrenal state, including the adrenal gland weight, and contents
and concentrations of dopamine, norepinephrine, and epinephrine in adre-
nal glands in 6-, 18- and 30-month-old AL or CR rats. Most of the param-
eters increase with age, and CR slightly suppresses these age-related changes;
however, the adrenal weights increase in some rats at 30 months of age
because of hyperplasia. After excluding the data of rats with hyperplastic
adrenal glands, the data of aged rats are similar to those of younger ones.
Thus, it is likely that neither aging nor CR markedly influences the adrener-
gic state in rats [41].

2.5. ALTERED ENERGY METABOLISM

Studies of the respiratory quotient or respiratory exchange ratio (RER)
indicate a metabolic shift in CR rats depending on food availability, while
there is little change in AL rats [21, 42]. Figure 7 illustrates daily variations of
RER with dietary regimen. Analysis of the food composition indicates an
expected average value of RER of 0.89. RER in AL rats is 0.89 4+ 0.02 over a
24-hour period and is relatively more constant than that in CR rats, indicat-
ing that AL rats metabolize a constant ratio of carbohydrate and lipid over
24 hours [21, 42]. In contrast, CR animals metabolize more carbohydrate
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restricted rats were fed just before turning off the light (arrow). The light was off from hours
0 to 12 and on from hours 12 to 24. Adapted from reference 21.

(RER > 0.9) immediately after feeding. When glycogen reserves are depleted,
whole-body fuel utilization shifts almost exclusively to fat (RER = 0.8)
before feeding [21, 42].

2.6. ALTERATION OF LIPID METABOLISM

The serum triglyceride concentration is higher in AL rats than in CR rats
throughout their life. Moreover, that in AL rats increases markedly from 6 to
18 months of age, with the level remaining elevated until 24 months of age,
followed by a tendency to decrease with further increasing age, whereas that
in CR rats is almost constant throughout their life (Fig. 8A [28]). The serum
total cholesterol concentration is higher in AL rats than in CR rats through-
out their lives; in AL it increases markedly from 18 to 24 months of age, with
a tendency to decrease with further increasing age, whereas that in CR
increases slightly up to 30 months of age (Fig. 8B [28]).

In Wistar rats at 6 months of age, the serum levels of total lipid, triglycer-
ide, total and free cholesterol and phospholipid are significantly higher in AL
rats than in CR rats before or after feeding. The serum levels of free fatty
acids are significantly higher in AL and CR rats before feeding than in CR
rats after feeding. The serum levels of total ketone bodies are higher in
CR rats before feeding than in AL and CR rats after feeding. The levels of
the fractions, serum acetoacetate and D-3-hydroxybutyrate, show the same
trend as the total ketone bodies (Table 1, unpublished data).
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FIG. 8. (A) Effects of aging and caloric restriction on the serum triglyceride concentration in
male F344 rats. Adapted from reference 28. (B) Effect of aging on the serum total cholesterol
concentration in male F344 rats. Adapted from reference 28.

2.7. LoweR FAT MAss (Low ADIPOSITY)

CR-associated reductions of body size and body weight are associated with
a marked decline of fat mass [21]. In general, aging is associated with an
increase of adiposity, but CR suppresses this age-associated change [21, 43].
Barzilai et al. measured the effect of aging and CR on body weight, weight of
fat mass, and weight of visceral fat (Fig. 9), and their data indicate that CR
reduces fat mass more markedly than body weight and is more effective on
visceral fat [43].
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TABLE 1
BoDY WEIGHT AND SERUM LIPIDS IN MALE WISTAR RATS AT 6 MONTHS OF AGE
Ad libitum Caloric restriction
342 £ 17*
Body weight (g) 479 + 34
Serum lipid Ad libitum After feeding Before feeding

Total lipid (mg/dL) 724 £+ 52 438 + 31* 468 + 53*
Triacylglycerols (mg/dL) 380 + 46 145 + 44%* 195 + 46*
Total cholesterol (mg/dL) 94 + 1 86 £ 7* 80 + 3*
Free cholesterol (mg/dL) 20+ 1 14 £ 2% 14 £+ 1%
Phospholipid (mg/dL) 203+ 7 164 + 13* 152 + 6%
Free fatty acids (mEq/L) 560 + 81 293 4 99** 607 £ 35
Total ketone bodies 93+5 97+7 161 £ 50%**
Acetoacetate 36 £4 43 +2 59 £ [2%**
D-3-hydroxybutyrate 57+6 5446 101 £ 39%**

*p < .05 vs. ad libitum.
**p < .05 vs. ad libitum and caloric restriction (before feeding).
***p < .05 vs. ad libitum and caloric restriction (after feeding).
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F1G. 9. Effects of aging and caloric restriction on the body weight, and weights of fat mass
and visceral fat in male Sprague-Dawley rats. Adapted from reference 43.

2.8. PHENOTYPIC ALTERATION OF WHITE ADIPOSE TISSUE

Histologically, adipocytes appear smaller in CR mice [44]. A DNA micro-
array study containing over 11,000 genes found that CR up-regulates the
expression of most genes involved in the metabolisms of glucose and amino
acids and in lipogenesis and mitochondrial energy. These findings indicate
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that CR alters the characteristics of white adipose tissue (WAT) metabolism,
resulting in a phenotypic shift reflecting energy metabolism activation and
adipocyte differentiation [44].

Leptin, a peptide hormone secreted principally from adipocytes (adipocy-
tokine), regulates appetite and energy expenditure, and a dysfunction of its
signaling results in hyperphagia and obesity [45, 46]. In addition, it acts as a
stress-related hormone under life-threatening conditions [47, 48]. It is well
known that the fasting plasma leptin concentration is positively correlated
with the percentage of fat mass [49]. Moreover, the plasma leptin level is
related to feeding; the level declines rapidly within 24 hours after food
deprivation, whereas feeding stimulates leptin secretion within a few hours
[45]. The expression of leptin mRNA in WAT is markedly lower in CR mice
than in AL mice [44]. In both AL and CR rats, the plasma leptin level shows a
similar diurnal variation, with the level increasing predominantly during the
dark phase when rats have food (Fig. 10A [50]). The plasma leptin concen-
tration is consistently and significantly more than 50% lower in CR rats than
in AL rats at 6, 15, and 24 months of age (Fig. 10B [50]). The concentration
increases with age in AL rats but is constant in CR rats. These findings are
consistent with those of previous studies showing a significant correlation
between the plasma leptin concentration and fat mass in rodents and a lower
fat content per unit body weight in CR rats than in AL rats [50].

Adiponectin, another adipocytokine, is predominantly secreted by smaller
adipocytes and regulates energy homeostasis and glucose and lipid metabo-
lisms [51]. The plasma adiponectin level is decreased in patients with obesity
and type 2 diabetes, and its reduction seems to be associated with elevated
triglyceride contents in skeletal muscle and the liver [52, 53]. Recently, it has
been suggested that adiponectin reduces the blood glucose concentration and
stimulates glucose utilization and fatty acid oxidation through the activation
of 5-AMP-activated protein kinase. Therefore, adiponectin signaling is one
of the insulin-independent pathways involved in glucose disposal [54]. In
fasted rats, the plasma adiponectin level is nearly two times higher in CR rats
than in AL rats at 2 months of age, and almost three times higher in CR
rats than in AL rats at 10, 15, and 20 months of age [55]. Thus, CR also
modulates adipocytokine secretions from WAT.

2.9. PROTECTION AGAINST INTERNAL OXIDATIVE AND
ENVIRONMENTAL STRESSES

Corticosterone, the principal adrenosteroid, is a so-called stress response
hormone and is bound to corticosterone-binding globulin in plasma. As
shown in Fig. 11 [56], the plasma concentration of corticosterone in both
AL and CR rats shows a similar diurnal variation, with the level increasing in
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F1G. 10. (A) Diurnal variation of the plasma leptin concentration in ad libitum—fed and
calorically restricted F344 rats at 6 months of age. Calorically restricted rats were fed just before
turning off the light (arrow). Adapted from reference 50. (B) Effects of aging and caloric
restriction on the plasma leptin concentration in male F344 rats. Adapted from reference 50.

the late light phase [56]. At this peak, it is slightly higher in CR rats than in
AL rats [56]. The plasma concentration of free corticosterone (nonbinding
form to corticosterone-binding globulin) is the biologically active fraction of
the circulating hormone. The estimated plasma levels of free corticosterone
in CR rats are two- to eightfold higher than those in AL rats during the daily
diurnal elevation of the hormone in both young and old rats [56], indicating
that CR induces mild stress conditions.

2.10. SLow SKELETAL MATURATION

In AL rats, bone length, weight, density, and calcium content increase
rapidly with age and plateau at about 12 months of age. There is no evidence
of bone loss in these animals until about 24 months of age, but by age 27
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FI1G. 11. Effects of aging and caloric restriction on the 24-hour plasma profiles of total and
free corticosterone in young (3-7 months of age) and old (21-25 months of age) male F344 rats.
Calorically restricted animals were fed just before turning off the light (arrow). The light was off
from 17:00 to 05:00 and on from 05:00 to 17:00. Adapted from reference 56.

months, the animals have lost appreciable amounts of bone [57]. The plasma
parathyroid hormone level of the animals increases with advancing age and
rises markedly at 27 months. In CR rats, bone growth and maturation are
slowed, and the animals do not experience senile bone loss or a marked
terminal increase in circulating plasma parathyroid hormone up to 30
months of age [57]. Because the terminal loss of bone in aged rats is asso-
ciated with severe nephropathy, the age-related loss of bone in AL rats is in
part a result of the age-related decline in renal function [57].

2.11. SLow SEXUAL MATURATION

Postweaning CR (weight was 50% of AL rats) from 21 days of age in
female rats markedly delays pubertal onset. All AL rats reach puberty by 45
days of age, but only 10% of CR rats do so by 80 days [58]. Similar conclu-
sions are found for puberty onset in male rats [59], but the susceptibility of
pubertal development to CR appears to be greater in female than male
rodents [60].
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Male rats restricted to 50% normal food intake for 20 days exhibit lower
serum LH and testosterone levels than AL rats, although the serum FSH
level is unaffected [61]. In contrast, both the serum LH and FSH levels are
lower in rats starved for 1 week [62]. Despite the smaller gonads of CR rats,
spermatogenesis is spared, indicating that the degree of sperm development
and maturation are correlated with the serum FSH level, as only starvation
consistently suppresses this, while CR does not [63]. In female rats, the serum
level of LH, but not FSH, is lower in CR rats than in AL rats [64].

2.12. MoRE FERTILITY LATER IN LIFE

CR initiated at weaning extends the age at which animals cease to exhibit
estrous cycles, with the result that CR rats are more fertile later in life [58].
Using a different experimental paradigm, middle-aged mice that were
returned to AL feeding after a 7- to 8-month period of CR demonstrated a
higher incidence of normal estrous cycles and fertility rates than age-matched
controls that had never been under CR conditions [65]. In contrast, chronic
CR of male rats, beginning at weaning, fails to suppress reproductive
aging [66].

3. Laboratory Findings in CR Nonhuman Primates

The beneficial actions of CR were not tested in any animal model living
longer than about 4 years until the late 1980s. Since then, studies in longer-
lived species, including rhesus and squirrel monkeys, have been underway at
the National Institute on Aging and the University of Wisconsin [67-69].

The longevity data in monkeys remain preliminary. However, previous
reports from the National Institute on Aging indicate that CR reduces
morbidity, neoplastic diseases in particular [70], and perhaps even mortality
[71] in monkeys. Early in 2002 at the National Institute on Aging, the
proportions of both rhesus and squirrel monkeys that had died in the CR
cohorts were about one-half that in the controls [72].

The characteristics of CR monkeys are summarized in Table 2 [72] and
Fig. 12A-C[73]. CR monkeys weigh less [74] and have less total and abdom-
inal obesity than controls [75]. In addition, CR reduces body temperature
and induces a transient reduction in metabolic rate [76]. Young male CR
monkeys also exhibit delayed sexual and skeletal maturation [72, 74]. In
addition, several lines of evidence suggest that CR improves the disease
risk in rhesus monkeys [72]. CR monkeys have reduced blood glucose and
insulin levels and improved insulin sensitivity [75]. CR also reduces blood
pressure and lowers the serum triglyceride and cholesterol levels [77]. In
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TABLE 2
SUMMARY OF PATHOPHYSIOLOGICAL EFFECTS OF CALORIC RESTRICTION (CR)
IN RHESUS MONKEYS (ADAPTED FROM REFERENCE 72)

Effect of CR Agreement with
Findings in monkeys rodent findings

Body weight | Yes

Body fat l Yes

Lean body mass | Yes

Time to skeletal maturation (male) l Yes

Time to sexual maturation (male) 1 Yes
Transient reduction in metabolic rate l Yes
Body temperature | Yes
Locomotor activity (male) — Yes
Growth hormone/insulin-like growth factor 1 | Yes

1L-6 l Yes
Estradiol, FSH, LH — No
Menstrual cycling — Yes (rats)
Rate of DHEAS decline with aging | Yes
Lymphocyte number l Yes
Lymphocyte calcium response — No

Rate of wound closure — Yes
Fasting glucose and insulin | Yes
Insulin sensitivity T Yes
Triglycerides 1 Yes
Cholesterol l Yes
HDL2B T ?

Blood pressure l ?

Bone density (male) — No

Bone density (female) l Yes

|: decrease, 1: increase, —: no change, ?: not reported, DHEAS: dehydroepiandrosterone
sulfate.

general, as noted above, the ongoing monkey studies support the conclusion
that most pathophysiological responses to CR in these monkeys are similar
to those in rodents, possibly suggesting that CR may also extend longevity in
monkeys [72].

4. Relevance to Humans
The effects of CR on longevity in humans have not been evaluated directly.

Kagawa et al. examined a proportion of centenarians in Okinawa Prefecture
compared with those in other regions of Japan [78]. Okinawa residents have a
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FIG. 12. (A-C) Values for male rhesus monkeys are the means + standard errors for 20-30
animals in each group after 3-5 years of 30% CR. (D-F) The numbers of Baltimore Longitudi-
nal Study of Aging men who died in the temperature, insulin, and dehydroepiandrosterone
sulfate studies were 324, 199, and 192, respectively. Only those individuals surviving at least 3
years were followed in the dehydroepiandrosterone sulfate study, and all subjects were in good
health, as evaluated by extensive medical assessment. The subject age in the three data sets
ranged from 19 to 95 years. All analyses are significant to at least p < .05 by r-test or
proportional hazard model, corrected for the initial subject age. The Baltimore Longitudinal
Study of Aging data are divided into upper and lower halves for better comparisons with the two
monkey groups, although all three age-adjusted variables exhibit significant and continuous
effects for temperature (D), insulin (E), and dehydroepiandrosterone sulfate (F) on mortality in
humans. From reference 73.

greater proportion of centenarians than the rest of Japan and boast a lower
overall mortality rate as well as fewer deaths caused by vascular disease and
cancer. Interestingly, Okinawa residents only take in 60% and 80% of the
Japanese national average calories for children and adults, respectively [78].

Albanes et al. [79] examined the relationships among energy balance, body
size and cancer risk using data from the first U.S. National Health and
Nutrition Examination Survey and its follow-up study. The age-adjusted
relative risk of cancer for men above 169 cm in height is significantly
increased by 1.4- to 1.5-fold when compared to that for men under 169 cm
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in height. After adjustment for race, cigarette smoking, income, and body
mass index, the relative risk of cancer in several organs is increased 1.5- to
1.6-fold with height. In particular, the colorectal cancer risk for men above
178.6 cm in height is significantly increased by 2.1-fold compared with that
for men below 169 cm in height. Moreover, it has been suggested that a large
body size and fatness, as measured by adult stature, body weight, and body
mass indices, are positively related to a variety of cancer risks, including
breast, colorectal, prostate, endometrial, kidney, and ovary [80]. These stud-
ies support associations among calorie intake, body size and disease, and
perhaps, ultimately, longevity.

More controlled studies of a CR-like regimen have been reported for
human subjects in Biosphere [81, 82]. The caloric intake was reduced between
20% and 30% from 10 weeks to over 2 years. This regimen reduced body
weight, adiposity, blood pressure, blood glucose, plasma insulin, and serum
lipids.

As shown in Fig. 12A-C[73], three of the most robust biomarkers of CR in
both rodents and monkeys are lower body temperature, lower plasma insu-
lin, and slow rate of decline in serum dehydroepiandrosterone sulfate
(DHEAS). The survival rates of healthy men in the Baltimore Longitudinal
Study of Aging in the upper and lower halves of the distributions for the
corresponding markers were compared (Fig. 12D-F, [73]). Consistent with
the beneficial effects of CR on aging and life span in other animals, men
with lower temperature and insulin, and those maintaining a higher DHEAS
level, have greater survival than their respective counterparts. Thus, CR-like
effects on the physiological markers of reduced insulin, reduced body tem-
perature, and slow decline in DHEAS would appear to be related to aging
and longevity [73]. At present, conclusive evidence of the effects of CR has
not been obtained in humans, although the results noted above strongly
indicate that CR may also be effective in human aging and longevity.

5. Interpretation of the Beneficial Actions of CR Based
On the Adaptive Response Hypothesis

The characteristics of animals subjected to long-term CR are summarized
in Fig. 13. These CR effects could differ in several aspects of physiology
from those of fasting (starvation), but the hormonal profile of CR (lower
plasma leptin, insulin, growth hormone and gonadotropins, and higher plasma
free corticosterone) is similar to that of fasting [§3]. Based on studies examining
the respiratory quotient or respiratory exchange ratio, carbohydrate is the
major fuel after feeding in CR animals, and fuel utilization shifts from carbo-
hydrate to fat before feeding [21, 42]. Fasting also shifts the fuel utilization
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FIG. 13. Summary of the beneficial actions of caloric restriction based on the evolutional
adaptive response hypothesis.

from carbohydrate to fat. The role of leptin in the altered hormonal profile
and metabolic shift in CR animals has yet to be determined, but several lines
of evidence indicate that it has an important role in metabolic adaptation
during CR. When leptin is administered intraventricularly in fasting rats,
the reduced respiratory quotient and fasting-induced hormonal profile are
almost completely reversed to the control level in AL rats [20, 47, 84, 85].
Under fasting, fatty acids and glycerols derived from triglyceride in WAT
are used as fuel during mitochondrial $-oxidation, and the byproduct of
this oxidation generates ketone bodies, which are a major fuel source for
the brain under starvation [86]. Moreover, fasting activates the mitochondrial
(B-oxidation, peroxisomal (-oxidation, and microsomal w-oxidation system
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[87-90]. Peroxisome proliferator-activated receptor o« (PPAR«). is known
to be activated by both overfeeding and fasting, thereby inducing the up-
regulation of the majority of genes transcriptionally involved in the mitochon-
drial B-oxidation, peroxisomal [-oxidation, and microsomal w-oxidation
system, and resulting in protection against hepatocyte steatosis [87-90].

In CR rats sacrificed before feeding, the genes involved in mitochondrial
(-oxidation, PPARc«, and several mitochondrial g-oxidation enzymes are
up-regulated in the liver (unpublished data), and fat is predominantly metab-
olized (RER = 0.8). In this condition, exogenous fuel for mitochondrial
(-oxidation is deficient, but the serum levels of free fatty acids and ketone
bodies are increased (Table 1). In CR rats after feeding, despite lower serum
levels of total lipid, triglyceride, total and free cholesterols, phospholipid and
free fatty acids (Table 1), the genes associated with fatty acid synthesis,
including ADD1/SREBPI, fatty acid synthase, and acyl-CoA carboxylase,
are significantly up-regulated in the liver (unpublished data), and carbohy-
drate is predominantly metabolized (RER > 0.9). Thus, it is likely that
effective lipid utilization is involved in the accelerated fatty acid synthesis
after feeding and enhanced mitochondrial S-oxidation during food shortage
via PPARa. Moreover, CR appears to activate carbohydrate, amino acid,
lipid, and energy metabolisms in WAT [44]. Therefore, it is possible
that endogenous fatty acids mostly derived from WAT must be provided as
fuel for the reactions catalyzed by the mitochondrial §-oxidation enzymes,
and this oxidation generates ketone bodies in CR rats before feeding
(RER = 0.8). The fuel supplied by feeding may be transferred to and stored
in WAT or used in peripheral organs more effectively in CR rats after feeding
(RER > 0.9) than in AL rats via hepatic fatty acid synthesis.

PPAR a-null mice have severe hypoglycemia, hypoketonemia, hypother-
mia, and elevated plasma free fatty acids following starvation, indicating
a lack of metabolic adaptation in the liver [88]. Interestingly, ob/ob mice,
which are deficient for leptin, have a similar response to fasting [91]. PPAR«
expression is regulated by glucocorticoids, and the diurnal cycle of the
hepatic PPAR« level is parallel to the circulating corticosterone level [92].
These findings indicate that metabolic adaptation to CR requires both the
leptin signaling pathway and an adrenocortical system in the liver. More-
over, adiponectin stimulates fatty acid oxidation as well as glucose utilization
through the activation of 5-AMP-activated protein kinase [54]. The above
evidence indicates that CR-associated reduction of leptin signaling and
enhancement of corticosterone and adiponectin signaling contribute to met-
abolic adaptation against food shortage, including the shift from carbohy-
drate- to fat-based metabolism. These adaptive responses against food
shortage through altered neuroendocrine systems could result in several
CR-associated changes, as shown in Fig. 13.
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6. Conclusions

Recently developed molecular and genetic interventions have been suc-
cessful in controlling aging and longevity. Even though these lines of investi-
gation hold great potential, studies using CR in rodents and nonhuman
primates continue to provide valuable information. Because the effects of
CR on aging processes, age-associated diseases, and longevity could be
universal across species, this nutritional paradigm would have similar effects
in humans. We believe that the genes or signal cascades altered by CR could
be the principle target for generating novel mutant animal models that show
suppressed aging processes and live longer. Moreover, CR mimetics, which
are applicable in humans, may represent one strategy to modulate aging
processes and longevity. Therefore, we emphasize the importance of dietary
and calorie interventions and the interpretation of their effects in aging
research, particularly in rodents, to humans.
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1. Introduction: Immuno-Polymerase Chain
Reaction—Principle of the Method

The advent of the polymerase chain reaction (PCR) was a major turning
point in the history of analytical techniques for biomolecules. Since the first
publication of the method in 1985, the exponential signal amplification
power of PCR was mirrored by an almost similar exponential increase of
applications [1-4]. Using a simple and effective signal amplification by repet-
itive cyclic duplication of a template nucleic acid strand, the signal-enhancing
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power of a PCR is superior to all conventional linear enzymatic signal
amplifications. If PCR is performed under optimized conditions, the specific
detection of a single nucleic acid molecule in a given sample is possible [5-7].
An inherent disadvantage of this technique is, of course, the limitation to the
detection of nucleic acids resulting from the principle of the amplification.

However, for clinical applications, nucleic acids are only a fraction of a
broad and very inhomogeneous range of possible analytes, starting with large
proteins like antibodies and also including small molecule hormones and
markers for various diseases.

For all of these targets the versatility of enzyme-linked immunosorbent
assays (ELISAs) qualifies this method as an almost universal detection
platform, using the highly specific recognition potential of antibodies in
conjugation with a detection enzyme and various signal-generating sub-
strates [8, 9]. In contrast to the enormous amplification power of the PCR,
these enzymatic methods normally have a detection limit of several millions
of molecules.

Therefore, an approach to combining the signal amplification power of the
PCR with the flexibility of the ELISA is highly interesting in regard to the
improvement of the sensitivity of conventional antigen detection. In theory,
this could be easily achieved by a simple exchange of the antibody—enzyme
conjugate with an antibody-DNA conjugate (Fig. 1) and subsequent ampli-
fication of the DNA marker. This approach, called immuno-PCR (IPCR),
was introduced in 1992 by Sano et al. and was from then on continuously
modified as a valuable research tool [11]. Recently, a number of application
papers and methodic variations have underlined the potential and suitability
of the IPCR method for routine applications (e.g., in clinical analysis). With
IPCR, a typical 100-10,000-fold increase in ELISA sensitivity was observed
in almost all applications.

However, to adapt the remarkably elegant and evident idea behind
the IPCR method to the challenges of daily usage, three main methodolog-
ical aspects are the keys to successful method development and optimization:
the conjugation of DNA and antibody (see Section 2.1.), the detection of
the amplified DNA-marker (see Section 2.2), and the suppression of nonspe-
cific background signals in ultrasensitive analysis, combined with the adapta-
tion of the assay to different antigens/haptens (see Sections 2.3. and 3).

In the following sections, different methods of establishing functional
DNA-protein conjugates are discussed, following a short historic overview
of IPCR method development. As IPCR offers additional advantages in
addition to the obvious enhancement of sensitivity, the unique potential
for multiplex detection and an increased linear quantification range of the
method is introduced. We show how various ELISA types suitable for
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FI1G. 1. Comparison of enzyme-linked immuno sorbent assay (ELISA, left) and immuno-
polymerase chain reaction (IPCR, right). During ELISA, an antibody-enzyme conjugate is
bound to the target antigen. The enzyme converts a substrate in solution to a detectable product.
In IPCR, the antibody-enzyme conjugate is replaced by an antibody-DNA conjugate. The
subsequent addition of a DNA polymerase enzyme (e.g., Taq), nucleotides and a specific primer
pair uses the antibody-linked DNA marker sequence as a template for amplification of the
DNA. The PCR product is finally detected as an indicator of the initial amount of antigen.

different target antigens were adapted to IPCR. The practical problems
encountered while using this ultrasensitive assay—and methods for circum-
venting them—are covered in depth, including, for example, the validation
and application of an IPCR assay for pharmacokinetic experiments in a
clinical phase 1 study. Finally, a short evaluation of the continuous quest for
improving the IPCR protocol and adapting it to new questions of clinical
relevance is given.

2. Assay Set-Up: Key Steps and Developments of the
IPCR Method

During the last few years, many applications of the IPCR method were
described. A short overview, including detection limits compared to conven-
tional ELISA, is given in Table 1. The flexibility, robustness, and sensitivity
of the assay are obvious from the multitude of applications studied so far. It
is also obvious, however, that the number of IPCR studies is still very small
compared to, for example, approximately 200,000 PubMed-listed publica-
tions for PCR in the same timeframe. The majority of IPCR applications
are research applications with protocols considered to be very demanding
to the inexperienced experimenter. With an increasing number of research
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TABLE 1
OVERVIEW OF IMMUNO-POLYMERASE CHAIN REACTION (IPCR) APPLICATIONS

ELISA set-up

Antigen Year (see Fig. 3) Comparison IPCR/ELISA Source/short commentary

Tumor markers and disease associated proteins (see also Chapter 3.1)

Carbohydrate tumor marker: 1998 A Detection level of <10 cells, Zhang et al. [96]
tumor-related antigen GM3 melanoma cells diluted in 2 million
healthy blood lymphocytes
Carcinoembryonic antigen (CEA) 2001 A Circulating CEA in human sera: Ren et al. [18], use of a bispecific
92.3% of patients with high CEA CEAScFv-streptavidin fusion
levels and 50% of patients with protein-based immuno-PCR
“normal” CEA levels were found technique (see Section 2.1.1)
positive
2003 C Factor 1000 (IPCR: 10 pg/mL [0.05 Niemeyer et al. [60], DNA-directed
amol/uL], ELISA: 10 ng/mL) immobilization-IPCR (see Fig. 4
and Section 2.1.4)
Gastritic cancer associated antigen 1994 A Factor 10,000 (IPCR: 3.8 x 1074 Ren et al. [19]
McAb MG7-Ag mol, ELISA 3.0 x 10~ mol)
2000 A Factor 10,000 (IPCR: 3.8 x 1074 Ren et al. [32]
mol, ELISA 3.0 x 10~!! mol)
Human proto-oncogen ETS1 1993 B Factor 100,000 (IPCR: 9.6 x 102! Zhou et al. [24], introduction of the
mol, ELISA 960 amol) Universal-IPCR method:
Sequential coupling of biotinylated
antibody, STV, and biotinylated
DNA (see Fig. 2B and Section 2.1.2)
PIVKA-II, tumor marker of 1995 B Factor 1,000,000,000 (IPCR: 10-10 Tsujii et al. [97]
hepatocellular carcinoma (HCC) dilution sample of PIVKA antigen)
Prostate-cancer serum-tumor 2000 C Factor 1000 Immuno-RCA: 0.3 amol  Schweitzer et al. [44], Immuno-RCA

marker (PSA)

(0.1 pg/ml) ELISA: 300 amol

(see Section 2.1.3)
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2002 Factor 100 IPCR: 2.4 x 10e6 Lind et al. [69], real-time IPCR (Section
molecules PSA ELISA: 300 amol 2.2.3),iCyclerIQ system (Biorad)
1995, Factor 100 Expression- Christopoulos et al. [77], Chiu et al.
1999 immunoassay: 1, 1 amol (30 pg/ml) [78], expression immunoassay (see
Section 3.1)
Tumor necrosis factor alpha 1995 Factor 16 (IPCR: 6,25 pg/ml ELISA  Sanna et al. [33]
(TNF-alpha) 100 pg/ml)
1999 Factor 50,000 (IPCR: 1 pg/L, ELISA:  Saito et al. [34]
Sng/L)
2001 Factor 50,000 (IPCR: 1 pg/L, ELISA: Komatsu et al. [39]
Sng/L)
Vascular endothelial growth factor 2000 Factor 5 (IPCR: 0.2 pg/ml Sims et al. [49], real-time IPCR (see
fluorescence-ELISA: 1 pg/ml): Section 2.2.3): detection of
IPCR-amplificate was carried out
online during PCR according to the
TagMan-principle, AbiPrism7700
sequence detector (Applied
Biosystems)
Virus antigens (3.2)
Bovine-herpesvirus I (BHV-1) 1996 Antigen: Factor 1,000,000
Antibody: Factor 10,000 (IPCR: Mweene et al. [28, 98]
detection at 19 days following
infection)
Hepatitis B surface-antigen 1995 Factor 100 (IPCR: 0.5 pg RIA 50 pg) Maia et al. [30], sandwich IPCR with
(HBsAg) subsequent PCR-enzyme linked
oligonucleotide sorbent assay (see
also Fig. 6 and Section 2.2.2)
2000 In situ-IPCR: 14 of 17 liver-samples Cao et al. [82], in situ IPCR
positive ELISA: 6 of 17 liver-
samples positive
HIV core protein p24 2004 Factor 25*% (IPCR: ca. 2 copies, Barletta et al. [84]

RT-PCR 50 copies)

(continues)
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TABLE 1 (Continued)

ELISA set-up

Antigen Year (see Fig. 3) Comparison IPCR/ELISA Source/short commentary

Influenza viral antigen 2001 Factor 10* (*IPCR 10-fold more Ozaki et al. [83]
nonstructural protein 1 (NS 1) sensitive than RT-PCR (!) or virus

isolation)
Mumps-specific IgG in serum 2002 B Factor 1 [Compared to ELISA,IPCR  McKie et al. [50, 68], real-time IPCR
was 98.6% (71/72) sensitive and (Section 2.2.3), covalent antibody—
92.9% (13/14) specific] DNA conjugates (Section 2.1.3),
Light-Cycler (Roche)

Recombinant hepatitis B surface- 1997 A,C,D Factor 700 (HBsAg: IPCR: 70 fg Niemeyer et al. [37], development of a
antigen (HBsAg), mouse/rabbit ELISA: 49 pg) fluorescence-PCR-ELISA for
1gG Factor 1000 (IgG: IPCR: 15 fg sensitive detection of the IPCR-

ELISA: 15 pg) amplificate (see Fig. 6 and Section
2.2.2) and identical polyclonal
capture and detection antibodies
Pharmacokinetics (3.3)

Recombinant mistletoe-lectin 1999 C Factor 1000 (rML: IPCR: 200 fg/ml Niemeyer et al. [26], purified aggregates
(rML, rViscumin, Aviscumine), ELISA: 200 pg/ml) from biotinylated antibody, STV,
rabbit-IgG Factor 10,000 (IgG: IPCR: 1.5 fg and double biotinylated DNA as

ELISA: 15 pg) reagents for IPCR (see Fig. 2D and
Section 2.1.4)
2003 C Factor 1000-10,000 [IPCR: Adler et al. [66], [73], commercial
50 100 fg/ml (ca. 50 zeptomol) antibody-DNA conjugates, method
rViscumin] validation
Pathogens and toxins (3.4)
Clostridium botulinum neurotoxin 2001 C Factor 1000 (IPCR: 3.33 x 10717 Wu et al. [48], covalent antibody-DNA

type A

mol, ELISA: 3.33 x 10~ mol)

conjugates (see Fig. 2C and Section
2.1.3)
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Fish-pathogen (Pasteurella
piscicida) in infected yellowtails

Gliadin (food allergen)

Pathogenic Group A Streptococcus
(Strep A)

2004

1996

2003

2003

Factor 100,000 (IPCR: 50 fg; ELISA:

5 ng)
Factor 10,000 (IPCR: 3.4 cfu/ml

ELISA: 3.4 x 10* cfu/ml)

Factor 30 IPCR: 0.16 ng/ml (0.16
ppm)

IPCR: approximately 10 cells

Chao et al. [88]

Kakizaki et al. [25], usage of double
biotinylated DNA in a sequential
Universal IPCR

Henterich et al. [51], real-time IPCR
(Section 2.2.3) comparison of direct
conjugates (Section 2.1.3) with
sequential incubation, AbiPrism
7700 sequence detector (Applied
Biosystems)

Liang et al. [74], covalent antibody—
DNA conjugates (see Section 2.1.3)
vs. Universal-IPCR (see Section
2.1.2)

Embryonal growth and surface proteins, regulating hormones (3.5)

Cell surface Qa-2 protein
expression (major
histocompatibility complex class
Ib protein of the preimplantation
embryo development)

Human thyroid-stimulating
hormone, chorionic
Gonadotropin and
(- Galactosidase (WTSH,
hCG, -Gal)

2000

1994

1995

A

No comparison carried out, used in
addition to RT-PCR for the study
of expression in mouse embryos

Factor 100 JPCR: hTSH 1 x 107"
mol, hCG 1 x 10717 mol, 5-Gal: 1
x 1077 mol; ELISA: hTSH 1 x
107" mol, hCG 1 x 107" mol,
B-Gal: 1 x 107'° mol)

Factor 100-1000 (IPCR: hTSH 1 x
107" mol, hCG 5 x 107'® mol)

Ke and Warner [14], use of the STV
protein A chimera (see Fig. 2A and
Section 2.1.1)

Hendrickson et al. [41], covalent
antibody—-DNA conjugates (see
Fig. 2C and Section 2.1.3.) and
simultaneous application in a
multiplex-IPCR, electrophoretic
separation of the amplificates
according to their length

Joerger et al. [38], covalent antibody—
DNA conjugates (see Fig. 2C and
Section 2.1.3)

(continues)
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TABLE 1 (Continued)

ELISA set-up

Antigen Year (see Fig. 3) Comparison IPCR/ELISA Source/short commentary
Murine major histocompatibility 1997 A Factor 10 (IPCR: one embryo, Quijada et al. [13], use of the STV
complex (MHC) ELISA: 10-15 embryos) protein A chimera (see Fig. 2A
and Section 2.1.1)
Qa-2 antigen (product of the 1998 A No comparison carried out, used in McElhinny et al. [15, 16], use of the

Preimplantation embryo
development gene, mouse)

addition to RT-PCR for the study
of blastocystes

STV protein A (see Fig. 2A and
Section 2.1.1)

Other applications: Microorganisms, parasites, heart failure associated proteins, cytokines, small molecule targers, etc. (3.6)

Antigen to Angiostrongylus
cantonensis circulating fifth-
stage worms

Antihuman atrial natriuretic
peptide (ANP) in serum

Beta-glucuronidase (GUD) from E.
coli

Bovine serum albumin (BSA)

Fluorescein

Homodimeric osteoprotegerin
(rhOPG)
Human angiotensinogen

2004

1997

1997

1992

2000

2001

2000

C

Factor 100-1000 IPCR: 0.1 ng/L

Factor (time) 10 (IPCR: 5 hours,
IRMA: 2-3 days)

Factor 100,000,000 (IPCR: 1 x 10~ "7
g/mL = 10 attog/mL; ELISA:
1 ng/mL)

Factor 100,000 (IPCR: 9.6 x 10~
mol ELISA 96 amol)

Factor 1000 cIPCR: 0.3 amol/uL

Factor 25,000 IPCR: 5 pg/L
homodimer

Factor 250,000 (IPCR: 0.1 ng/L,
ELISA: 25 ug/L)

Chye et al. [64]

Numata et al. [99]

Chang et al. [31], identical first and
second polyclonal antibodies

Sano et al. [10], initial publication of
the IPCR: STV-protein A chimera
for coupling biotinylated DNA
with an antibody (see Fig. 2A and
Section 2.1.1)

Niemeyer et al. [92], competitive IPCR
(see Fig. 10A and Section 3.6.4)

Furuya et al. [35]

Sugawara et al. [36], identical
polyclonal capture and
detection antibodies
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Human interleukin 18 (hIL-18)

IgG from several species (mouse,
rabbit, goat, and human),
Aviscumin, research antibody in
cell culture media

Intercellular adhesion-molecule 1
(SICAM-1)

Mouse antibody against
Apoliprotein E

Oligomeric pyruvat-dehydro-
genase-complex (PDC),
promutagenes DNA base adduct
O(6)-Methylguanosin,
O(6)-Methylguanin-DNA
Methyltransferase (MGMT),
N-terminal peptide of MGMT

p185 (her2/neu) receptor from the
crude lysate of T6-17 cells

Serotonin

Soluble murine T-cell receptor
(STCR)

Transmembrane FcgRIIIa (CD16),
(a low-affinity IgG Fc receptor)

2000

2003

1995
1996
1993

1999

2001

2004

1995

2003

Factor 16,000 (IPCR: 2.5 pg/L
ELISA: 40 ng/L)

Factor 100-1000 (IPCR: 0.1-0.01
amol [50-500 fg/mL] IgG, 40 pg/
mL Aviscumin in serum, 100 pg/
mL research antibody)

Factor 1000

Factor 1000

IPCR: 0.5 pg, no comparable
ELISA data given

Factor 100,000,000 (IPCR: 1
molecule, ELISA: 10-100 amol)

Factor 1,000,000,000 (10~'%) dilution
of cell solution

Factor 10,000 (IPCR: 0.4 pg/mL
antigen, conventional ELISA:
4 puncsp;ng/mL)

Factor 125 (IPCR: 0.8 pg/mL
ELISA: 100 pg/mL)

IPCR used in a study for comparison
of FcgRIIIa level in healthy and
RA patients

Furuya et al. [27]

Adler et al. [62], real-time IPCR
(Section 2.2.3), internal competitor
(Section 2.3.6), commercial
antibody—-DNA conjugates,
AbiPrism 7000 sequence detector
(Applied Biosystems)

Suzuki et al. [100]

Itoh et al. [101]

Ruizicka et al. [55]

Case et al. [29, 40]

Zhang et al. [102], IDAT (immuno
detection amplified by T7 RNA
polymerase)

Chimera Biotec GmbH/LDN [94, 93],
competitive IPCR (see Fig. 10B
and Section 3.6.4.)

Sperl et al. [103]

Masuda ef al. [104]

Unless otherwise stated in the “commentary” column, all assays were carried out according the Universal-IPCR protocol (see Section 2.1.2),
combined with gel electrophoresis for IPCR amplificate detection (see Section 2.2.1).
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groups applying IPCR, there is nevertheless a remarkable improvement
of assay handling and method performance. Although selected results
obtained by IPCR are discussed in depth in Chapter 3, the development of
the method is described in the following sections. A combination of the diffe-
rent methodological improvements will be essential for successful routine
IPCR application.

2.1. ANTIBODY-DNA COUPLING

Providing the needed protein-DNA conjugates for IPCR is the main
challenge in establishing a workable IPCR assay. Either nontrivial conjuga-
tion techniques or elaborate multistep incubation protocols of several
reagents are necessary for linking antibody and DNA. Figure 2 schematically
summarizes the four main strategies employed in the synthesis of the [IPCR
reagents.

2.1.1. Protein Chimeras: The Origin of IPCR

Immuno-PCR was first time introduced in 1992 by Sano, Smith, and
Cantor [10] during their work on protein—protein chimeras. The researchers
described an application for a highly innovative combination of the uni-
versal antibody binding “protein A” and the tetravalent biotin-binding
protein streptavidin (STV; see also Section 2.1.2). This protein chimera,
artificially designed by gene fusion [12] was successfully used for linking an
anti-bovine serum albumine (BSA) antibody to a biotinylated DNA marker
and was thereby able to detect solid-phase immobilized BSA (Figs. 2A, 3A)
in an amount of 9.6 x 1072> mol. The usefulness of this fast and elegant
approach is, however, limited by several drawbacks: The STV/protein
A chimera is not easily available, requiring a laboratory with access to the
necessary fusion technology. In addition, this conjugate binds nonspecifically
to any antibody immobilized to the microplate surface and is therefore not
suited for sandwich applications using capture-antibody-coated microplates
(see Fig. 3C, D).

Nevertheless, Quijada et al. [13] described a very sensitive application of
the IPCR method, using protein-chimeras for the preimplantation detection
of histocompatiblity. In this assay, single murine blastocystes as analytical
targets were handled without immobilization to microplate surfaces, and
therefore with no need for capture antibodies. The authors reported that
the broad binding ability of protein A was turned to an advantage for the
flexible detection of nonfunctionalized antibodies. Further application of
the STV/protein A chimera in IPCR was described for a similar expression
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F1G. 2. Comparison of different techniques for antibody-DNA coupling. (A) In the first
immuno—polymerase chain reaction (IPCR) protocol developed by Sano et al. [10], a protein
chimera of antibody-binding protein A and biotin-binding streptavidin (STV) was preincubated
with biotinylated DNA. Subsequently, this protein-DNA conjugate was immobilized against
antigen-bound antibody to establish a link between antigen and DNA (see Section 2.1.1). (B) In
the Universal-IPCR approach [24], the protein chimera was substituted by a sequence of three
incubation steps: biotinylated antibody, tetravalent biotin-binding protein streptavidin (STV),
or avidin as a linker and biotinylated DNA were coupled subsequently to the antigen (see
Section 2.1.2). (C) In contrast to the manifold of incubation steps in Universal-IPCR, covalent
antibody-DNA conjugates were used in a single-step assay setup. This multiplex compatible
protocol requires cross-linking chemistry, synthesis, and purification for each conjugate [38, 41]
(see Section 2.1.3). (D) An additional gain in sensitivity was achieved by simultaneously
increasing the avidity of antibody-DNA conjugates and the amount of DNA linked to each
antigen with multimeric polyvalent conjugates, each consisting of several antibodies and DNA
markers (see Section 2.1.4). These conjugates are accessible, for example, by supramolecular
self-organization [26, 57]. Nowadays, they are also commercially available in ready-to use kits
(e.g., IMPERACER, Chimera Biotec).

\

analysis in blastocystes and embryos [14—-17] (see Section 3.5). A variation of
this technique, using a bispecific fusion protein of a carcinoembryonic anti-
gen (CEA) binding protein and streptavidin, was successfully applied in the
study of circulating CEA by Ren ez al. [18].

Especially useful is the possibility of preparing conjugates of protein/STV
chimeras and biotinylated DNA previous to their application in the assay,
thus minimizing the amount of incubation steps required for IPCR (see also
Section 2.1.4). Therefore, it could be concluded that if a custom-made
protein chimera is accessible as a laboratory tool, or if the facilities and
experience for preparing such a reagent are available, and additionally, no
capture antibodies were needed, these conjugates allow for a very smart and
robust approach to ultrasensitive protein detection by IPCR.
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FI1G. 3. Comparison of different enzyme-linked immuno sorbent assay (ELISA) methods
adapted for immuno-polymerase chain reaction (IPCR). Dependent on the purification grade
of the sample to be analyzed and the availability of specific and functionalized antibodies,
several typical ELISA protocols were adapted to IPCR. In the direct approach (A), the pure
antigen is immobilized to the microplate surface and subsequently detected by a labeled specific
antibody. If no labeled antibody is available (e.g., because of unpurified ascites fluid containing
the antibody or loss in activity following labeling), a standardized labeled secondary species-
specific antibody is used for detection of the primary antigen-specific antibody (B). For the
detection of the antigen from matrices such as serum, plasma, tissue homogenate, and so on, a
capture antibody immobilized to the microplate surface was used either in a direct (C) or
indirect (D) sandwich approach, with the latter one additionally including a secondary
species-specific detection antibody. For different methods of coupling antibody and DNA,
abbreviated by ““!”” in this figure, compare Fig. 2. Note that protein A chimeras (Fig. 2A) are
not compatible with capture antibodies (Fig. 3C, D).

2.1.2. Universal IPCR—Flexible Antibody—-DNA Coupling with
Biotinylated DNA

The concept of linking PCR and ELISA for ultrasensitive protein analy-
sis soon sparked the imagination of laboratory scientists, and they developed
a method that separates the concept of antibody—-DNA linkage from hard-
to-obtain protein chimeras. An easy way to establish the desired coupling
was accessible with the streptavidin/biotin binding system: The tetravalent
protein STV, from Streptomyces avidii [19], derived, for example, as a recom-
binant core protein with optimized properties [20], or as its egg-yolk
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complement avidin [19], binds four molecules of biotin and is therefore able
to link two biotinylated compounds in stepwise incubation [21-23]. Thereby,
STV is often favored as coupling reagent for biotinylated compounds [19, 23]
because of the additional glycosylation of avidin, which is reported for
possible nonspecific interactions. This is especially important for ultrasensi-
tive signal amplification methods such as IPCR, where the avoidance of any
nonspecific binding is essential for background suppression.

A Dblueprint for the majority of the following IPCR applications
was introduced in 1993 by Zhou et al. [24] with the appositely termed
“Universal-IPCR” protocol. In this technique, the antigen to be detected is
coupled subsequently with an antigen-specific primary antibody, a species-
specific biotinylated detection antibody, STV, and a biotinylated DNA in
four incubation steps, each separated by a washing step for removal of
unbound reagents (see Figs. 2B and 3B).

Even from this short description, advantages and disadvantages of this
approach are obvious. The major advantage of this method is the complete
avoidance of any uncommon reagents or complicated synthesis steps. Bio-
tinylated antibodies are either commercially available by a number of sup-
pliers or easily prepared in-house with a number of standardized and robust
kit reagents in a single-step reaction [23]. The synthesis of biotinylated
marker DNA could be performed by preparative PCR, using commercially
available biotinylated primer [25-27]. As an alternative, terminal biotin
labeling of a DNA-marker was carried out using, for example, Klenow
fragment [13, 24, 28, 29] or Sequenase polymerase [30]. In addition, photo-
active biotin was used for synthesis of a biotinylated DNA marker for IPCR,
too [31, 32].

Whereas almost any DNA sequence is a possible tool for IPCR, interestingly,
a large number of publications described the usage of a standard plasmid
sequence from pBluescript/M13 [25, 27, 33-36] or pUCI19 [10, 13, 26, 28, 37]
as a kind of standard IPCR marker derived from DNA ready available in the
typical molecular biology laboratory. Maia et al. emphasize the importance
of a DNA-marker not present in the routine work of the laboratory carrying
out IPCR to avoid cross-contamination. In their work, they used a unique
BTV-virus-DNA sequence only found in ruminants for the detection of
HbsAg [30].

As the DNA marker is the template for signal amplification, it is surprising
that only a few studies systematically evaluate the properties of different
DNA length or sequence [26, 38]. Although IPCR signal amplification was
found to be very robust regarding different DNA markers, ranging in size
from whole plasmids [32] to short, 100-bp fragments [26, 38], optimization of
the DNA marker revealed that the amplification potential of the marker
could be additionally improved by further tailoring to the IPCR application;
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for example, by artificially designed marker and competitor DNA sequences
(see Section 2.3.6).

The selection of the marker DNA is one of the most significant methodical
differences between PCR and IPCR. For PCR, the PCR protocol and
polymerase applied for amplification has to be adapted painstakingly to
the intended target. In contrast, [IPCR gives much more freedom in assay
development with the free choice of an optimized pair of a marker DNA and
an amplification enzyme. No special long-range, proofreading, or otherwise
modified polymerases were necessary for IPCR, as the marker could be kept
as simple as possible.

Furthermore, the protocol of the Universal-IPCR simplifies the ex-
change of the DNA marker if several biotinylated DNAs were prepared.
This flexibility in exchange of biotinylated DNA or biotinylated antibody
for adaptation of a common protocol to separate applications marks
the Universal-IPCR method as an ideal research tool, underlined by the
multitude of applications carried out with this method (see Table 1).

However, the advantage of flexibility is inevitably linked to the drawbacks
of the stepwise protocol: The sheer number of time-consuming and labor-
intensive incubation steps is not well suited to routine application. Indeed,
five separate incubation steps were necessary in an indirect sandwich assay
(Fig. 3D), as carried out for the detection of tumor necrosis factor alpha
(TNF-«) [33, 34, 39], HbsAg [37], or human interleukin 18 [35], starting
with the immobilization of the antigen and finishing with the coupling of
the DNA marker. In addition, appropriate washing steps flanking the incu-
bation steps are necessary to remove reagents nonspecifically bound to the
surface or other reagents. To achieve maximum performance, a systematic
optimization of reagent concentration has to be carried out for each step in
combination with each other parameter variation [24, 29, 36, 40] (see also
Section 3.6.3). As each operation additionally reduces coupling efficiency and
is a possible source for error or contaminations, a simpler approach to
antibody DNA linking became desirable.

Furthermore, a simultaneous multiplex detection of several antibodies is
impossible with the sequential incubation of biotinylated compounds and
STV, as there is no selective linkage between a specific antibody and an
individual DNA marker.

These methodical disadvantages of the multistep approach, however,
could be compensated for by careful adaptation of the method. The broad
number of successful implementations of the very adjustable Universal-IPCR
protocol underlines the potential of the method (see Table 1). The quality of
the antibodies and the amount of optimization invested in specifically fine-
tuning experimental conditions such as reagent concentrations are mainly
important for the efficiency of the Universal-IPCR in each new application.
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Following this pathway, even for the above-mentioned ‘“‘complicated”
five-step assay (see Fig. 3D), an impressive sensitivity with an up to 50,000-
fold ELISA improvement [34, 35, 39] was obtained, compared to an initial
sensitivity-gain of “only” 16-fold for this approach [33].

In summary, the simple and flexible Universal-IPCR, with or without
nonfunctionalized primary antibody, is well suited for a proof of principle of
the general feasibility of the IPCR for a given problem in clinical laboratory
applications, as successfully shown in several examples. It allows for an easy
access to ultrasensitive research studies—if the necessary time and expertise
for some fine-tuning of assay conditions is available. Under these conditions,
a typical 1000- to 10,000-fold improvement of ELISA sensitivity is accessible
in the research laboratory (see Table 1).

For routine applications, however, a meticulous proceeding according to
a highly standardized and demanding protocol with several steps is neces-
sary for reproducible results. However, the sometimes high method error,
even in standardized and optimized protocols [29], and the sheer effort of
multiple-step protocols still calls for alternative methods of DNA-protein
linkage.

2.1.3. Covalent Coupling—A Tool for Multiplex Protein Detection

The above-mentioned potential of the IPCR assay for multiplex detection
inspired Hendrickson and coworkers to the synthesis of covalent conjugates
of DNA and antibodies [38, 41]. In contrast to fluorescence probes, where
the number of simultaneously detectable wavelengths is limited by the avail-
ability of labels and instrument performance, DNA labels could be used as
a “molecular barcode” label with a nearly unlimited resource of different
sequences for the DNA marker. Each DNA marker will be assigned to
a specific antigen and thereby allows for high-parallel detection of several
antigens. With an increased demand for applications in proteomics, this
IPCR advantage proposes to be of increasing importance. Limitations of
this approach are coupled to general limitations and possibilities of multi-
plex PCR [42, 43], but approximately 10 antigens should be simultaneously
detectable [41].

Covalent conjugates of antibodies and short, single-strand oligonu-
cleotides were also synthesized for a combination of rolling circle amplifica-
tion (RCA) and ELISA in the IPCR-related immuno-RCA technology
[44—-47]. In this approach, the primer covalently attached to the antibody
is enzymatically elongated using an added circular, single-strand DNA as
template. Although linear isothermal elongation followed by hybridization
with fluorescent oligonucleotide probes is theoretically not as effective
as semiexponential template amplification in PCR and requires the specifi-
cally designed circular DNA, a significant gain in sensitivity compared, for
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example, to direct fluorescent labeling of the antibodies was observed. This
feature, combined with the permanent linkage of the elongated DNA to
the antibody, makes this approach well suited to multiplex analysis on the
biochip platform. Immuno-RCA is therefore described as the method of
choice to transfer the enzymatic signal enhancement known from ELISA to
biochips or related surfaces. A successful parallel detection of 11 analytes
was reported with this method in a bead-based assay technique and using
fluorescent probes for detection [46].

In the multiplex-IPCR assays carried out by Joerger and Hendrickson,
DNA of different lengths was used for separation of the PCR amplificates
(see Fig. 4). Results of their experiments are discussed below in Section 3.5.
The ability to discriminate between different DNA markers by length is
nevertheless limited by the separation capabilities of the gel. For a large
number of different DNA probes, a sequence-specific detection carried out,
for example, by PCR-enzyme-linked oligonucleotide sorbent assay (ELOSA;
Section 2.2.2) should be preferable.

E one step
—
EDNN DNA2 Y A

AAA

antigen 1 antigen 2

FIG. 4. Advances in immuno—polymerase chain reaction (IPCR) design. (A) Multiplex-IPCR:
Different DNA labels attached to specific antibodies allow for the simultaneous parallel detec-
tion of several antigens [38, 41]. For different methods of specifically coupling antibody and
DNA, abbreviated by !’ in this figure, compare Fig. 2C, D. (B) DNA-directed immobilization-
IPCR: A mixture of oligonucleotide-tagged capture antibody and marker DNA-labeled detec-
tion antibody is added to the antigen-containing sample and incubated in a single step in a
microwell coated with immobilized capture oligonucleotide. The antibody—antigen complex
formed in solution is immobilized by hybridization to the complementary capture oligonucleo-
tide (DNA-directed immobilization [60, 61]). The DNA-antibody coupling, abbreviated by “!”,
was carried out with biotin—streptavidin interaction.
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Covalent coupling of antibody and DNA was carried out with a four-
step protocol: 5-amino-modified oligonucleotides and antibodies were
activated separately (step 1 and 2) with heterobifunctional cross-linkers
(acethylthioacetyl DNA and maleimide-modified antibodies), subsequently
mixed and incubated (step 3), and finally purified using high-performance
liquid chromatography / gel chromatography (step 4) [38, 41]. In contrast
to the double-stranded DNA-marker discussed above, initially, single-
strand DNA was used for covalent coupling. It was found, however, that
double-stranded DNA has several advantages as an IPCR marker: improved
stability, release of the uncoupled strand in solution from covalent conju-
gates and therefore easier access by the amplification enzyme, and better
availability of double-strand DNA by plasmids or PCR synthesis [38].

Alternative protocols for covalent coupling were described by Wu et al.
[48], Sims et al. [49], and McKie et al. [50]. In the latter approach, single-
stranded DNA was linked in a multistep procedure with a short primer
covalently coupled to the antibody. The single-stranded DNA-marker also
included a Hind III restriction site. By adding the restriction enzyme previous
to the PCR-step, the DNA-marker sequence was released from the immobi-
lized immuno-complex to the supernatant liquid phase and subsequently
transferred to capillary vessels (see Section 2.2.3).

In the work of Henterich et al. [51], a synthesis combining thiolated DNA
and a sulfo-succinimidy-4-[p-maleimidi-phenyl]butyrate-activated antibody
was introduced, followed by an protein-G affinity column purification of the
conjugate. In this study, a direct comparison between the sequential Univer-
sal-IPCR approach and covalent conjugates was carried out for the detection
of gliadin, revealing an improved IPCR sensitivity by usage of the covalent
conjugate.

Although the use of covalent conjugates combines the advantages of a
drastically shortened and simplified assay protocol with increased sensitivity,
it is also obvious from the above-listed protocols that the conjugation proce-
dure is not as trivial as, for example, a biotinylation. A reliable cross-linking
protocol and the equipment necessary for product purification are required,
whereby cross-linking, purification, and activity control has to be carried out
for each new antibody intended for IPCR usage. This is a major obstacle for
routine studies with changing antigens or antibodies. In addition, the typical
gain in sensitivity as compared to the “standard” ratio between Universal-
IPCR and ELISA was found to be rather low, ranging from 100-fold im-
provement [41] to 30-fold [S1] or even no improvement at all [50]. If these
findings are related to a decrease in antibody activity resulting from the
chemical cross-linking, the general quality of the antibodies or other causes
must be studied in further experiments.
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Although covalent coupling is attractive for multiplex detection and sig-
nificantly simplifies the general assay protocol, most single-analyte clinical
applications today will probably not benefit from this type of conjugate
because of the challenging coupling protocol. Once again, advantages
and disadvantages as discussed for protein chimeras (Section 2.1.1) apply:
If the necessary conjugates are available for the laboratory intending to
perform IPCR, this approach is quite preferable compared to the multistep
approach because of the efficiency of coupling and simplicity of the IPCR
assay.

The development of easy accessible complete antibody DNA conjugates
for single-step incubation is nevertheless the most promising approach for
adapting IPCR to the needs of robust and fast clinical routine application.

2.1.4. Polyvalent Conjugates, Specialized Reagents, and
Ready-to-Use Kit Systems

A different strategy of improving the protein—-DNA conjugates was intro-
duced by the synthesis of conjugates consisting of several antibodies and
DNA markers. In these compounds a higher avidity for the antigen caused
by the larger amount of antigen-binding molecules is combined with an
additional signal enhancement by linking the antigen simultaneously with
many DNA markers.

The latter effect was already postulated for the coupling of tetravalent
STV with polybiotinylated antibodies and DNA, whereby studies of the
interaction of biotinylated DNA and STV [52] indicated that the true
coupling efficiency is rather low. A coupling yield of only approximately
0.1% for linking antigen to DNA by stepwise incubation of antibody,
STV, and monobiotinylated DNA was calculated in a comparison of PCR
and IPCR [37]. Considering the four binding pockets of STV, it appeared
attractive to prepare preconjugated aggregates from biotinylated antibodies,
STV, and biotinylated antibodies in analogy to the two-component avidin-
biotinylated enzyme complex known in ELISA [53, 54] and to incubate these
aggregates in a single-step IPCR [55]. Unfortunately, because of the low
coupling efficiency and statistical distribution, a large number of nonfunc-
tional aggregates containing only STV and DNA or STV and antibodies are
to be expected in a three-component mixture [56].

A logical next step toward a larger number of markers per antigen was
carried out by Kakizaki et al. [25]. A double-biotinylated DNA marker
was implemented in the stepwise Universal-IPCR method to enhance bind-
ing efficiency between avidin and DNA. Although this approach eliminated
separate incubation steps for avidin and DNA and allowed for an impressive
10,000-fold gain in sensitivity compared to ELISA for the detection of
fish pathogen, it still required the in situ preparation of the detection complex
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from avidin and DNA in the microplate well and, previously, a separate
incubation step for the biotinylated antibody.

A systematic study of preincubated conjugates consisting of STV and
double-biotinylated DNA [26] revealed that an optimized DNA length
and ratio of STV/DNA has a large effect on conjugate formation and the
sensitivity of the TPCR assay. By coupling these STV-DNA conjugates
with additional biotinylated antibody, a supramolecular approach to the
synthesis of storable antibody-DNA conjugates was realized [26]. As
reported for covalent conjugates (Section 2.1.3), however, a chromato-
graphic purification step of the antibody—DNA conjugates for the removal
of nonfunctional educts and intermediates was unavoidable for this
approach, too.

An even more “molecular-engineering” approach to linking antibody and
DNA was introduced by Niemeyer et al. [57], using covalent single-
strand oligonucleotide-STV conjugates (“biomolecular adapters’) [58, 59] as
construction material for networks with double-biotinylated DNA. Biotiny-
lated antibody was subsequently bound to adapter conjugates containing
a complementary oligonucleotide sequence and hybridized against the
DNA adapter networks. Interestingly, these well-defined smaller antibody—
DNA conjugates were successfully used in IPCR model studies without
additional chromatographic purification (see Section 2.1.3 and above), reveal-
ing superior performance compared to sequential incubation of biotinylated
antibody, STV, and biotinylated DNA (see Section 2.1.2). Alas, as previously
stated for protein chimeras and covalent conjugates, this advantage in assay
handling is inevitably linked with the need for more unusual assay compounds,
in this case, biomolecular STV-oligonucleotide adapters.

Sequence-specific DNA hybridization was also described by Niemeyer
et al. [60] as a tool in a novel one-step approach to IPCR. In this work, a
mixture of oligonucleotide-tagged capture antibody and a multimeric detec-
tion antibody-DNA conjugate was used to couple the antigen in solution
with both antibodies. The coupling step was performed in a microwell coated
with oligonucleotides complementary to the sequence linked to the capture
antibody, thus merging assembly and immobilization of the conjugate in a
single incubation step (see Fig. 4B). Coupling of capture antibody and
oligonucleotide was performed by use of the biomolecular adaptors de-
scribed above. This application of highly effective DNA-directed immobili-
zation (DDI [61]) establishes a very fast and robust protocol. Although
this approach needs two DNA-labeled antibodies, the increase in reagent
complexity again simplifies assay handling and robustness.

To circumvent the need for separate functionalization for each specific
antibody, the concept of species-specific secondary reagents was developed
[62] according to the principle introduced for Universal-IPCR [24]: By
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combination of a nonfunctionalized antigen-specific primary antibody with a
DNA-coupled species-specific secondary antibody (see Fig. 3B,D), only a
small range of species-specific antibody-DNA conjugates is needed for
IPCR. In contrast to covalent antibody-DNA conjugates, which could also
be used in this fashion, the loss in coupling efficiency caused by the additional
coupling step of the primary antibody is compensated by the generally higher
signals of the multimeric conjugates.

The synthesis of antigen-specific primary conjugates from detection anti-
body and DNA is also facilitated by supramolecular conjugation. These
conjugates reduces the amount of incubation steps necessary in IPCR.

Nowadays, ready-to-use multimeric conjugates are commercially available
(IMPERACER conjugates, Chimera Biotec), thus liberating the scientist
from the need to provide labeled DNA markers and to perform the necessary
synthesis optimization steps or the actual coupling/purification of the conju-
gate by him- or herself. Still, nonspecific cross-reactivity of the IPCR
reagents should be checked in a proof-of-principle experiment for each new
application. In addition, as reported for Universal-IPCR (Section 2.1.2), the
adaptation of the reagent concentrations is recommended for maximum
sensitivity, whereby the reduction of incubation steps and assay parameters
significantly facilitates method optimization.

The conjugates were found to be very robust and are available as second-
ary species-specific reagents against several common primary antibodies,
such as mouse Immunoglobulin G (IgG), rabbit IgG, or goat IgG [62].
Custom-made conjugates including primary antibodies are provided by
manufacturing companies such as, for example, Chimera Biotec GmbH.

2.2. DNA DetEcTION: READOUT OF THE IPCR METHOD

In addition to successful linking of target antigen and DNA marker, as
discussed in the previous chapter, the subsequent amplification of the DNA
is the second key factor for efficient IPCR. Similar to many protocols
developed for quantitative PCR [2], the DNA amplification product has
to be converted into a detectable signal. Typically, a simple yes/no decision
on the presence of the DNA marker is not sufficient, and a quantitative
readout dependent on the antigen concentration is needed. Therefore, in
many IPCR applications the cycle number in PCR-amplification is limited
to the exponential phase of the amplification; for example, 30 or fewer cycles
[10, 24-26, 29, 31, 33, 37]. Alternatively, successful applications of 40 cycles
were also reported [34-36, 38, 39, 41], underlining the relative flexibility of
PCR conditions for the amplification step. The need for an optimized cycle
number is only important for end point determinations such as gel
electrophoresis (Section 2.2.1) or PCR-ELISA (Section 2.2.2). Recently, the
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standard approach to quantitative PCR has changed to on-line measurement
of DNA amplification in real-time PCR (Section 2.2.3). This method com-
bines superior reproducibility with the complete elimination of any addition-
al analytic steps subsequent to PCR, thereby making the assay much easier
and faster [63].

However, real-time detection requires access to a special real-time PCR
cycler, which is able to detect the increase/decrease of added fluorescence
labels during DNA amplification. Although these machines are more and
more common for quantitative DNA analysis, their availability in clinical
laboratories is still limited. Therefore, the following subsections also include
a detailed overview of the “classical” approaches to quantitative (I)PCR
amplificate, analysis which exchanges less demanding PCR equipment for
additional hands-on time. The sensitivity of real-time or end-point IPCR
detection is quite similar. A comparison of the influence of different
endpoint detection methods to the overall sensitivity of IPCR is given in
Fig. 5.

2.2.1. Gel Electrophoresis and Direct Detection of
DNA-Specific Labels

Starting with the first IPCR study, gel electrophoresis retains its potential
as a fast and easy method for end-point determination of DNA amplificate
for IPCR assays [10, 24, 25, 29, 31, 35, 36, 38, 39, 64]. Readout is performed
by intercalation fluorescence markers (e.g., ecthidium bromide) and
photometric/densitometric quantification of band signal intensities. The di-
rect addition of a double-strand specific intercalation marker to the PCR
amplificate and subsequent measurement of fluorescence in microwells
proved to be of insufficient sensitivity for the quantification of IPCR ampli-
ficate [37]. Alternative approaches, such as radioactive labeling during PCR
and subsequent imaging [33], were carried out but are not well suited for
routine clinical application because of additional methodological require-
ments. An advantage of gel electrophoresis is the possibility of simultaneous
amplificate detection for multiplex TPCR [41] and the ability to detect non-
specific amplification products.

With an increasing amount of samples, however, handling of large-scale
gel electrophoresis becomes cumbersome. Although the ELISA-compatible
microplate format of IPCR easily allows for simultaneous performance of 96
assays, handling, loading, and analysis of large gels for 96 or more samples,
especially in multiple determinations for statistical analysis of the data, is not
desirable for routine or automatic readout.

Moreover, because of sample handling and densitometric quantification, a
high error was observed for double determination of gel electrophoresis
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FI1G. 5. Several endpoint detection methods were compared for the detection of immuno-
polymerase chain reaction (IPCR) amplificate from a direct IPCR (Fig. 3A) of mouse-IgG.
Although all IPCR/DNA-detection combinations were able to improve the detection limit of a
comparable enzyme-linked immunosorbent assays (ELISA) of approximately 10 amol IgG in a
30-fL sample volume, several differences were observed in actual detection limit, and the
linearity of the concentration/signal ratio dependent on the DNA quantification was applied.
Best results were obtained for PCR-ELISA (see also Fig. 6) in combination with fluorescence- or
chemiluminescence-generating substrates (b, ¢). With photometric substrates (d) or gel electro-
phoresis and subsequent spot densitometry (a), a 10-fold decrease in sensitivity was observed. In
addition to the more sigmoid curve in gel electrophoresis, an enhanced overall error of 20%
compared to 13% in PCR-ELISA was observed for two independent assays. The simple addition
of a double-strand sensitive intercalation marker to the PCR-amplificate and measurement in a
fluorescence spectrometer further decreased sensitivity (e) and appears therefore to be unsuited
for IPCR amplificate quantification. (Figure modified according to references 37 and 65.)

signal readout [29, 37], particularly when compared to other quantification
techniques.

2.2.2. Microplate-Based Analysis: PCR-ELISA and PCR-ELOSA

The addition of hapten-labeled primers or nucleotides allowed for the
synthesis of modified PCR amplificate during PCR amplification. For im-
mobilization of the functionalized amplificate, either hybridization to com-
plementary solid-phase bound capture oligonucleotides ELOSA [30, 65-67]
or coupling of twofold-labeled amplificate to solid-phase-bound STV
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(PCR-ELISA [37]) were described. The immobilized hapten-labeled ampli-
fication product was subsequently detected by an antibody—enzyme conju-
gate similar to conventional ELISA. By choice of a chemiluminescence- or
fluorescence-inducing substrate, the sensitivity of the IPCR essay is fur-
ther enhanced [37]. A comparison of different detection methods is given
schematically in Fig. 6; typical results are compared in Fig. 5.

In addition to the further increase in sensitivity, the advantages of micro-
plate-based detection methods are manifold: The direct digital readout of a
conventional microplate-reader allowed for easy processing of multiple
samples; the compatibility to standard ELISA procedures ensures a robust
and simple handling, and therefore also a significant decrease in method

PCR-ELISA ELOSA

FIG. 6. Polymerase chain reaction—enzyme-linked immunosorbent assay (PCR-ELISA) and
enzyme-linked oligonucleotide sorbent assay (ELOSA). During PCR, additional haptens were
included in the amplification product, thus enabling the immunological detection of the ampli-
ficate following PCR. In PCR-ELISAs, biotinylated primers and a hapten-labeled nucleotide
(e.g., Digoxigenin-dUTP) were used in combination. The double-labeled PCR product was
immobilized using streptavidin-coated microplates and detected with a hapten-specific
antibody-enzyme conjugate [37]. In an alternative approach, only hapten-labeled nucleotide or
primer was used and the immobilization was carried out using hybridization against solid-phase
bound capture oligonucleotides. This approach, termed ELOSA additionally discriminates
between amplificates with different recognition sequences and is therefore well suited for
multiplex IPCR or the parallel detection of DNA marker and competitor [30, 66, 67, 76].
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error; and as automatic or semiautomatic ELISA processing equipment is
widespread, this procedure is especially suited for automation.
Furthermore, the sequence-specific identification abilities of the hybridiza-
tion step in [IPCR-ELOSA allow for separation between different amplification
products in multiplex analysis or individual detection of a marker and
competitor DNA for internal standardization (see Section 2.3.6) [66].
Disadvantages of this approach are, of course, the additional time- and
reagent-consuming handling steps following PCR amplification.

2.2.3. Real-Time PCR

A major breakthrough in the development of quantitative PCR was the
invention of real-time detection methods for DNA amplification product
during PCR [63]. In this technique, a fluorescence-generating probe (e.g.,
a Tag-man probe, see Fig. 7A) is added to the PCR mix. During ampli-
fication of the DNA template, the probe is modified/degraded, so that an
initially quenched fluorescence increases parallel to the increased amount of
amplified DNA. As a less specific alternative, an intercalation marker could
be added to the PCR mix, which incorporates in the double-stranded PCR
product and thereby increases fluorescence during PCR.

With different kinds of real-time PCR-thermocyclers, different combinations
of IPCR and real-time amplificate detection were studied. In the work of
Sims et al. [49], describing the first proof of principle of real-time IPCR, an
AbiPrism7700 sequence detector (Applied Biosystems) was used in combina-
tion with a TagMan Probe for the detection of vascular endothelial growth
factor (VEGF). Because of a high background (signals for IPCR negative
control after 28.3 cycles while convential PCR negative control should be
negative even after 40 cycles), a large error (interassay CV: 14%-28%, intraas-
say CV: 24%-40%) and only a fivefold sensitivity improvement compared to
conventional ELISA was found in this initial proof of principle, perhaps caused
by disadvantages from covalent antibody—-DNA coupling. Nevertheless, a
good correlation between ELISA and IPCR was observed.

McKie et al. [50, 68] attempted to adapt the IPCR technology to the
LightCycler real-time PCR-device (Roche) for an ultrasensitive assay of
mumps IgG. As this machine uses capillary vessels in a rotating heating
chamber for especially fast performance of the PCR amplification, the con-
tents of the microplate-based antigen/antibody/DNA immobilization have to
be transferred to the capillaries needed for the amplification step. Naturally,
this additional transfer step previous to PCR is not beneficial for the sensitivi-
ty of the assay. In addition to the properties of the covalent DNA—protein
conjugate (see Section 2.1.3), a nonspecific binding of human IgG was ob-
served as limiting factor for assay sensitivity. Because of a combination of
these effects, no IPCR sensitivity improvement was observed by McKie et al.
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FI1G. 7. A novel approach to quantification of (immuno-) polymerase chain reaction [(I)PCR]
amplificate is the online detection carried out in real-time IPCR. (A) Principle of TagMan real-
time PCR (Applied Biosystems): An additional oligonucleotide probe, containing a fluorescence
dye and a quencher, is added to the PCR mastermix. Although the DNA polymerase activity of
the Taq enzyme elongates the PCR primer during the synthesis of the novel complementary
DNA strand, the exonuclease function of the enzyme destroys the TagMan probe bound next to
the primer. The separating of fluorescence marker and quencher thereby induces a fluorescence
signal for each amplified DNA strand. (B) Signal readout of a real-time IPCR experiment:
Mouse-IgG immobilized on a microplate was detected with an antimouse IgG-DNA conjugate
(see Fig. 3A). The fluorescence intensities (Rn) were plotted against the cycle number and
normalized against a baseline using fluorescence in the first 15 cycles. A uniform threshold
was set at the Rn = 100 in the linear amplification range. With a higher threshold, the PCR
negative control (PCR-NC) could be excluded completely from the Ct values. The Ct value was
determined as the intersection of the threshold and the signal curves. Note excellent reproduc-
ibility of the method visible in the small standard deviations (average: 0.7 £ 0.4 %) calculated
from double determination. (Experimental protocol described in reference 67.)

In the work of Lind et al. [69], an iCycler iQ System (Biorad) was used
in combination with the intercalation marker SYBR green (Molecular Probes)
for the detection of prostate-specific antigen (PSA). Once again, a high
background and a bad signal-to-noise ratio limited the sensitivity improve-
ment to an 100-fold increase of detection limit in IPCR (2.4 x 10e6 molecules,
approximately 3 amol) compared to approximately 300 amol in conventional
ELISA.

Henterich et al. [51] returned to the initial AbiPrism 7700/TagMan system
for the detection of gliadin in food samples, with a 30-fold gain in sensitivity
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compared to ELISA (see also Section 3.4). In this work, plate material and
immobilization of the antigen were identified as the main source for increased
nonspecific binding.

The obstacles in the development of a robust routine-suited real-time
IPCR method with the typical 1000-fold IPCR sensitivity increase were finally
overcome by the use of multimeric antibody—-DNA reagents (see Section
2.1.4), a microplate-compatible AbiPrism 7000 real-time cycler (Applied
Biosystems), and TopYield Modules (Nunc; see Section 2.3.1.). In a study
carried out with several model antigens and practical examples, real-time
IPCR revealed similar or better sensitivity as conventional IPCR, with signif-
icantly lowered standard derivations and a good tolerance for biological
matrices such as human plasma [62, 67].

The major drawback of the real-time method IPCR is the need for a
specialized real-time cycler, preferably compatible to the microplate for-
mat. With the increasing distribution of these machines, there is also an
emerging range of new opportunities for real-time IPCR. The need of an
additional fluorescent probe during PCR is compensated for by the fact
that all materials and reagents for post-PCR processing were no longer
required. However, the need for separate discriminable fluorescence probes
reduces the usefulness of real-time detection in multiplex IPCR applications.

Considering the advantages resulting from reduced handling efforts and
assay time, combined with the minimized contamination risk by eliminating
any post-PCR handling steps of TPCR marker—-DNA amplificate, these
methodical improvements predestine the real-time PCR as the method of
choice for IPCR routine applications (e.g., in day-to-day clinical analysis or
large-scale screening tests).

2.3. PERFORMING IPCR: A PRACTICAL APPROACH

Although the core steps of IPCR, DNA-antibody coupling, and DNA
detection were discussed in detail earlier, the actual performance of the
ultrasensitive assay requires some more considerations from the clinical
laboratory scientist. A number of different protocol details and experience
in IPCR assay fine-tuning were collected during the experimental work of
several researchers. In the following paragraphs, the basic requirements of an
optimized IPCR protocol are discussed:

2.3.1. Plate Material

As the standardized 96-well microplate format (and multitudes thereof)
has found universal prevalence as the platform of choice in routine labora-
tory applications (ELISA and PCR), the full compatibility of the IPCR
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technique with ELISA equipment is one of the key advantages for converting
well-established ELISA tests to ultrasensitive [IPCR.

The requirements for microplates, micromodules, or microstrips in
IPCR are nevertheless different from typical ELISA or PCR plate material.
A microplate material combining antigen-binding properties with com-
patibility to the heating blocks in PCR thermocyclers is required to avoid
the disadvantageous additional transfer step between different wells for
antigen—-DNA coupling and PCR amplification [33, 50, 68].

Initially, conventional PCR tubes from various suppliers consisting,
for example, of polypropylene or PVC with intentionally low protein-
binding capacities were used for IPCR [24, 29, 30, 41, 70]. As an alternative,
polycarbonate TopYield modules (Nunc, Roskilde), specifically designed
for IPCR applications with improved protein-binding properties, are in-
creasingly popular as the material of choice for IPCR [26, 27, 34-37, 51,
62, 66, 67].

2.3.2. Blocking of Nonspecific Interactions

In ultrasensitive analytics it is very important to avoid nonspecific back-
ground signals. The choice of appropriate blocking reagents for nonspecific
interactions is therefore an imperative for IPCR. Similar to conventional
ELISA [71], a protein coating is the basic blocking reagent in IPCR. Almost
all TPCR assays use either milk powder (e.g., [10, 24, 26, 29, 32, 37, 68, 70,
72]) or BSA [e.g., 28, 30, 49, 51]. Taking into account the presence of the
DNA marker in each well and the extreme liability of the PCR signal
amplification to a nonspecifically bound DNA marker, additional DNA
(e.g., salmon sperm DNA) is included in the blocking reagent of many
standardized IPCR protocols [10, 24-27, 34-37, 49, 70]. With some protocols
obviously functional without the addition of (sometimes expensive) blocking
DNA, the effect of the addition of DNA should be studied individually for
each application. Thereby, each possibility to reduce nonspecific binding by
adaptation of the blocking buffer to special assay conditions (e.g., by using
animal sera as blocker for nonspecific antibody interactions [25]) should be
studied during assay development.

In addition to the above-mentioned in-house preparations of common
blocking reagents and variations thereof, commercial available ready-to-
use blocking reagents were also successfully applied in IPCR. These reagents
either includes DNA, as in Chimera Biotecs IPCR blocking reagent [62, 66,
67], or were prepared from Blockace buffer (Dainippon Pharmaceutical) and
separately added DNA [34, 36].

In general it was found that best signal intensities for a sandwich IPCR
technique (Fig. 3C), were obtained by using the same polyclonal antibody
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as a capture-and-detection antibody, probably because of minimized
nonspecific interaction [31, 36, 37].

2.3.3. Assay Duration

In most protocols for TPCR, microplate surface coating with capture
antibodies and subsequent blocking was carried out overnight, thus making
it the most time-consuming step in the complete assay. Coated plates
were stored at 4 °C, allowing for a reduction of actual assay time by bulk
preparation in advance [67]. IPCR handling time is therefore defined by
the assay duration from taking prepared plates out of storage to placing
them into the PCR-cycler. Dependent on the number of steps required for
the coupling of antigen and DNA, typically, assay duration is less than
half a day. With a reagent incubation time of typically 30-60 minutes,
IPCR processing time is therefore comparable to standard ELISA with
usual 1.5-4-hour assay duration. Another 1-3 hours of post-PCR processing
time has to be added for gel electrophoresis or PCR-ELISA/ELOSA
quantification of the amplificates, whereas real-time IPCR is completed
with the PCR step. Including the typically 90-minute to 2-hour duration of
the PCR amplification, it is possible to carry out almost all standardized
IPCR protocols in a single day, starting from application of the sample
and ending with digitalized data readout. Hands-on time is typically 2-4
hours total and could be minimized by the usage of automatic washers (see
Section 2.3.4), ready-made complete kit solutions, and real-time IPCR
[62, 67].

2.3.4. Washing Procedures

To remove unbound reagents, washing with detergent-containing
buffer (mostly Tween 20, see e.g., [24], with some exceptions; e.g., Triton
X-100 [34]) is a vital part of each IPCR protocol. For enhanced stability
of the reagents, Ethylenediaminetetraacetic acid (EDTA) is part of most
washing buffers. In contrast to blocking reagents, which should also include
DNA, IPCR washing buffer composition is similar to typical ELISA buffers
[8, 9]. Dependent on the general affinity of the antibodies, DNA, or plate
material for nonspecific binding, sometimes extensive numbers of washing
steps (e.g., 18 [10] or even 38 [30]) were applied before PCR. In almost all
standard protocols, typically five washing steps were found sufficient, fol-
lowed by the important removal of EDTA previous to PCR amplification
for maintaining maximum activity of the Mg-cofactor-dependent Taq en-
zyme. Washing could be performed automatically [29] or manually, using
a multichannel pipette.
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2.3.5. Background Minimization and General Assay Sensitivity

Independent from any strategy to minimize IPCR nonspecific binding,
almost any IPCR application revealed some kind of background signal
even in negative control samples without antigen. These findings are signifi-
cantly different from negative PCR controls without DNA, which normally
show no signal whatsoever. The key difference between PCR and IPCR is the
presence of the DNA marker during incubation in any well, including
negative control. Therefore, even single molecules of DNA remaining from
the necessary incubation of marker DNA are able to induce a background
signal in spite of all washing steps, additionally enhanced by DNA correctly
bound to nonspecifically bound antibodies.

Therefore, it could be concluded that a certain background level is inevita-
ble for IPCR because of the methodical set-up. In clinical applications, false-
positive signals are therefore a potentially major problem. Great care has to
be taken in method validation and choice of appropriate positive and negative
controls for obtaining correct data from ultrasensitive analysis [66, 73].

This effect is also responsible for the observation that, in most IPCR
applications, at least 1000 molecules of the antigen are necessary for valid
and significant signals. The single-molecule sensitivity of PCR, both theoret-
ically possible and demonstrated at several examples [5, 7], should be practi-
cally inaccessible by IPCR. Although some cases of single-molecule IPCR
sensitivity are reported as exceptions from this rule [29, 31], single-cell detec-
tions or fractions thereof are entirely possible with IPCR [13, 31, 74] because
of the larger number of surface or marker antigens.

As the complete removal of background seems impossible, the alternative
strategy of increasing signals for an improved signal/background ratio, and
therefore higher sensitivity, appeared very promising. With the introduction
of multimeric conjugates [26, 62] or elaborate fine-tuning of assay parameters
[25, 26, 29-31, 37], the signal-to-background ratio obtained from correct
antigen binding could be noticeably enhanced, thus improving the overall
performance of the IPCR.

2.3.6. Quantification and Standardization by External and
Internal Controls

Each valid clinical assay should typically include external controls such
as positive and negative controls with and without the antigen to be
detected. For IPCR, an additional PCR negative control has to be included
for the detection of nonspecific contamination of the amplification mix.
These IPCR and PCR controls were used for the normalization of the
obtained signals, thus facilitating the comparison of data between different
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experiments [37]. Dependent on the biological matrix to be analyzed and the
quantification requirements, additional controls for assay precision and
recovery are recommended according to “good laboratory practice” (GLP)
procedures [75].

In an IPCR study carried out for the detection of the novel anticancer
drug Aviscumin (INN name, also: rViscumin) [66, 73] (see Section 3.3),
negative controls of patient samples before the application of a medi-
cament were available. Therefore, negative controls obtained for each
individual with and without antigen spiking were compared to standardized
human plasma for the determination of signal recovery in each sample
[66, 73]. Following normalization and quantification against an individual
calibration curve for each patient, an average spike recovery of 95% =+ 19%
was found for 40 individual patients. Because of the normalization, it was
possible to circumvent patient-to-patient variations during data analysis.

Additional standardization was achieved by including an artificially
designed internal competitor DNA in the amplification mix, thus supple-
menting the external standards (Fig. 8A). This DNA fragment, using
the same primer pair as the DNA marker of the IPCR antibody-DNA
conjugate, was coamplified during PCR and induced amplification signals
inverted proportional to the signals obtained from the DNA marker. By
calculating the ratio of marker and competitor DNA (Fig. 8C, D), an
additional signal enhancement was observed. Missing signals or an ex-
tremely high presence of both signals, marker and competitor, indicated an
error in amplification. The functionality of this approach was demon-
strated with gel electrophoresis [76], PCR-ELOSA [66, 76], and real-time
PCR [62]. Marker and competitor DNA were individually identified either by
different length (gel electrophoresis, Fig. 8B) or because of a different recog-
nition sequence in the otherwise similar DNA sequence. This recognition
sequence was detected either by hybridization with a complementary capture
oligonucleotide (PCR-ELOSA, see also Fig. 6) or by a TagMan probe (real-
time PCR).

Using the example of Aviscumin, [IPCR demonstrated its properties as a
high-resolution quantification tool in a very narrow quantification window
between 0.1 and 6 pg of the analyte, as required for the application [73]. This
is a novel application for IPCR, as the method usually excels with its
exceptionally broad quantification range.

For typical ELISA applications, a rather narrow detection window is
observed, limited by the linear signal increase in the middle of the sigmoid
enzymatic response curve. In contrast, IPCR revealed an extension of this
linear detection range, often covering more than four decades of antigen
concentration [26, 29, 36-38, 41, 66]. This additional quality of the IPCR
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is noteworthy, as it is a very useful feature when establishing quantitative
assays.

2.3.7. IPCR Precision and Reproducibility

As each increase in antigen sensitivity is inevitably linked to a possible
enhancement of method error, the precision of the IPCR is of particular
interest for clinical applications of the method. First studies indicated a
rather large standard deviation for IPCR, typically being 10%-20%, and
sometimes even higher [29, 30, 37, 49]. Careful optimization of the assay
protocol significantly decreased the method error, especially by standardized
handling, elimination of error-prone incubation and washing steps, and
lately, using the highly reproducible real-time PCR detection. For real-time
IPCR using standardized reagents, typical intraassay standard deviation
(double determination) was found at 1.4%-2.5% in pure buffer and 3.1%—
4.4% 1in biological matrix, compared to 8.0%-10.1% and 10%-15% for IPCR/
PCR-ELISA, respectively. In three independent assays, interassay error was
found to be 5.3%-9.1% for real-time IPCR and 14.1%-20.0% for ITPCR/
PCR-ELISA [62].

With these parameters, an optimized IPCR is comparable to conventional
ELISA; the additional PCR signal amplification has no negative effect on the
performance of the immunoassay. The optimized IPCR protocol is therefore
well suited for all clinical applications compatible with the widespread
ELISA method.

F1G. 8. Use of internal competitor in immuno—polymerase chain reaction (IPCR). (A) Sup-
plementing the DNA-antibody conjugate containing DNA marker I, an internal DNA compet-
itor fragment II was added in a constant concentration to the PCR mastermix and coamplified
during PCR. As both DNA targets compete for primer and PCR reagents, the ratio of both
PCR products depends on the amount of antigen to be detected. (B) IPCR detection of rabbit-
IgG with marker and competitor DNA: Gel electrophoresis image of marker and competitor
DNA PCR amplificate. (C) Comparison of the absolute signal intensities obtained by IPCR—
enzyme-linked oligonucleotide sorbent assay (see Fig. 6) of the marker DNA (I) included in the
PCR reagent in the presence of a constant amount of competitor DNA (II) as detected in the
IPCR assay of Aviscumin [66]. Note the inverted proportional slope of the two curves. (D):
Compearison of different IPCR protocols for the detection of Aviscumin [66]. With the conven-
tional Universal-IPCR method B (see Fig. 2B), using subsequent coupling of antibody and
DNA marker, approximately 1 pg/mL (0.5 amol in 30 uL sample volume) Aviscumin was
detected in a buffer solution (down triangle). In serum samples, the detection limit and the
signal intensity are decreased (up triangle). The use of CHIMERA reagents (IPCR method B)
not only compensates the loss in detection quality but also increases the detection limit of the
IPCR assay (squares). As compared to the analogous enzyme-linked immunosorbent assay,
carried out in serum (circles), the use of IPCR leads to an improvement in the sensitivity of
at least three orders in magnitude. (Figure 8A, C, and D reprinted from publication [66],
Copyright (2003), used with permission from Elsevier.)
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3. IPCR Applications: Different Target Antigens and
Individual Strategies for Assay Improvement

As the first part of this review discussed how IPCR is carried out,
the following part will highlight a number of interesting applications of the
IPCR method with clinical relevance as well as some necessary and unique
adaptations of the basic IPCR protocol.

Table 1 provides a comprehensive summary on various IPCR applications
by antigen, including information about assay type, detection limits, and detec-
tion method. Different kinds of antigens revealed different properties of the
IPCR method, subdivided here according to six general fields of applications.

3.1. TUMOR MARKERS AND DISEASE-ASSOCIATED PROTEINS:
CoNVENTIONAL I[PCR AND METHODIC ALTERATIONS

The most common target antigens for IPCR were chosen from the range
of tumor-/disease-associated antigens. These marker proteins were prime
targets for the further development of the IPCR method: They have a
potentially high impact on clinical diagnosis of widespread diseases and
are inaccessible by conventional PCR because of their proteinaceous nature.
Beginning with the standard Universal-IPCR protocol by Zhou et al.,
already introduced in Section 2.1.2, several methodic alterations and
improvements of the basic IPCR protocol were studied for the first time
with these antigens, revealing how the basic concept of protein-DNA con-
jugates and subsequent DNA amplification could be varied according to
different applications.

In the establishing paper of the Universal-IPCR method [24], approxi-
mately 5780 molecules of a full-length recombinant human proto-oncogene
ETS-1 were detected in a 50-ulL sample directly immobilized overnight
against a microplate surface. As the majority of antigen molecules in
this sample volume were not expected to be immobilized during overnight
incubation, it was assumed that this detection limit was near the theoretically
possible minimum for solid-phase bound antigen.

VEGTF is a potent mitogen that also occurs at elevated levels in association
with some types of cancer. Sims et al. [49] carried out the first real-time IPCR
(see Section 2.2.3) for the detection of VEGF in human and mouse serum.

A good correlation between ELISA and IPCR was found with recovery
rates between 120% and 83%, and a detection limit of 0.2 pg/mL for VEGF in
10% pooled mouse standards and 2 pg/ml in 10% individual human serum
was observed. This example illustrates how matrix effects influence perfor-
mance of the IPCR, an important point in adapting the IPCR protocol to
novel problems. Optimization of experimental parameters, however, allowed



272 MICHAEL ADLER

for compensation of the differences between buffer, pooled serums, and
individual serum samples [66, 73].

One of the most significant tumor markers identified so far is the prostate-
cancer serum tumor marker PSA. In addition to the above-mentioned (2.2.3)
real-time TPCR by Lind et al. [69], PSA was also target antigen in two
methods related to IPCR. In the expression immunoassay [77, 78], intro-
duced by Cristopoulos et al. in 1995 [77], a DNA marker encoding the
luciferase enzyme was included as a label in DNA-antibody conjugates and
translated following PCR amplification of the DNA. The detection of the
expressed enzyme allowed for the detection of 1.1 amol (30 pg/mL) PSA by
this method, using a clever if somewhat complicated nature-mimicking way
to detect the marker DNA.

Another PSA detection with antibody—-DNA conjugates and 0.1 pg/mL
detection limit (compared to 0.1 ng/ml in ELISA) was carried out by
Schweitzer et al. [44] using the innovative RCA for Immuno-RCA (see 2.1.3).

For the detection of CEA in human blood serum, as well as for the
detection of prions (see also Section 3.4) Niemeyer et al. applied the one-
step DDI-IPCR [60] described above (2.1.4). This method combines
the advantages of coupling the antigen in solution, effective hybridization-
directed immobilization, IPCR signal amplification, and real-time detection
(2.2.3) into a very fast and robust protocol with a 1000-fold sensitivity
increase over conventional ELISA.

Ren et al. reported IPCR applications for gastritic tumor—associated anti-
gen MG7-Ag first in cell lines [79] and later on in patients [32], as well as the
detection of CEA in human sera and blood stem cells [18] with a chimeric
protein discussed above in Section 2.1.1. In the latter example, IPCR was able
to detect a possible tumor-cell contamination of the leukophoresis blood stem
cell samples from 2 of 12 patients with breast cancer. These findings are
important for the evaluation of sample purity in stem cell reinfusion therapy,
as highly sensitive analysis techniques for donated samples are reducing
the risk of possible transfer of dangerous cell material. Furthermore, the
monitoring of circulating tumor associated antigen revealed not only 92.3%
recovery in samples with increased CEA levels as found by RIA but, addi-
tionally, 50% positive results in samples with an assumed normal CEA level,
thus allowing for a much earlier indication of the possible risk for relapse or
metastasis of resected tumors.

For MG7-Ag, similar results were obtained [32]: A direct comparison was
carried out with commercially available kits for several tumor markers and
an IPCR of MG7-Ag. The IPCR assay detected 81.4% seropositive samples,
whereas other tests varied between 48.8% (MG7Ag with IRMA detection)
and 33.7% (CEA-RIA) correct identifications of gastric carcinoma patients.
IPCR additionally allowed for the discrimination between patients both with
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and without metastasis by signal intensity as well as the detection of other
cancer subtypes. After false-positive signals were ruled out during assay
development, an alarming ratio of 0.8% (2/236) supposedly healthy blood
donor samples were found to be seropositive, indicating previously undetect-
ed disorders in these patients. For gastritic cancer, one of the most significant
malignancies causing mortality, an early and correct diagnosis is of great
importance in improving survival. The usefulness of the highly sensitive
IPCR for the screening and monitoring of low-level tumor-associated
antigens is therefore obvious.

TNF-«a was studied by several groups as a target antigen for IPCR. As an
important mediator in inflammatory and autoimmune diseases, detection of
this protein was carried out in rat cerebrospinal fluid (CSF) [33] or in human
serum [34, 39, 80]. IPCR allowed Sanna et al. for the first time to record
a time course of TNF-« induction in the rat CSF following bacterial lipo-
polysaccharide injection. In contrast to ELISA, TNF-a was detectable 15
minutes after injection, and the kinetics of early-on antigen increase could be
monitored quantitatively by IPCR. This example emphasizes how a rather
small 16-fold increase of sensitivity compared to ELISA could open up a new
field of kinetic studies, as ELISA only showed TNF increase after 90 minutes
in a very narrow sigmoid curve [33]. Analysis of the pathophysiologic role
of TNF-« in human plasma has been difficult because low concentrations
were often inaccessible with classical assays, including healthy controls
for reference. IPCR monitoring of TNF-a in plasma samples taken
from healthy blood donors, patients with ulcerative colitis, and patients
with Crohn disease revealed an increased TNF-a serum level in patients
with inflammatory bowel disease and, furthermore, the ability to separate
between patients with active and inactive ulcerative colitis [39]. In addition,
in patients with Duchenne muscular dystrophy, an increased level of TNF-«
was observed [80].

These findings illustrate how the properties and further improvements of
the IPCR assay were applied for analyzing the clinical significance of marker
proteins in various diseases. The ability of the IPCR assay to detect low levels
or small variations in protein concentration even in biological matrices
allows for the confirmation of the relationship between proposed new marker
proteins and the progression of the disease.

3.2. VIRUS ANTIGENS: A CoMPARISON OF IPCR AND NUCLEIC
AcID ANALYSIS

The presence of a virus is detectable by several possible marker com-
pounds, including core RNA or DNA and an assortment of proteins.
The relation between nucleic acid-based PCR or RT-PCR techniques and
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protein-based methods like ELISA and IPCR is of key interest for the studies
of viremic infections. Although protein expression encompasses important
information about the actual presence and reproduction of the complete
virus, the detection is normally much less sensitive than PCR or RT-PCR.
However, as there are many copies of, for example, shell or core proteins
present in a single virus, but only a single copy of RNA/DNA, the increased
number of targets for antigen detection is theoretically advantageous for
protein detection, especially for very small amounts of virus copies in a
given sample.

As observed in the following examples, improved protein detection is
therefore able to improve the detection limit even below nucleic acid—based
PCR methods. In addition, many factors inhibiting the PCR of nucleic acids
from a given sample were easily circumvented by the specific binding and
washing steps routinely included in protein-based immunological methods.

Because of an observed low-level transcription of the viral gene as one of
the persistence mechanisms of the virus in its host, and because of the
resulting difficulties in detection, hepatitis B surface antigen (HbsAg) pre-
sents a challenging target for IPCR method development [30, 37, 81]. Maia
et al. [30] introduced the sandwich IPCR (termed “two-site IPCR” or
“TIA”) protocol for HbsAg, carried out according to the Universal-IPCR
protocol. A panel of different antigen-specific monoclonal antibodies was
carefully tested for their properties as capture and detection antibodies.
Different biotinylation ratios were compared for the detection antibody,
enabling a significant gain in sensitivity in the optimized assay. This study
emphasizes the need to choose the optimal antibody for the ultrasensitive
IPCR assay, as each disadvantage of the antibodies is also amplified in IPCR.

The influence of antibody selection was also described in the work of
Niemeyer et al. [37], in which an indirect sandwich assay (Fig. 3D) with a
nonfunctionalized primary detection antibody was compared to a direct sand-
wich assay (Fig. 3C). The removal of one incubation step resulting from the
functionalized primary antibody increased coupling efficiency, thereby
improving the signal-to-background ratio and, ultimately, the sensitivity of
the assay.

It was found that IPCR allowed for a 100-1000-fold improvement of
sensitivity while using a nonradioactive method, thus facilitating labora-
tory handling, waste disposal, and environmental consciousness in assay
performance.

HbsAg was also the antigen of choice for the first evaluation of the pro-
perties of an in situ IPCR: Cao et al. [81, 82] introduced this method in
direct similarity to the Universal-IPCR (2.1.2) and PCR-ELISA (2.2.2)
protocols, respectively, for the detection of HbsAg in tissue samples. Com-
paring samples from 17 explanted livers of hepatitis B (HBV)-infected
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patients with two negative controls, an extremely good accordance of 14/17
correct positive with no false-negative identifications were found for in situ
IPCR, and 15/17 correct positives were found for standard-IPCR. In con-
trast, immunohistochemistry only allowed for 5/17 (avidin-biotinylated
enzyme complex) to 10/17 tyramide signal amplification (TSA) correct posi-
tive identifications. In one case of liver cirrhosis, IPCR and in situ IPCR
allowed a correct positive identification, while even in situ PCR (also 14/17
positive identifications) lead to false-negative results.

These findings underline how combined information obtained from nucleic
acid and ultrasensitive protein detection support each other to provide a
valid diagnosis.

Bovine herpesvirus 1 was the target in an IPCR study carried out by
Mweene et al. [28], following the Universal-IPCR protocol without method-
ical variations. In this work, nasal secretions of eight intranasally bovine
herpesvirus 1-inoculated calves were studied over several days with IPCR.
It was found that after 10 days following infection, no more virus shedding
was detectable by virus isolation assay, and clinical symptoms were disap-
pearing for some individuals after days 8-16. IPCR, however, allowed the
detection of the BHV-1 even after day 20. In control samples, no false-
positive signals were found. Comparing the titer calculated as log 10 recipro-
cal to the highest positive dilution of a cell culture supernatant of infected
MDBK cells for several conventional detection methods, IPCR revealed
a titer of 10.9, which was obviously superior to plaque forming assay (7.2),
ELISA (3.9) or PCR (4.0).

The robust detection of antigens in a biological matrix and the prospect of
monitoring an infectious illness after the disappearance of clinical or con-
ventionally detectable symptoms are therefore powerful arguments for the
application of IPCR in virus screening tests.

Other studied virus markers encompass influenza viral antigen nonstruc-
tural protein 1, detected in combination with hemagglutinin subtype—specific
antigen by Ozaki et al. [83]. In this work, IPCR was found to be 10 times
more sensitive for both antigens than either virus isolation or RT-PCR.

The same findings relating to an improved sensitivity of IPCR compared
to RT-PCR were also reported by Barletta et al. in their study of the HIV
detection by IPCR [84]. Similar to HBsAg discussed above, HIV infection is
also prone to long-time low-level infections with fewer than 50 viral copies
per milliliter, the actual detection limit of RT-PCR. In contrast to the
amount of viral RNA, approximately 1000 times more molecules of the
core protein p24 (ca. 42 zeptomol) are present in low-load samples. Although
the sensitivity of conventional ELISA was found insufficient for unlocking
this potential, IPCR was sufficiently sensitive to detect low concentrations,
down to two viral copies per milliliter in human blood samples. In 1999,
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Adler et al. reported an improved IPCR assay for the analogue core
protein p28 of the simian immunodeficiancy virus in ape sera, thus estab-
lishing a 100-fold increase of the ELISA detection limit [76]. Although the
assay at this time achieved similar sensitivity as RT-PCR and was therefore
interesting for comparison of both methods, Barletta ez al. [84] further
improved the detection limit of HIV p24, finally reaching a quantification
range covering three orders of magnitude between about 2 and 6500 copies
of the virus. This TPCR assay was applied to HIV-infected patients
whose serum virus load was considered below the detection limit of RT-
PCR. In contrast, IPCR found 42% of the samples to be positive for the
presence of p24.

This experiment impressively demonstrated how an improved protein
assay accessible by IPCR has significantly enhanced the opportunity for
the early detection of potentially dangerous false-negative samples and
emphasized the value of IPCR as a screening tool for low-level infections.
Although IPCR sensitivity facilitates an early therapy, actual therapy moni-
toring and adaptation is supported by the broad dynamic quantification
range. As the actual increase/decrease of the virus load is detectable in
contrast to the simple qualitative presence/absence of the virus, detailed
studies of therapy and medicament influences are possible.

As there are different levels of information accessible by either proteins or
nucleic acids, the direct comparison of (RT-) PCR and IPCR is leading to
several conclusions: Nonspecific DNA amplification or extensive sample
purification necessary for inhibitor- and interference-free PCR could be
avoided because of the ELISA protocol of the IPCR method. Although
the presence of nucleic acid or protein alone is probably not sufficient as a
stand-alone marker for infection, the combined detection of DNA and
expressed proteins—or the high sensitive monitoring of the antibody re-
sponse against infection—adds valuable information for diagnosis and
research of infectious diseases as well as a new level of quality control for
drugs prepared from biological sources (e.g., blood banks).

3.3. PHARMACOKINETICS

Pharmacotoxic and pharmacokinetic studies carried out for the new
antitumor drug Aviscumine (rViscumin) were supported by a robust quanti-
tative IPCR assay developed by Adler et al. [66, 85]. The potency of this
protein-based drug, derived from recombinant mistletoe lectine, required
initial doses well below the quantification range accessible by conventional
ELISA. An IPCR assay was adapted and validated for the quantification
of rViscumin in standardized human serum [66, 85, 86] and subsequently
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modified for the detection in patient citrate plasma [87]. [IPCR was carried
out with an internal competitor (see Section 2.3.6) for improved quantitative
analysis and control. To circumvent individual differences between the
patients and enhancing the recovery, a separate calibration curve and spiking
samples were included in the set of controls carried out for each patient. In
summary, an overall very good recovery of 95% and a linear correlation
between given dose and quantified Aviscumine was found with TPCR. The
quantitative analysis of Aviscumine concentration was possible for all
patients with a single exception resulting from a high background of an
anomalous case [87].

A typical calibration curve for Aviscumine is given in Fig. 8D. Figure 9
shows the relation between given dose and Aviscumine found in plasma.
These experiments, accompanying a 3-year clinical study [87], are report-
ing the first long-term and large-scale routine application of IPCR at a
clinical example. Handling of the assay was carried out under standardized
conditions, using stock solutions of reagents including antibody-DNA
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For the application of 10 ng/kg-2400 ng/kg, only one patient was monitored for each dose
(P#1-P#9, respectively). Starting with 3200 ng/kg, the calibration curve was adapted and
cohorts ranging between 4 and 10 individuals were treated with the same dose (e.g., P#10-P#13
all received a treatment with 3200 ng/kg). The figure shows average concentrations for these
patients. Note the linear ratio between the given dose and the concentration found in plasma.
(Figure adapted from 73 and 87.)
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conjugates. Under these conditions, IPCR was found to be stable and
robust [73].

3.4. PATHOGENS AND TOXINS: RISK MINIMIZING AND PREVENTION BY
IPCR oF UNCONVENTIONAL SAMPLE MATRICES

Similar to tumor markers discussed above, a number of hazardous pro-
teins are not immediately linked to an accompanying nucleic acid and
therefore are prime targets for IPCR. These are interesting examples of
how the clinical importance of IPCR is not limited to the diagnosis
of diseases. IPCR was reported as a useful tool for the prevention of intox-
ications or infections because of highly sensitive detection of potentially
dangerous compounds, especially in food analysis.

Clostridium botulinum neurotoxin, the most effective toxin known to date,
with a mice lethal dose of about 50 pg/mL (330 fmol/mL) was the target
antigen in IPCR assays developed by Wu et al. [48] and Chao et al. [88].
In these assays, detection limits of 5 fg (33 amol) and 50 fg (330 amol),
respectively, were found.

In the work of Kakizaki et al., the fish pathogen Pasteurella piscidia was
detected in naturally infected yellowtail [25]. It was demonstrated that IPCR
is not limited to blood, serum, or plasma samples as fish kidney tissue
samples, suspended in formalin-PBS, were successfully used as a matrix
for the assay.

The search for minuscule amounts of allergens in food to minimize the risk
for susceptible patients requires great care in assay development. For indivi-
duals, for example, with coeliac disease, the control of gluten in food with
reliable techniques is necessary. Henterich et al. [51] introduced a real-time
IPCR (see Section 2.2.3) for this application as well as for the identification
of the toxic peptide motif in the gluten/gliadin protein family. Covalent
conjugates (see Section 2.1.3) and Universal-IPCR were used for the detec-
tion of the allergen in wheat samples. In addition, different extraction pro-
cedures and different sample sources were studied, revealing the option to use
a simplified conventional ethanol extraction for some samples in IPCR
compared to a complex extraction cocktail necessary for optimum ELISA
performance.

As sample extraction and sample handling are of general consideration for
the more “‘exotic” biological matrices often found in food analysis, the
application of IPCR in the research project MYCOPLEX [89], founded by
the European Union, promises interesting new developments. This project is
dedicated to the detection by IPCR of ochra- and aflatoxins in milk and
coffee, focusing on sensitivity and simplified antigen extraction by dilution of
the samples.
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In this context, a promising target for [IPCR of recently increasing clinical
importance is the potentially infectious prion protein, associated with scra-
pie, bovine spongiform encephalopathy, and Creutzfeldt-Jakob disease. In
addition to two filed patents [90, 91], one of them using the robust one-step
DDI-IPCR technology discussed above (Section 2.3.4. [60]), surprisingly,
no scientific study using IPCR for prion protein detection has been published
to date. One may anticipate a potentially very rewarding range of future
research and development projects if the need for a highly sensitive prion
detection carried out in living individuals for food control, studies on
possible infection pathways, and disease monitoring is combined with the
properties of the IPCR assay.

3.5. EMBRYONAL GROWTH AND SURFACE PROTEINS, REGULATING
HorMONES: IPCR As A TooL FOR ROUTINE STUDIES OF EMBRYOS

Although IPCR is normally carried out in combination with capture
antibodies immobilized on microplate surfaces, Quijada and coworkers de-
veloped a variation of this technique for the highly sensitive labeling of early-
stage complete embryos and blastocytes that could be manipulated for
washing and labeling independent from immobilization to a surface [13].
A single embryo was found sufficient for signal generation, enabling a
successful preimplantation study of the murine histocompatibility complex
class I antigen.

In another application of the IPCR technology for preimplantation stud-
ies, McElhinny et al. determined the expression as well as the “protein
painting” artificial membrane incorporation of the Qa-2 antigen, a cleav-
age-rate-influencing glycosylphosphatidylinositol-linked cell surface protein
of the mouse major histocompatibility complex [15-17]. IPCR allowed for
a single blastocyte resolution of the detection of antigen presence, thus
supplementing RT-PCR and fluorescence FACScan detection.

In a study of the Qa-2-expression regulation by the “transporter associated
with antigen processing” (TAP) protein, Ke and Warner [14] reported the
monitoring of preimplantation embryos from TAP-1 knockout and normal
mice by IPCR and RT-PCR. IPCR was carried out as described by
McElhinny et al. [17]. Again, IPCR proved its potential as a valuable tool
for the analysis of protein expression on the cell surface from small numbers
(2-20) of one-cell and two-cell embryos, as well as blastocystes.

For demonstrating the properties of the multiplex-IPCR and covalent
antibody-DNA conjugates (see Section 2.1.3), a number of hormones such
as human thyroid stimulating hormone or chorionic gonadotropin were
simultaneously detected by the workgroup of Ebersole [38, 41]. In the



280 MICHAEL ADLER

study of Hendrickson et al., a proof of principle for this concept was carried
out by the simultaneous detection of three antigens, $-Gal, human thyroid
stimulating hormone, and chorionic gonadotropin, using three specific cova-
lent antibody—DNA conjugates with DNA markers of individual length (55,
85, and 99 bp, respectively). The different amplification products, each
specific for one antigen, were separated by gel electrophoresis subsequent
to PCR amplification. A specific signal was obtained for 5 ng §-Gal, 100 pg
human thyroid stimulating hormone, and 2.5 ng chorionic gonadotropin,
incubated simultaneously, and coupled with the respective antibody-DNA
conjugate mixture.

In this application, groundwork was laid out for the routine application of
a set of standardized multiplex tests (e.g., in early postnatal checks or tests
carried out during pregnancy). This approach is especially interesting, as the
high sensitivity of IPCR allows us to perform many tests from a single small
sample, thus minimizing stress for the patients in exchange for a gain in
information.

3.6. OTHER APPLICATIONS: IPCR TAILORED TO SPECIFIC PROBLEMS

In addition to the above-mentioned broad target groups for clinical appli-
cation of IPCR, some more specialized studies are interesting examples of the
versatility of IPCR.

3.6.1. Microorganisms and Parasites: IPCR for Improvements in
Sample Drawing

The high sensitivity of the IPCR method was successfully used for the
simplification of sample drawing procedures in the following examples.

For the detection of a small amount of cells in a large volume (e.g., a
contamination of one cell in several liters), the inclusion of the analyte in a
studied sample volume of typically 50-100 uL became a nontrivial problem
of sample volume reduction without loss of the microorganism.

A highly sensitive sandwich IPCR detection of the presence of Escherichia
coli by its soluble marker protein S-glucuronidase was developed by Chang
and Huang [31]. In a comparison of the IPCR of cell extract, ELISA, and cell
counting, an impressive detection limit of two molecules in a 50-uL assay
volume was achieved by IPCR. The detection of a dilution of 1 x 107*
CFU/mL in a 50-uL sample volume was the equivalent of the §-glucuroni-
dase molecules released from a single E. coli cell in a 10-L sample liquid.
Thereby, it was not necessary to actually find the cell in the studied volume,
as the high sensitive IPCR detection of the expressed proteins enabled an
indirect detection.
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Although the handling of large sample volumes is typical in quality control
studies, an easy sample drawing procedure is especially desirable in clinical
diagnosis of human patients.

One of the most important zoonotic parasites in Taiwan, responsible
for specific forms of meningitis and meningoencephalitis, is the worm
Angiostrongylus cantonensis, living in the CSF of infected patients. Obtaining
CSF samples from patients is highly stressful, requiring medically trained
personnel, and is nevertheless incapable of detecting the presence of the
worm in 50% of the infected patients. Therefore, Chye et al. [64] developed
a highly sensitive sandwich IPCR technique for the detection of circulating
antigens from Angiostrongylus c. in serum specimen. At a cutoff level of 0.1
ng/L, sensitivity and specificity for immunodiagnosis of patients with angios-
trongyliasis by immuno-PCR were 98% (95% confidence interval, 91%-99%)
and 100% (93%-100%), respectively. The test was positive in all parasitolog-
ically confirmed cases, thus combining a better sensitivity and specificity with
a major simplification in sample drawing.

3.6.2. Heart Failure—Associated Proteins: IPCR Allows for
Significant Gain in Assay Time

Although IPCR development is typically focused on improvement of the
detection limit, the two examples discussed in 3.6.1 have already illustrated
how the increase in sensitivity could be used as a means to an end instead of
being the sole intended focus.

In the example of a-human atrial natriuretic peptide (ANP), found at
increased plasma levels in patients with heart failure, Numata et al. [70]
demonstrated how IPCR sensitivity accelerated conventional assay proce-
dures. For individual treatment of the cardiac patients, a prompt detection of
atrial distension by the presence of the ANP marker would be desirable.
Common ANP tests, however, take 2-3 days for the quantification of plasma
by radiometric or ELISA techniques. With sandwich IPCR, the assay
time could be shortened to 5 hours. A good correlation between IPCR and
radiometric detection was maintained, combined with an additional im-
provement of the detection limit to 2 ng/LL ANP. The average level of
ANP in plasma for 25 patients with heart failure was found to be 117 +
100 ng/L, significantly higher than the typical level of 20 + 14 ng/L for
healthy subjects.

Reduced assay time is essential for early response in diagnosis and therapy.
Because of a significant reduction in assay duration, IPCR is therefore
useful even in applications in which alternative sensitive detection methods
already exist.
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3.6.3. Interleukin, Angiotensinogen, and Osteoprotegerin: IPCR
Assay Fine-Tuning

Systematic optimization of the Universal-IPCR protocol revealed the
full potential of the flexible technique. The research group of
Watanabe and coworkers, introduced in Section 3.1 with the detection of
TNF-« [34, 39, 80], has excelled in adaptation of this protocol to various
antigens.

In an IPCR application developed by Furuya et al. [27], interleukin
18 (IL-18) was studied as an important protein in a number of immunologi-
cal derangements. An indirect sandwich IPCR (Fig. 3D) was used for the
detection of IL-18 in cell culture supernatants and serum samples.
A quantitative study of low-level IL-18 was carried out beneath a serum
concentration of typically 96-135 ng/L. In a systematic variation of assay
conditions, the amount of biotinylated 227-bp DNA marker used in the
Universal-IPCR protocol was identified as a source for nonspecific amplifi-
cation. Following an optimization of DNA concentration and PCR cycle
number, 2.5 pg/L IL-18 was detected.

In a continuation of this work with a similar Universal-IPCR protocol and
the same 227-bp DNA marker, Sugawara et al. [36] developed an indirect
sandwich IPCR for human angiotensinogen. By using identical capture and
detection antibodies in combination with optimized concentrations of STV
(1 mg/L; ca. 16.6 nmol/L) and biotinylated 227-bp DNA (1 ng/L; ca. 6.6
fmol/L), nonspecific binding was minimized. An optimized approximately
1:3,000,000 ratio of DNA:STV, also used for the detection of homodimeric
osteoprotegerin [35], revealed the difference between the theoretical coupling
efficiency of tetravalent STV and the real conditions found in successful
IPCR. An increase of DNA or STV concentration induced nonspecific
background, whereas lower amounts of DNA or STV decreased signal
intensities. Interestingly, the actual sensitivity improvement compared to
conventional ELISA was enhanced by reducing the reagent concentrations
used in ELISA.

In these experiments, a uniform ratio and concentration of DNA and
STV was established for the 227-bp DNA marker, indicating a successful
strategy for the development of various IPCR applications by standardized
assay conditions for these compounds. In contrast, the concentration of the
antigen-specific biotinylated antibody was adapted for each assay.

From these findings, the need of the multistep sequential protocol for
meticulous fine-tuning of assay conditions discussed above (Section 2.1.2)
is obvious. The impressive and reproducible enhancement of the detection
limit for several antigens, however, demonstrated with a similar IPCR
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F1G. 10. Different techniques for competitive immuno—polymerase chain reaction of small-
molecule compounds. (A) Using biotinylated haptens and a DNA-streptavidin nanocircle
conjugate [105], hapten-DNA conjugates were synthesized and used for a competitive assay in
a sample containing free hapten and capture antibody—coated surfaces [92]. (B) Hapten-coated
microplates were simultaneously incubated with a sample containing free hapten and a hapten-
specific antibody. Following competitive coupling, the immobilized antibody was subsequently
detected by a species-specific antibody-DNA conjugate [93, 94].

protocol, strikingly exemplified the potential inherent to the method if
performed under optimal conditions.

3.6.4. Competitive IPCR for Small-Molecule Haptens: Novel
Targets for IPCR

Recently, two different strategies were developed for a competitive IPCR of
small molecules, such as, for example, hormones, messengers, or transmitters
without multiple antibody-binding sites necessary for sandwich assays.

In the first approach, a biotinylated analogue of the hapten to be detected
was directly coupled with a DNA-STV nanocircle containing a single DNA
marker (see Fig. 10A) and coincubated with the antigen-containing sample
[92]. Although this approach allowed for the highly sensitive detection of the
model compounds fluorescein and cholesterol, it required biotinylation of
the hapten. An alternative method applied solid-phase immobilized hapten
as a competitor to a supernatant sample solution containing antigen and
detection antibody. Subsequent to sample incubation, the immobilized de-
tection antibody was coupled with antispecies antibody-DNA conjugates
(see Fig. 10B). A novel research ELISA of the biogenic amine serotonin was
adapted to this IPCR method with only minor changes in ELISA protocol.
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Thereby, an overall 10,000-fold improvement of conventional ELISA sensi-
tivity with the detection of 0.4 pg/mL antigen (content of only 10 platelets)
was achieved [93, 94].

Competitive IPCR, also tested at noradrenaline and dopamine, should
therefore be a valuable tool in novel approaches to the monitoring of bio-
genic amines, either at levels inaccessible with conventional ELISA or in
samples obtainable by noninvasive testing methods.

4. Rating of IPCR as a Tool for Clinical Applications

In summary, a typically 100-10,000-fold improvement of common ELISA
sensitivity is accessible with IPCR (see Table 1).

The advantages of the IPCR technique, however, are not limited to the
obvious gain in sensitivity. With the aid of increased sensitivity, it is addi-
tionally possible to develop solutions for other challenges in clinical analysis,
such as, first, reduction of incubation time: a general reduction of assay
duration is desirable for fast on-spot diagnosis as well as continuous moni-
toring of experiments [70]. For assay optimization, the elimination of over-
night-incubations is especially interesting. A second solution is the enhanced
robustness of the assay: most interfering compounds are removed by the
immunological identification of target antigens in combination with appro-
priate washing steps. In addition, the increased sensitivity of IPCR compared
to ELISA allowed for the detection of antigens even in impure samples, as
the smallest amount of specifically bound antigen already induces a signal.
Thus, elaborate sample purification steps could be reduced or eliminated
completely [62].

A simple sample dilution is sufficient for removal of interfering com-
pounds. IPCR is still able to detect the antigen in sample dilutions [66],
whereby the loss in sensitivity limits the usefulness of additional dilution in
conventional ELISA.

A third solution is to change the sample drawing procedures: most com-
pounds accessible by ELISA in liquor or tissue are homogeneous, requiring
stressful invasive sample drawing procedures. The ELISA detection of com-
pounds found in liquor or tissue requires stressful invasive sample drawing
procedures. These compounds are normally also present in blood, sputum,
stool samples, or urine, although in much smaller concentrations. As these
samples are more easily obtainable, the latter ones, even with noninvasive
methods, are equally advantageous for patient and laboratory. [IPCR makes
it possible to transfer existing ELISA applications to these new matrices [64,
72]. This is especially interesting for sample drawing by nonmedical personal
(e.g., by patients at home or monitoring during sportive activities).
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A fourth solution is to develop a method that less sample material
per assay: The small assay volume and high sensitivity reduces stress for
patients during sample drawing and increases the number of different tests
or double determinations possible with one sample. In experiments with
small animals, tests of very young individuals or even developing embryos
[13-16, 95], for which only small samples could be taken, IPCR is the key for
specific protein analysis. In addition, for assays detecting a small number
of analytes in large volumes (e.g., single pathogenic organisms [31, 74]),
the assay could be simplified by reducing the amount of liquid that has to
be concentrated for successful detection of the analyte. Moreover, in routine
analysis of large sample numbers, the high sensitivity of IPCR enables the
pooling of individual samples for quality control of whole charges.

Finally, the quantification range can be increased: The combination of
ELISA and PCR techniques broadens the range of linear signal output, thus
facilitating quantification [37].

The introduction of easy accessible DNA-protein conjugates and the
real-time PCR protocol has eliminated most of the handling problems
initially associated with IPCR, thus transforming the challenging research
method to a fully-fledged and valuable tool for analysis in clinical applica-
tions. As reagents, materials, and complete kits for IPCR are nowadays
commercially available, IPCR has become accessible for an even broader
field of users. The combination of real-time PCR and IPCR further facilitates
the assay protocol. New protocols for IPCR are combining the experience
from several years of assay development. The standardized and simplified
method requires only a short individual adaptation to the intended applica-
tion for maximum performance. Existing publications serve as inspiring
templates for several application types and assay conditions.

IPCR is not for everyone, as there are many well-established ELISA tests
with sufficient sensitivity. A certain degree of handling experience and equip-
ment needed for ultrasensitive analysis will certainly rule out applications in
quick-testing, outdoor Kkits, or test-stripes.

For any standard ELISA application requiring enhanced sensitivity in
combination with almost complete retaining of all ELISA advantages,
such as microplate format, common laboratory equipment and the immu-
nological specificity for target antigens, however, Immuno-PCR is worth
consideration.
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