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Abstract

Background: The role of viral infections in the pathogenesis of atherosclerosis remains controversial largely due to
inconsistent detection of the virus in atherosclerotic lesions. However, viral infections elicit a pro-inflammatory cascade
known to be atherogenic and to precipitate acute ischemic events. We have published in vitro data that provide the
foundation for a mechanism that reconciles these conflicting observations. To determine the relation between an early viral
protein, deoxyuridine triphosphate nucleotidohydrolase (dUTPase), produced following reactivation of Epstein Barr Virus
(EBV) to circulating pro-inflammatory cytokines, intercellular adhesion molecule-1 (ICAM-1) and acute coronary events.

Methodology/Principal Findings: Blood samples were obtained from 299 patients undergoing percutaneous coronary
intervention for stable angina (SA), unstable angina (UA), or acute myocardial infarction (AMI). Plasma concentrations of pro-
inflammatory cytokines and neutralizing antibody against EBV-encoded dUTPase were compared in the three patient
groups. AMI was associated with the highest measures of interleukin-6 (ANOVA p<0.05; 4.6+2.6 pg/mL in patients with
AMI vs. 3.2£2.3 pg/mL in SA). ICAM-1 was significantly higher in patients with AMI (ANOVA p<<0.05; 304116 pg/mL in AMI
vs. 26586 pg/mL SA). The highest values of ICAM-1 were found in patients having an AMI and who were antibody positive
for dUTPase (ANOVA p=0.008; 369183 pg/mL in AMI and positive for dUTPase vs. 24970 pg/mL in SA negative for
dUTPase antibody).

Conclusions/Significance: These clinical data support a model, based on in vitro studies, by which EBV may precipitate AMI
even under conditions of low viral load through the pro-inflammatory action of the early protein dUTPase that is produced
even during incomplete viral replication. They further support the putative role of viral infections in the pathogenesis of
atherosclerosis and coronary artery events.
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Introduction exert a pro-atherogenic effect. We have published in vitro data
that provide the foundation for a mechanism that reconciles the
association between viral infections and the inability to detect
significant viral loads in patients with atherosclerosis [17]. These
data further provide a mechanistic framework by which at least a
subset of viruses promotes the evolution of coronary artery disease.

The majority of evidence indicates that viral infections can
promote both the evolution of atherosclerosis and the occurrence
of acute coronary events through stimulation of the production
and release of pro-inflammatory cytokines [3,4,6-9]. These
cytokines as well as a variety of adhesion molecules are known
to play a critical role in multiple phases of the evolution of
atherosclerosis [18-30]. We have shown that Epstein Barr Virus
(EBV) encodes an enzyme, deoxyuridine triphosphate nucleotido-
hydrolase (dUTPase), as part of the synthesis of early proteins

The role of viral infections in the pathogenesis of atherosclerosis
has remained controversial. Although evidence from animal
models and clinical studies has supported the atherogenic role of
viral infections, other evidence has challenged this role in part due
to the frequent inability to detect the culprit virus in atherosclerotic
lesions [1-11]. However, evidence continues to accumulate in
favor of the role of viral mediated atherosclerosis such as studies
demonstrating that influenza vaccination can serve as secondary
prevention for coronary events [11-15]. Recent evidence has
shown a strong association between chronic infection with human
papilloma virus and the incidence of coronary artery disease [16].
These associative studies prompt investigations that seek to
provide insight into the mechanisms by which viral infection can
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following reactivation of latent virus. dUTPase has been shown by
our laboratory to induce peripheral blood monocytes to produce
pro-inflammatory cytokines such as interleukin-6 (IL-6 ) and
endothelial cell expression of intercellular adhesion molecule-1
(ICAM-1) [17,31-34]. It is possible that EBV-encoded dUTPase
induces a pro-inflammatory cascade even during incomplete viral
replication when there is a low viral load that is difficult to detect
using standard analytic methods. This would account for the
inability of some reports to confirm the presence of a virus such as
EBV despite its proposed role in atherogenesis.

In this investigation, we provide support for this proposed
mechanism connecting EBV-encoded dUTPase, pro-inflammato-
ry cytokines, intercellular adhesion molecules, and acute coronary
events in the clinical setting.

Methods

Study Subjects

To determine whether the EBV-encoded dUTPase may play a
role in coronary atherosclerosis and its major consequences, we
enrolled 299 consecutive patients who were undergoing percuta-
neous coronary intervention (PCI) for symptomatic CAD,
including stable angina (SA), unstable angina (UA), or acute
myocardial infarction (AMI). All study subjects provided written
informed consent and the protocol was approved by the
Institutional Review Board for Human Subjects of The Ohio
State University.

Patients were classified by CAD presentation (SA/elective, UA,
or AMI) based on established clinical criteria and adjudicated by
three cardiologists blinded to cytokine levels or anti-EBV-encoded
dUTPase antibody status. MI was defined as evidence of
myocardial necrosis with evidence of rise and/or fall of cardiac
biomarkers with at least one value 3 X the upper limit of normal
(ULN) in addition to evidence of myocardial ischemia including
symptoms of ischemia, ECG changes indicative of new ischemia
(new ST-T changes or new left bundle branch block), or
development of pathological Q) waves on the ECG. ST segment
elevation MI was differentiated from NSTEMI by the presence of
greater than 1 mm ST segment elevation (injury current) on ECG
in at least two contiguous leads. Unstable angina was defined as
new onset angina occurring at rest or episodes similar to previous
anginal episodes which are now prolonged or accelerated as
reflected by an increase in severity, duration, frequency or
requiring increased use of anti-angina therapy. ST-segment
changes on the ECG were not mandatory and cardiac enzymes,
by definition, could not be elevated.

All patients demonstrated a primary indication for PCI,
including symptomatic disease with at least 75% angiographic
luminal stenosis. SA/elective PCI patients served as controls.

Serum Acquisition

Blood was obtained from enrolled patients at the time of the
PCI procedure from the side-port of the femoral arterial sheath.
One 8.5 ml serum separator tube (BD Vacutainer) was allowed to
clot for 30 minutes post draw and then centrifuged for 15 minutes.
Serum was then collected and stored at —80° F until time of use.

Antibody titers to EBV-encoded dUTPase

To determine whether the EBV-encoded dUTPase and thus
EBV may play a role in coronary atherosclerosis, we measured
antibody levels to the EBV-encoded dUTPase using a modifica-
tion of a previously described protocol [35]. Briefly, 5 ul of human
serum was mixed with 5 pl of purified EBV-encoded dUTPase (3—
5 units of enzyme) for 30 min at room temperature prior to
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assaying for dUTPase activity. dUTPase activity was determined
using the standard disc assay [33]. The reaction mixture contained
in a total volume of 0.1 ml: (50 mM Tris-HCI, pH 7.5, 0.1%
bovine serum albumin, I mM MgCly, 2 mM B-mercaptoethanol,
2 mM p-nitrophenyl phosphate, 5 mM ATP, 0.1 mM dUTP and
2 uCi [*H] dUTP) and incubated at 37°C for 1 hour. The
reaction was stopped by spotting 50 ul of the reaction mixture
onto a DE 81 filter disc, which was immediately placed into 18.4%
formic acid solution. The discs were washed twice for 5 minutes
each in the 18.4% formic acid solution followed by a five-minute
wash in 95% ethanol. Next, the discs were dried and the amount
of radioactivity, which represents non-hydrolyzed dUTP was
determined by counting on a Beckman LS6000IC liquid
scintillation counter. A unit was defined as the amount of enzyme
that converts dUTP into 1 nmol dUMP per minute per ml under
the assay conditions. For positive controls, assays were performed
in the absence of serum and negative controls were performed in
the absence of EBV-encoded dUTPase. Units neutralized were
obtained as follows: (Uconwol™ Userum)- Serum with neutralizing
units greater than zero are considered “positive” for dUTPase
neutralizing antibodies. Performance of the assays was done in a
blinded manner, without knowledge of the patient’s clinical
presentation. For ease of description, patients who were found to
have antibody to EBV encoded dUTPase will hereafter be referred
to as “dUTPase positive.”

Cytokine Measurement

ICAM-1, IL-6, IL-10, MCP-1/CCL2, CD40L, and TNFa
concentrations were determined for each study subject using
immunoassay (R&D Systems, Minneapolis, MN). Reagents and
standards were prepared and assays performed per manufacture’s
mstructions. Patient serum samples were utilized for each assay
and were performed in duplicate for each cytokine. Performance
of the assays was done in a blinded manner, without knowledge of
the patient’s clinical presentation.

Statistical Methods

All continuous data are presented as the mean *1 standard
deviation. Baseline clinical characteristics were analyzed by
factorial ANOVA for continuous variables and the Chi square
test was used to compare nominal variables in the three clinical
CAD presentation groups. Factorial ANOVA was also utilized to
compare cytokine levels as the outcome measure in the three
clinical CAD presentation groups. Classification of the clinical
CAD presentation and presence or absence of antibody to
dUTPase were independent factors. A p-value=<0.05 was consid-
ered to be statistically significant.

Results

The baseline characteristics of study subjects are listed in
Table 1. A total of 299 subjects who presented consecutively for
PCI treatment for symptomatic CAD were enrolled. There were
145 subjects with SA (elective PCI), 92 subjects with UA, and 62
AMI subjects. Subjects were predominately male sex and
Caucasian race, but were not significantly different between
clinical presentation groups. A statistically significant difference in
past history of CAD (74% in SA, 64% in UA, 45% in AMI,;
p<<0.001) and hypertension ( 69% in SA, 75% in UA, 42% in
AMI; p<<0.001) was noted among groups. No other clinical
differences between study groups were identified. In the AMI
group, 63% were identified as having non ST-segment elevation
MI and 37% as ST-segment elevation MI.
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Table 1. Patient Characteristics.

EBV and Coronary Events

Stable Angina/Elective Unstable Angina Acute MI p Value
(N=145) (N=92) (N=62)
Age (yrs) 63.5£10.6 64.6+12.3 58.2+13.2 NS
(mean = 1 SD)
Male Sex (%) 96 (66%) 56 (61%) 41 (66%) NS
Caucasian Race (%) 129 (89%) 84 (91%) 55 (89%) NS
PMH
CAD 108 (74%) 59 (64%) 28 (45%) <0.001
Mi 46 (32%) 28 (30%) 17 (27%) NS
Hypertension 100 (69%) 69 (75%) 26 (42%) <0.001
Hyperlipidemia 102 (70%) 66 (72%) 36 (58%) NS
Diabetes Mellitus 54 (37%) 36 (39%) 22 (35%) NS
FMH 66 (46%) 38 (41%) 35 (56%) NS
Tobacco Use 81 (56%) 54 (59%) 29 (47%) NS
MI at Presentation 62 (100%)
NSTEMI 39 (63%)
STEMI 23 (37%)

doi:10.1371/journal.pone.0054008.t001

All 299 subjects were examined for the anti-EBV-encoded
dUTPase antibody. There was no statistical difference in the
frequency of dUTPase positive patients in the different groups (SA:
n=32=22%, UA: n=23=25%, AMI : n=11=18%; Figure 1).
Acute myocardial infarction was associated with the highest
measures of IL-6 compared to UA patients or SA/elective patients
(4.6%£2.6 pg/mL vs. 3.9%2.3 pg/mL vs. 3.2%2.3 pg/mL, respec-
tively; p<0.05; Figure 2). Similarly, ICAM-1 was significantly
higher in patients with AMI compared to UA patients or SA/
elective patients (304*116 pg/mL vs. 285119 pg/mL vs.
265%86 pg/mL, respectively; p<0.05; Figure 3).
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Figure 1. Frequency of the presence of the anti-EBV-encoded
dUTPase antibody in the patient groups.
doi:10.1371/journal.pone.0054008.g001
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Abbreviations: CAD = Coronary Artery Disease, FMH =Family Medical History for CAD, Ml =Myocardial Infarction, NS = Non-significant, NSTEMI = Non-ST Segment
Elevation Myocardial Infarction, PMH = Past Medical History, STEMI=ST Segment Elevation Myocardial Infarction.
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Figure 2. IL-6 concentrations in patients presenting with either
SA, UA, or acute MI. SA/elective patients served as controls and
demonstrated the lowest levels and acute MI patients had the highest
levels. UA patients had intermediate levels.
doi:10.1371/journal.pone.0054008.g002

A significant relation was found between circulating concentra-
tions of ICAM-1 and detectable antibody to EBV encoded
dUTPase. The highest values of ICAM-1 were found in patients
having an AMI and who were dUTPase positive (369183 pg/
mL in dUTPase positive patients with AMI and 249+70 pg/mL
in dUTPase negative SA patients; p<0.008; Figure 4). The
significant impact of dUTPase positive status is further shown
through examination of hierarchical ANOVA models. Specifically,
the overall significance of the ANOVA model increased from a p
value of 0.01 for the univariable model with coronary artery
disease status alone to 0.008 with the addition of dUTPase status
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Figure 3. ICAM-1 concentrations in patients presenting with
either SA, UA, or acute MI. SA/elective patients served as controls
and again demonstrated the lowest levels while acute MI patients had
the highest levels. UA patients had intermediate levels.
doi:10.1371/journal.pone.0054008.g003

to the model. Therefore, dUTPase status plays a significant role in
explaining elevations in circulating ICAM-1.

Although not achieving statistical significance, the relation
between IL-6 and dUTPase showed a similar trend. The highest
values for IL-6 were obtained in patients who had a myocardial
infarction and were dUTPase positive (Figure 5).

No significant associations were found between 1L-10, MCP-1/
CCL2, CD40L, or TNFa concentrations and clinical presentation
(data not shown).

Discussion

This investigation provides essential clinical corroboration for a
mechanism that accounts for the long-reported association
between viral infections and coronary artery disease. Although a
variety of studies have clearly demonstrated an association
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Figure 4. Means and standard deviations of ICAM-1 concen-
trations in patients presenting with either SA, or acute Ml as a
function of the presence of anti-EBV-encoded dUTPase
antibody. The mean ICAM-1 concentrations for all patients in the SA
and acute MI groups are shown in the far left bars. Patients with acute
MI and positive for anti-EBV-encoded dUTPase antibody demonstrated
the highest concentration of ICAM-1 while the lowest level was
demonstrated in SA patients who were negative for anti-EBV-encoded
dUTPase antibody (369+183 pg/mL vs. 249+70 pg/mL, respectively;
p<0.008).

doi:10.1371/journal.pone.0054008.g004
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between atherosclerosis and viruses including cytomegalovirus,
influenza and most recently human papilloma virus, the mecha-
nisms accounting for this association are incompletely defined [1-
15]. In part, variability in the capacity to detect viruses such as
EBV in atherosclerotic lesions has cast doubt on their role in
atherogenesis despite epidemiologic and in vitro mechanistic
evidence.

The current study supports our previously reported in vitro
studies that propose a mechanism linking EBV infection and
atherosclerosis. Specifically, we have shown that the early viral
protein dUTPase is an important mediator of EBV stimulated
inflammation [1,2,17,31,32,36]. The recognized impact of these
pro-inflammatory pathways on atherogenesis as well as the
evolution of acute myocardial infarction [18-23,37] suggest a
significant role of EBV in the precipitation of acute ischemic
events. As a consequence, this prevalent virus likely contributes to
the environmental factors that determine coronary artery disease
risk.

Deoxyuridine triphosphate nucleotidohyrolase (dUTPase) is an
early protein expressed during EBV lytic and abortive-lytic
replication [33]. Glaser et al subsequently showed that dUTPase
can induce monocytes and macrophages to produce cytokines
including IL-6 [31]. In a recent study, Waldmen et al showed that
soluble factors produced by dUTPase stimulated monocytes and
macrophages induced endothelial cells to increase expression of
ICAM-1. They integrated these observations to propose a model
by which EBV contributes to the evolution of coronary events
[17]. According to this model, dUTPase, which can be encoded
and released even during incomplete EBV replication, stimulates
monocytes and macrophages by activating NF-kf through toll like
receptor (I'LR) 2 to produce pro-inflammatory cytokines, includ-
ing IL-6 [32]. That these pro-inflammatory cytokines can mediate
endothelial damage and the progression of atherosclerosis has
been reported in prior investigations [18-20,28]. The dUTPase
stimulated monocytes and macrophages further induce endothelial
ICAM-1 expression representing activation of the endothelium
and promoting the prothrombotic state that leads to acute
coronary artery occlusion.

The observations in this clinical study are consistent with the
above model. Patients with an acute myocardial infarction had the
highest measures of IL-6 and ICAM-1 as has been reported in
previous studies [24,25,28-30,37-39]. However, patients who
were dUTPase positive had the highest measures of ICAM-1 and a
parallel pattern of IL-6 increase. It is therefore plausible that
patients with EBV expressing dUTPase have an augmented
stimulation of monocytes and macrophages with increased
cytokine production and accelerated endothelial activation
reflected in part by greater levels of circulating ICAM-1. dUTPase
is an early viral protein and is therefore produced and released
even during incomplete viral replication. Because it can be
produced even during incomplete viral reactivation, quantities of
dUTPase may be released that are sufficient to stimulate a cascade
of pro-inflammatory mediators even under conditions of low viral
load that are not readily detectable in atherosclerotic lesions.
Given the high prevalence of EBV infection, it is plausible that this
proposed mechanism contributes to the final, if not earlier,
pathways that culminate in an acute myocardial infarction in a
significant proportion of patients.

The stimuli known to participate in the reactivation of latent
EBV are also known to participate in atherogenesis and the
precipitation of acute coronary events. Chief among these are
emotional and psychosocial stress that have been shown to
dysregulate immune repression of the virus allowing its replication
and production of dUTPase [1,2,17,31,40]. Similarly psycholog-
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Figure 5. Means and standard deviations of IL-6 concentrations in patients presenting with either SA or acute Ml as a function of
the presence of anti-EBV-encoded dUTPase antibody. The mean IL-6 concentrations for all patients in the SA and acute Ml groups are shown
in the far left bars. Patients with acute Ml and positive for anti-EBV-encoded dUTPase antibody demonstrated the highest concentration of IL-6 while
the lowest level was demonstrated in SA patients who were negative for anti-EBV-encoded dUTPase antibody.

doi:10.1371/journal.pone.0054008.g005

ical stress has been shown to be a factor both in the evolution of
coronary artery disease and a trigger for acute coronary artery
events [41-44].

However, the mechanisms and final pathways by which stress
events promote atherogenesis and precipitate acute events remain
poorly defined. The connection between stress activation of EBV,
production of dUTPase, stimulation of pro-inflammatory cyto-
kines, and detectable dUTPase antibody in patients with the most
severe coronary artery events and highest levels of IL-6 and
ICAM-1 provides an attractive explanation for the connection
between stress and coronary artery events. Although likely not the
sole link, stress induced EBV reactivation arises as a candidate
mediator of stress induced coronary events owing in part to the
prevalence of EBV infection.

Experimental Limitations

The study findings are associative and relate presence of
detectable neutralizing antibody against EBV encoded dUTPase
to coronary events and corresponding increases in ICAM-1 and
IL-6. However, this clinical investigation is consistent with
mechanistic models based on in vitro studies and is a necessary
next step in confirming the model validity. It provides the impetus
for future prospective studies testing the role of EBV as an
important risk factor for coronary events.

It 1s possible that circulating ICAM-1 detected by the methods
used in this investigation does not reflect changes in ICAM-1
expression at the cellular level. However, the changes in ICAM-1
measured in this investigation are consistent with the in vitro
behavior of endothelial cells exposed to dUTPase stimulated
monocytes and macrophages. Further, measures of circulating
ICAM-1 have been associated with risk for acute coronary artery
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events further supporting their measure as a surrogate for cellular
ICAM-1 expression [25-27].

A variety of factors not yet explored may be important modifiers
of the impact of dUTPase on ICAM-1 expression and subsequent
coronary events. As an example, a preliminary analysis shows a
highly significant interaction between age and dUTPase as
determinants of circulating ICAM-1 (data not shown). Specifically,
there was an inverse relationship between increasing age and
circulating ICAM-1 which was greater in dUTPase positive
patients. Interestingly, I1-6 was not found to have this association
with patient age. The mechanistic and clinical impact of these
preliminary findings as well as the impact of other demographic
and environmental factors is unknown and must be explored in
future studies.

The data corroborate a pro-inflammatory and pro-atherogenic
mechanisms operative in EBV infections. Whether this mechanism
plays a role in other viral infections shown to be associated with
coronary artery disease must be investigated based on the current
findings.

Conclusions

This investigation provides support for a novel mechanism
linking latent viral infections and coronary artery events. The
proposed mechanism, which is active even under conditions of low
viral load, resolves the conflict between studies demonstrating a
causal relation between viral infections and coronary events and
those that challenge this relation due to inability to detect virions
in atherosclerotic lesions. Further, reactivation of latent EBV may
constitute an integral pathway connecting psychological and
emotional stress to acute coronary events. These findings provide
the support for prospective studies that will continue to investigate
the role of latent viral infections as an environmental risk factor for
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atherosclerosis and acute coronary events, and the capacity of viral
infections to serve as mediators of stress induced acute coronary
artery syndromes.
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