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Abstract
Objective—We investigated the effect of short viremic episodes on soluble markers associated with
endothelial stress and cardiovascular disease risk in chronically HIV-1-infected patients followed
during continuous antiretroviral therapy, antiretroviral therapy interruption and antiretroviral therapy
resumption.

Design and methods—We assessed changes in plasma levels of von Willebrand factor, soluble
vascular cell adhesion molecule-1 and intercellular adhesion molecule-1 by enzyme-linked
immunosorbent assay, as well as T-cell activation (CD8+/CD38+, CD8+/HLA-DR+ and CD3+/
CD95+) by flow cytometry, in 36 chronically HIV-1-infected patients participating in a randomized
study. Patients were divided into the following three groups: a, on continuous antiretroviral therapy;
b, on a 6-week antiretroviral therapy interruption; or c, on antiretroviral therapy interruption extended
to the achievement of viral set point.

Results—Although all measurements remained stable over a 40-week follow-up on antiretroviral
therapy, plasma levels of soluble vascular cell adhesion molecule-1 (P < 0.0001) and soluble
intercellular adhesion molecule-1 (P = 0.003) increased during treatment interruption in correlation
with viral rebound and T-cell activation. No significant changes in von Willebrand factor were
observed in any of the groups. After resuming antiretroviral therapy, soluble vascular cell adhesion
molecule-1 levels remained elevated even after achievement of viral suppression to less than 50
copies/ml.

Conclusion—The prompt rise in plasma soluble vascular cell adhesion molecule-1 and soluble
intercellular adhesion molecule-1 upon viral rebound suggests an acute increase in endothelial stress
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upon treatment interruption, which may persists after viral resuppression of virus. Thus, viral
replication during short-term treatment interruption may increase the overall cardiovascular risk
during and beyond treatment interruption.
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Introduction
Patient-initiated treatment interruptions are common as a consequence of antiretroviral therapy
(ART)-related adverse events. In addition, supervised treatment interruption (STI) strategies
are commonly used in clinical care to manage specific clinical situations (e.g. toxicity, immune
reconstitution syndrome, etc.) [1–3]. Although in the past STIs have been proposed as a means
to minimize ART-related adverse events, results from a recent large randomized study of CD4-
monitored open-ended treatment interruptions [Strategies for Management of Antiretroviral
Therapy (SMART)] [4] indicated that the risk for disease progression was almost double in
individuals interrupting therapy as compared with individuals on continuous therapy.
Unexpectedly, a small but significantly higher rate of cardiovascular events was observed in
the treatment interruption arm, raising the hypothesis that the resurging viremia itself may
increase the risk of cardiovascular adverse events. Although the effects of long-term ART and
chronic viral replication on cardiovascular risk have been described [5–8], it remains unclear
whether short-term viremic episodes in immune-reconstituted individuals carry a similar risk.

A role for chronic viral infection in the etiology of endothelial stress, atherosclerosis,
thrombosis, and thickening of the arterial tunica intima has been suggested [5,8,9] and could
be mediated by a number of mechanisms such as either viral replication in endothelial cells or
increased expression of inflammatory cytokines or both [10–14], which result in the activation
of both immune effectors and endothelial cells. Increased immune activation and imbalance
in cytokine microenvironment [5,15] associated with chronic HIV replication are thought to
result either in endothelial dysfunction or damage or both [16,17] that could elevate the risk
of atherosclerosis and related cardiovascular events [18]. Importantly, toxicity related to a
number of antiretroviral medications (in particular, protease inhibitors) may itself result in
dyslipidemia, insulin resistance and body fat redistribution, and thus, independently impact
overall cardiovascular risk [5,7,18–21]. The SMART study finding of higher cardiovascular
clinical event rate in ART-interrupting individuals raised the hypothesis that the inflammatory
cascade associated with viral rebound may compound the preexisting ART-related endothelial
damage, resulting in increased risk of atherosclerosis [5,22] and cardiovascular disease [6–8].

Various biological markers associated with endothelial stress, such as vascular cell adhesion
molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), von Willebrand factor
(vWF) and thrombomodulin, have been directly associated with chronic endothelial activation,
atherosclerosis and risk of cardiovascular events [8,23]. A significant increase in circulating
levels of these molecules was observed in patients with hyperlipidemia, hypertension, diabetes
mellitus, oxidative stress, changes in hormone metabolism and a history of cigarette smoking
[8,24]. An acute change in the plasma level of these molecules has been reported to reflect a
vascular stress response associated with the development of cardiovascular disease [8,24]. In
addition, a number of studies have shown increased plasma levels of endothelial cell markers
in chronically viremic HIV-1-infected individuals who suffer clinical cardiovascular adverse
events [8,25–29], suggesting that the normal endothelium function may be impaired in HIV
infection. On the basis of these observations, the association between cardiovascular adverse
events and treatment interruptions, and data showing that viral-mediated inflammation can
increase endothelial expression of vWF and ‘shedding’ of cellular adhesion molecules (CAMs)
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from endothelial cells and leukocytes [10,30], we hypothesized that short-term treatment
interruption-induced viral replication and associated T-cell activation could acutely increase
endothelial stress resulting in levels of soluble (s)VCAM-1, sICAM-1 and vWF above those
observed in the course of continuous ART.

Extending prior findings in chronic viremia, we show that sVCAM-1 and sICAM-1, but not
vWF, rise in response to acute viremic episodes. Importantly, we present novel evidence
indicating that sVCAM-1 levels remain elevated after ART resumption and successful viral
resuppression, suggesting persistent endothelial damage.

Study participants, materials and methods
Participants

Cryopreserved plasma samples were derived from peripheral blood collected from 36
chronically suppressed HIV-1 infected patients participating in a parent treatment interruption
study (parent cohort of 42 patients) based in Philadelphia (USA). Patients in the parent study
were randomized to either a continuous therapy group followed for 40 weeks on ART and
during a single ART interruption or to a repeated interruptions group undergoing four
subsequent ART interruptions (Fig. 1). Recruitment characteristics of the patients were an age
of at least 18 years, presence of ART (≥three drugs), CD4 cell count of more than 400 cells/
µl with a history of nadir CD4 cell count of at least 100 cells/µl and plasma HIV-1 RNA (viral
load) of less than 50 copies/ml with more than 6 months history of less than 500 copies/ml.
Baseline and demographic characteristics of the patients participating in the parent study are
shown in Table 1. The main findings of this study have been described in PLoS Medicine [3].
Cryopreserved plasma samples from 36 patients of the parent study were available for the
current study and were divided in three analysis groups (Fig. 1): group 1: samples from 15
patients of the continuous therapy group collected at study baseline (viral load <50 copies/ml)
and at the end of a 40-week follow-up on continuous ART; group 2: samples from 21 patients
from the repeated interruptions group collected at study baseline, start (viral load <50 copies/
ml) and end of a 6-week treatment interruption (plasma levels were measured during 6-week
treatment interruption in this study because viral rebound was observed in all participating
patients during this time). Samples from 18 of these patients were also available for analysis
after ART resumption and viral resuppression to less than 50 copies/ml; group 3: samples from
16 patients from group 1 (n = 9) and group 2 (n = 7), analyzed at the start of an open-ended
treatment interruption (viral load <50 copies/ml) and viral set point (average viral load of the
first three consecutive measurements of viral load with <0.5 log variation) of the open-ended
treatment interruption.

Flow cytometry analysis
Assessment of T-cell activation (CD8+/CD38+, CD8+/HLA-DR+ and CD3+/CD95+) was
performed as part of the parent study, using whole blood flow cytometry at the time of blood
collection as previously described [31].

Enzyme-linked immunosorbent assay
Plasma levels of markers of endothelial stress (sVCAM-1, sICAM-1 and vWF) were
determined by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's
specifications (sVCAM-1 and ICAM-1 by R&D, Minneapolis, Minnesota, USA; vWF by
American Diagnostica, Stamford, Connecticut, USA) on a kinetic absorbance reader at 450
nm (Rainbow Reader, SLT-Labinstruments, Grodig/Salzburg, Austria). All measurements
were based on the average of duplicate samples. Lower limits of sVCAM-1, sICAM-1 and
vWF detection were 6.25 ng/ml, 2.25 ng/ml and 0.5 mU/ml, respectively.
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Statistical analysis
The data are described as medians, 25th and 75th percentiles for all variables. Variable
distributions were analyzed for normality using the Shapiro–Wilk W test (P > 0.05); between-
time points comparisons were performed using nonparametric Wilcoxon Signed–Rank test or
paired t-tests depending on the data distribution. Correlations between variables were assessed
using Spearman's or pairwise correlation tests. All statistical tests were performed using JMP
4.0 (SAS Institute, Cary North Carolina, USA).

Results
Increased plasma levels of soluble vascular cell adhesion molecule-1 and soluble
intercellular adhesion molecule-1, but not von Willebrand factor, during acute rebounding
viremia

As described in the parent study results [3], a 6-week treatment interruption resulted in viral
rebound (Fig. 2a). Concurrent with the rise in viral load and related increase in immune
activation, reflected by a significant rise in the frequency of CD3+/CD95+ (P = 0.0022, n =
21), CD8+/CD38+ (P < 0.0001, n = 20, Fig. 2b) or CD8+/HLA-DR+ (P = 0.001, n = 20) T-
cells, we observed an increase in plasma levels of sVCAM-1 (P < 0.0001, n = 20, Fig. 2c) and
sICAM-1 (P = 0.003, n = 21, Fig. 2d), but not vWF, from start (viral load <50 copies/ml) of
the 6-week treatment interruption. No change in plasma levels of any of the molecules (vWF,
sICAM-1 and sVCAM-1) was observed in patients followed for 40 weeks on continuous ART
during which the viral load was repeatedly tested to confirm suppression at less than 50 copies/
ml (group 1, data for sVCAM-1;Fig. 3a, n = 14). A subsequent open-ended treatment
interruption in these patients confirmed a rise in sVCAM-1 from suppression levels similar to
that observed in group 2 patients during the 6-week treatment interruption (Fig. 3c).

Correlation between soluble vascular cell adhesion molecule-1 and soluble intercellular
adhesion molecule-1 levels, viral load and T-cell activation

The increase m sVCAM-1 levels (ΔsVCAM-1: sVCAM-1end of 6-week treatment interruption –
sVCAM-1start of 6-week treatment interruption) was positively associated with peak HIV-1 RNA
during treatment interruption (P = 0.0098, ρ = 0.55, Fig. 2e). We also detected a positive
association between the change in T-cell activation markers (CD3+/CD95+: P = 0.0181, ρ =
0.51; CD8+/CD38+: P = 0.0143, ρ = 0.54; CD8+/HLA-DR+: P = 0.0116, ρ = 0.55) and the
change in sVCAM-1 levels during a 6-week treatment interruption (correlation of ΔsVCAM-1:
sVCAM-1end of 6-week treatment interruption – sVCAM-1start of 6-week treatment interruption with
ΔCD8+/CD38+: CD8+/CD38+

end of 6-week treatment interruption – CD8+/
CD38+

start of 6-week treatment interruption, Fig. 2f). Accordingly the change in sICAM-1 levels
during the same 6-week treatment interruption period was positively associated with the change
in CD3+/CD95+ (P = 0.0315, ρ = 0.47, data not shown). No other correlations were found
among the variables analyzed. Taken together, data indicate both viral replication and T-cell
activation to be associated with endothelial stress change during treatment interruption.

Persistence of soluble vascular cell adhesion molecule-1 elevation upon antiretroviral
therapy reinitiation and despite viral suppression

In patients with repeated treatment interruptions (group 2), ART resumption at the end of a 6-
week treatment interruption achieving viral suppression to less than 50 copies/ml by the start
of the open-ended treatment interruption resulted, as expected, in a significant decrease in T-
cell immune activation reflected by a decrease in the frequency of CD3+/CD95+ (P = 0.0002,
n = 17), CD8+/CD38+ (P = 0.018, n = 16) or CD8+/HLA-DR+ (P < 0.0001, n = 16) T-cells. In
contrast to the decrease in T-cell activation, sVCAM-1 continued to increase (although this
increase did not reach statistical significance, P = 0.06, n = 18) (Table 2). Interestingly, no
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additional increase of sVCAM-1 from elevated levels after ART resumption was observed in
group 2 during the subsequent open-ended treatment interruption when the viral load was again
documented (Table 2, Fig. 3c).

In contrast to patients on continuous therapy (group 1, Fig. 3a), patients with repeated treatment
interruptions (group 2) showed higher sVCAM-1 levels at the start of the open-ended treatment
interruption (viral load <50 copies/ml on ART) when compared with their respective baselines
before any monitored treatment interruption (study baseline, viral load <50 copies/ml on ART,
P = 0.05, n = 18; Table 2, Fig. 3c), whereas no increase was observed for the same period for
sICAM-1 or vWF (Table 2). This finding, together with a significantly higher change in
sVCAM-1 levels (ΔsVCAM-1: sVCAM-1baseline of open-ended treatment interruption –
sCAM-1study baseline) in group 2 patients as compared with group 1 patients
(sVCAM-140-week follow-up – sVCAM-1study baseline) (P = 0.019, Fig. 3b), further support the
interpretation that treatment interruptions result in a persistent elevation of sVCAM-1 despite
ART-mediated viral resuppression.

Discussion
We report that short viremic episodes result in increased plasma levels of soluble VCAM-1
and ICAM-1, but not vWF, indicative of endothelial stress changes associated with rebounding
viral load. These markers also show a positive association with T-cell activation and with viral
load, supporting a direct pathogenetic relationship between viral replication, immune
activation and changes in endothelial stress markers. Therapy resumption with viral
resuppression did not reverse sVCAM-1 elevation, suggesting a persistent vascular stress,
outlasting viral replication.

Complementing prior data obtained in steady-state viremia settings, in which vWF, sVCAM-1
and sICAM-1 were all shown to decrease with ART [8], our data clearly identifies sVCAM-1
as an early pronounced change upon viral rebound. The evidence of retained elevation of
sVCAM-1 after a brief (6 weeks) treatment interruption suggests that endothelial stress may
not be rapidly reversed to preinterruption levels following viral resuppression. Imbalance of
the cytokine environment as a result of HIV-1 infection has been associated with an impairment
of the endothelium function [5]. On the basis of our findings, we interpret that even a short
viremic episode can trigger a cascade of events that cannot be immediately reversed by ART-
associated viral suppression and an acute decrease in the frequency of activated T-cells. This
highlights that even the treatment interruption associated with management of ART toxicities
may result in a persistent increase in endothelial activation, which may in turn contribute to
overall cardiovascular risk, compounding the described adverse effects of antiretroviral
medications. Future studies will be needed to determine whether a sustained elevation of
sVCAM-1 can segregate patients with a higher risk for cardiovascular adverse events upon
treatment interruption. Our data indicate a clear correlation between viral replication, immune
activation and rise in sVCAM-1/sICAM-1. However, their reciprocal pathogenic role in
cardiovascular disease remains controversial based on several studies showing significant
associations between atherosclerosis and either sICAM-1 [32–36] or sVCAM-1 [22,37,38] or
both [22,39,40]. Although we cannot directly extrapolate the changes observed in the present
study to an actual increase in incidence of clinical cardiovascular events, the levels we
document for sVCAM-I and sICAM-1 as a result of viral rebound are comparable to those
independently associated with underlying atherosclerosis and cardiovascular diseases such as
myocardial infarction, stroke and peripheral arterial disease [41–44].

By suggesting a rise in endothelial stress, our findings are in keeping with reports from the
SMART study [4], in which cardiac events were more frequent in patients interrupting ART.
The majority of SMART patients interrupting ART, however, did not present with
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cardiovascular events, even though we would posit that all experienced an endothelial stress
response. It remains possible that underlying risk factors, low CD4 nadirs and opportunistic
infection among a relatively small subset of SMART patients, might have compounded the
endothelial stress associated with the rebounding of viral replication.

Although our data identifies the increase in endothelial stress as a response to short-term viral
replication, our study does not address a cumulative risk of cardiovascular risk. Apart from
randomized assignment to study groups, we did not independently control for the contribution
of ART regimen [protease inhibitors, nonnucleoside reverse transcriptase inhibitors (NNRTIs),
etc.], ethnicity, obesity, lipids, smoking history and/or alcohol consumption. Future studies are
underway to address the interrelationship between these factors, short viremic episodes and
cardiovascular risk. However, we interpret that viral replication and T-cell activation remain
a strong correlate of endothelial stress because patients in our study had an equal recruitment
criteria, were randomized into study groups, and changes reported in the study were observed
both within (thus accounting for baseline levels) and between the study groups indicating that
although preexisting conditions may contribute to endothelial stress, these alone would not
solely explain our results.

Of the variables analyzed in our study, sVCAM-1 was the most sensitive to changes in viral
replication, when compared with sICAM-1 or vWF being the only variable positively
associated with viral load (Fig. 2); the only variable confirmed to change in two separate patient
groups studied after short-term therapy interruption (Fig. 3) and the only marker with sustained
increase over time in patients with a history of treatment interruptions (Fig. 3). In contrast to
both sCAMs, we did not detect changes in vWF levels in response to viral rebound in our study
groups. Other investigators have shown significantly higher levels of vWF in chronically
HIV-1-infected patients in comparison with normal controls [5], together with a correlation
between increased circulating vWF, disease progression and plasma viral load [5,25,45].
Kinetic differences in sICAM-1, sVCAM-1 and vWF response to viremia could account for
the lack of change in vWF levels observed during short-term viremia, as our data does not
address long-term follow-up of chronic viremia outcomes. It also remains to be determined
how additional cardiovascular risk markers such as C reactive protein (CRP) levels, tissue type
plasminogen activator (tPA) and plasminogen activator inhibitor 1 (PAI-1) change following
treatment interruption and the acute rise in sVCAM-1 in helping to determine what may be
early versus delayed changes of cardiovascular stress.

A limitation to the assessment of soluble CAMs is that sICAM-1 and sVCAM-1 can be derived
from other sources in addition to the endothelium (i.e. smooth muscle cells, leukocytes and
tumor cells) [27,46]. However, an association between endothelial stress response and immune
activation has been documented widely, and our data are in keeping with prior observations
associating treatment interruption with increased frequency of cardiovascular events [5,18].

Taken together, our data shows the potential for a rapid and persistent endothelial stress
response during short-term acute viremia that could be of relevance to a rise in total
cardiovascular disease risk.
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Fig. 1. Study design
Parent study groups (continuous therapy/single interruption group, repeated interruptions
group) as well as current analysis study groups (groups 1, 2 and 3) are shown. Grey and white
shade areas represent periods on and off ART, respectively. Asterisks indicate time points
studied in the current study. ART, antiretroviral therapy; O-E TI, open-ended treatment
interruption; TI, treatment interruption.
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Fig. 2. Plasma HIV-1 RNA, T-cell activation and markers of endothelial dysfunction: effect of
treatment interruption and interrelationship of these variables
(a) Plasma HIV-1 RNA at start (VL <50 copies/ml) and end of a 6-week treatment interruption
is shown in HIV-1-positive patients interrupting therapy. (b) Percentages (%) of CD8+/
CD38+ T-cells are shown at start (VL <50 copies/ml) and end of a 6-week treatment interruption
in HIV-1-positive patients interrupting therapy. (c, d) Levels of sVCAM-1 (panel c) and
sICAM-1 (panel d) are shown at start (VL <50 copies/ml) and end of a 6-week treatment
interruption in HIV-1-positive patients interrupting therapy. Patient S49 although included in
the analysis is not shown in the graph for graphic purposes. (e) Correlation between the increase
in sVCAM-1 levels (ng/ml) during a 6-week therapy interruption (ΔsVCAM-1:
sVCAM-1end of 6 week TI – sVCAM-1start of 6 week TI) and plasma HIV-1 RNA (log copies/ml)
at week 6. (f) Correlation between the increase in sVCAM-1 levels (ng/ml) during a 6-week
therapy interruption (ΔsVCAM-1: sVCAM-1end of 6 week TI – sVCAM-1start of 6 week TI) and
the increase in the % of CD8+/CD38+ for the same period (ΔCD8+/CD38+: CD8+/
CD38+

end of 6 week TI – CD8+/CD38+
start of 6 week TI). Data in panels a–d are shown as inter-

quartile box plot (median and outliers), with significant P values on the top of each graph,
whereas data in panels e and f is shown as regression lines, with correlation and P values. ART,
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antiretroviral therapy; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble
vascular cell adhesion molecule-1; TI, treatment interruption.
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Fig. 3. Differential effect of continuous ART and multiple TIs on sVCAM-1 levels
(a) Levels of sVCAM-1 are shown at study baseline and end of a 40-week follow-up on
continuous ART (group 1), (b) change in sVCAM-1 levels is shown in patients followed for
40 weeks on ART prior to an O-E TI (group 1, sVCAM-1start of O-E TI –
sVCAM-1study baseline) and in patients undergoing three TIs prior to an O-E TI (group 2,
ΔsVCAM-1: sVCAM-1start of O-E TI – sVCAM-1study baseline), (c) levels of sVCAM-1 are
shown at study baseline, start of O-E TI and when viral set-point was reached during O-E TI,
in groups 1 and 2. Note that for group 1, the end of the 40-week follow-up is also the start of
the O-E TI. Data in panels (a) and (b) are shown as inter-quartile box plot (median and outliers)
and in panel (c) as medians. Significant P values corresponding in paired (panels a and c) and
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nonpaired (panel b) analysis are shown on the top of each graph. ART, antiretroviral therapy;
O-E TI, open-ended treatment interruption; sVCAM-1, soluble vascular cell adhesion
molecule-1; TI, treatment interruption.
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Table 1
Baseline demographic and clinical characteristics per study arm.

Characteristics
Continuous therapy/single
interruptions group (n = 21)

Repeated interruptions
group (n = 21)

Age (years), median, (25th and 75th percentiles) 46 (41.5, 53) 42 (38.5, 42)

Men (%) 81 100

Ethnicity (%) 48 C, 42 AA, 10 H 81 C, 14 AA, 5 H

Route of infection (%) 90 S, 10 IV 95 S, 5 IV

Years since diagnosis, median (25th and 75th percentiles) 7 (5, 11.5) 11 (6.5, 15.5)

Years on ART, median (25th and 75th percentiles) 4.5 (4, 6.7) 7 (6, 11)

CD4+ T-cell count at recruitment (cells/µl), median
    (25th and 75th percentiles)

637 (481, 793) 658 (506.5, 815.8)

Follow-up period (weeks), median (25th and 75th
percentiles)

79 (59, 88.5) 81 (67, 88.5)

Drug classes used at entrya

    PI 7/21 10/21

    NNRTI 15/21 13/21

AA, African American; ART, antiretroviral therapy; C, Caucasian; H, Hispanic; IV, intravenous drug usage; NNRTI, nonnucleoside reverse-transcriptase
inhibitors; PI, protease inhibitors; S, sexual transmission.

a
Numbers include cases of PI/NNRTI combined use at study entry.
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