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Inflammation in early human immunodeficiency virus type 1
(HIV-1) disease progression is not well characterized. Ninety
patients with untreated primary HIV-1 infection were stud-
ied to determine associations of inflammatory proteins with
early disease progression. High plasma tumor necrosis factor
o (TNF-0) levels (>8.5 pg/mL) were significantly associated
with an increased viral load set point and shorter times to
reaching a CD4" T-cell count of <500 cells/mm® and initiat-
ing antiretroviral therapy. The increased risk of reaching a
CD4" T-cell count of <500 cellsymm® in the group with
high TNF-a levels was driven by viral load but was inde-
pendent of concurrent CD4" T-cell count. Thus, TNF-a ap-
pears to be an important mediator of inflammation in
patients with poor viral control and early HIV-1 disease
progression.
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Inflammation is a hallmark of human immunodeficiency virus
type 1 (HIV-1) disease [1, 2]. During the acute phase of HIV-1
infection, there is generalized immune activation and produc-
tion of many inflammatory cytokines, described as a cytokine
storm [3]. Viral load subsequently declines, but it is thought
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that the ongoing immune activation and viral replication are as-
sociated with subsequent HIV-1 disease pathology [4].

The role of inflammation in HIV-1 pathogenesis was broadly
recognized in the Strategies for Management of Antiretroviral
Therapy (SMART) trial, which showed that elevated interleukin
6 (IL-6) and D-dimer levels were associated with increased all-
cause mortality [5]. Subsequent studies have confirmed this
finding, and associations have been reported with levels of C-
reactive protein (CRP), soluble CD14, and lipopolysaccharide,
among others [2, 6, 7]. Currently, the role of inflammation dur-
ing primary HIV-1 infection (ie, after the acute phase and dur-
ing establishment of the viral load set point) and in early disease
progression is poorly understood.

We hypothesized that inflammation during early HIV-1 in-
fection may be associated with subsequent clinical measures of
disease progression, such as CD4" T-cell count decline and an-
tiretroviral therapy (ART) initiation. Therefore, we analyzed a
number of well-described inflammatory cytokines and activa-
tion proteins in a cohort of patients with untreated primary
HIV-1 infection. We report that plasma tumor necrosis factor
o. (TNF-0) levels during primary HIV-1 infection were correlat-
ed with viral control and associated with time to clinical end
points. Furthermore, high TNF-o levels were associated
with an increased risk of reaching a CD4" T-cell count of
<500 cells/mm?, and this risk was dependent on viral load but
not on concurrent CD4" T-cell count at the time of inflamma-
tory protein analysis, suggesting an important role for virus-
induced inflammation in early HIV-1 disease progression.

METHODS

Study Subjects

A total of 317 subjects from the Boston Acute and Early HIV-1
Study at Massachusetts General Hospital were evaluated for this
study. Detailed demographic and clinical description of this co-
hort has been reported elsewhere [8]. The following inclusion
criteria were used: no ART in first 2 months after enrollment,
>6 months of follow-up with CD4" T-cell count and viral
load testing, and sufficient HIV-1 load data to calculate viral
load set point. Ninety of 317 subjects met these criteria and
were included in subsequent testing. The study was approved
by the institutional review board, and informed consent was ob-
tained for all subjects. The study was conducted in accordance
with human experimentation guidelines of Massachusetts Ge-
neral Hospital and the Department of Health and Human
Services.
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Study Design

Study data were captured using REDCap (Research Electronic
Data Capture) [9]. Clinical data and laboratory results were re-
corded at each visit. A retrospective analysis was conducted to
determine the primary end points of (1) viral load set point and
(2) days to reach a CD4" T-cell count of <500 cells/mm?, as well
as the secondary end points of (1) days to reach a CD4" T-cell
count of <350 cells/mm? and (2) days to initiation of antiretro-
viral therapy (ART). Initiation of ART was clinically guided and
decided by the patient’s physician independently of the study.
The time to each end point was calculated relative to the date
of testing for inflammatory proteins.

Determination of Viral Load Set Point

Viral load set point was defined using the previously described
algorithm by Fellay et al [10]. Briefly, viral load measurements
obtained between 6 weeks and 1 year after enrollment were av-
eraged (median, 3 measurements; range, 2-6 measurements).
Each value was individually reviewed (by S. A. V.), and values
were excluded if they were +2 SDs from the mean, if the subject
was receiving ART, or on the basis of clinical data, if the subject
was determined to be in the acute phase of infection.

Cytokine and Plasma Protein Testing

TNF-q, interferon y (IFN-y), interleukin 1B (IL-1B), and inter-
leukin 6 (IL-6) levels in frozen plasmas samples were measured
using the Human Prolnflammatory I 4-Plex Assay Ultra-
Sensitive Kit from MSD (Gaithersburg, MD). Assays were
performed according to the manufacturer’s instructions. The
CRP level was measured by a high-sensitivity standard immuno-
chemiluminometric assay. The D-dimer level was measured by
an automated quantitative enzyme-linked fluorescent assay. All
laboratories performing testing of human samples were
licensed and certified by the Clinical Laboratory Improvement
Amendments. Samples were obtained at a single time point
with the goal of testing subjects at 6-9 months after the estimated
date of infection. Inflammatory protein levels in <15% of samples
were below the limit of detection (0.6 pg/mL for TNF-o, IL-6, IL-
1B, and IFN-v; 0.1 pg/mL for CRP; and 10 ng/mL for D-dimer).

Statistical Analysis

Spearman’s rank correlation coefficient was used to examine bi-
variate associations between inflammatory proteins and viral
load set point and CD4" T-cell count. Bonferroni correction
was used to correct for multiple comparisons, but nominal un-
adjusted P values are presented because of the modest sample
size and exploratory nature of the analysis. The Mann-Whitney
test assessed differences in inflammatory protein levels for
groups based on CD4" T-cell counts above or below 500 cells/
mm?. Log-rank (Kaplan-Meier) analyses summarized time-
to-event data for the primary and secondary end points. Only
subjects who had not reached the end point at the time of testing

were included (47 subjects, for days to reach a CD4" T-cell count
of <500 cells/mm?; 72, for days to reach a CD4" T-cell count of
<350 cells/mm?’; and 84, for days to initiation of ART). Cox pro-
portional hazard ratios were use to estimate the univariate and
adjusted risk of reaching predefined end points in groups divid-
ed into high and low categories on the basis of mean values (the
median value was used for viral load). All P values are 2 sided,
and P values of <.05 were considered statistically significant.
Statistical analyses were conducted using Prism 5 (GraphPad,
La Jolla, CA) and SAS v9.2 (SAS, Cary, NC).

RESULTS

To examine the role of inflammation during early HIV-1 infec-
tion, a retrospective analysis was conducted on the Boston
Acute and Early HIV-1 Study cohort. All patients were enrolled
within 6 months of HIV-1 infection and were followed longitu-
dinally to record clinical data, CD4" T-cell count, and HIV-1
load and to obtain blood samples. As our focus was early
HIV-1 disease progression, we excluded subjects who received
ART within the first 2 months after enrollment or who had <6
months of follow-up. Supplementary Table 1 shows the charac-
teristics of our study cohort (n = 90 patients) and clinical data at
the time of inflammatory protein testing. Plasma samples were
tested for TNF-a, IFN-y, IL-1B, IL-6, CRP, and D-dimer levels,
and results were analyzed for association with viral load set
point and time to clinical end points.

Among the inflammatory proteins tested, only TNF-o. levels
strongly correlated with viral load set point (R =0.48, P <.0001;
Figure 1A) and CD4" T-cell count (R =—-0.26, P =.02; Fig-
ure 1B) by Spearman rank correlation. Bonferroni correction
for multiple comparisons confirmed the strong correlation be-
tween TNF-o and viral load set point (P <.001). TNF-a levels
were also significantly higher in individuals with a concurrent
CD4" T-cell count <500 cells/mm?, compared with those with
>500 cells/mm’ (P =.046, by the Mann-Whitney test; Fig-
ure 1C). Correlation analysis for IL-1B, IL-6, CRP, and D-
dimer levels were nonsignificant, while CD4" T-cell count
was significantly inversely correlated to viral load set point
(R=-0.42, P=.003; Supplementary Figure 1). Taken together,
these data support the hypothesis that the TNF-o. level is asso-
ciated with early measures of HIV-1 disease severity, as mani-
fested by viral load set point and CD4" T-cell count.

We next investigated whether the plasma levels of inflamma-
tory proteins were associated with clinical measures of early
HIV-1 disease progression. Subjects were classified into high
or low groups as described above. Log-rank analysis revealed
that the group with high TNF-o levels (>8.5 pg/mL) had signifi-
cantly faster progression to a CD4" T-cell count of <500 cells/
mm® (P =.006; Figure 1D) and earlier initiation of ART
(P =.049; Figure 1E). The group with high TNF-a levels took
a median of 208 days to reach a CD4" T-cell count of <500
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Association of tumor necrosis factor o (TNF-ot) level with viral load set point, CD4* T-cell count, and early human immunodeficiency virus type 1

(HIV-1) disease progression. A and B, TNF-a and interferon vy (IFN-y) levels were measured in study subjects and compared to the viral load set point (A4) and
CD4* T-cell count (B) at the time of testing, using Spearman rank correlation analysis. Nominal unadjusted 2-sided P values are presented. C, The TNF-a.
level was significantly higher (as determined by the Mann—Whitney test) in subjects with a CD4* T-cell count of <500 cells/mm?®. Dand £, Log-rank analysis
was used to determine the interval between testing and reaching the end points of a CD4* T-cell count of <500 cells/mm? (D) and initiation of antiretroviral
therapy (ART; £) Subjects were categorized as having a high or low TNF-o level, IFN-y level, or CD4* T-cell count, by using the mean value as a cutoff; the
median value was used as a cutoff for viral load due to the logarithmic distribution. A P value of <.05 is considered statistically significant.

cells/mm?, compared with 1218 days in the group with low
TNF-o levels. The median times to ART initiation were 439
and 1057 days in the high and low TNF-a groups respectively.
A high TFN-y level (>2.0 pg/mL) was significantly associated
with shorter time to initiation of ART only (P =.001; median,
167 vs 1057 days in the high and low groups, respectively).
IL-1B, IL-6, CRP, and D-dimer levels did not show significant
differences between the high and low groups (Supplementary
Figure 1). Additional data from the log-rank analyses of the
high and low groups, including the median times to reach end
points, are presented in Supplementary Table 2. The time to
reach a CD4" T-cell count of <350 cells/mm?® was not signifi-
cantly different between the high and low groups for any of
the inflammatory proteins tested (data not shown). These results
show that plasma TNF-a levels are highly associated with early
HIV-1 disease progression, similar to associations found with
viral load set point and CD4" T-cell count.

To further investigate the risk associated with inflamma-
tion in early HIV-1 disease progression and determine the

contribution of viral load and CD4" T-cell count, we applied
a multivariate Cox proportional hazard model. For the time
to reach a CD4" T-cell count of <500 cells/mm”, the ratio of
the hazard for the group with high TNF-a levels to that for
the group with low TNF-a levels was 3.1 (95% CI, 1.3-7.1;
P<.01) in the univariate analysis, 1.9 (95% CI, .8-4.7;
P=.15) when adjusted for concurrent viral load, and 5.1
(95% CI, 1.9-13.5; P=.001) when adjusted for concurrent
CD4" T-cell count (Table 1). The group with high TNF-o. levels
had an increased risk for the time to ART initiation in univar-
iate analysis (hazard ratio [HR] 1.8; 95% CI, 1.0-3.2), although
the difference was not statistically significant (P =.053). The
group with high IFN-y levels had an increased hazard only
for the time to ART initiation (HR, 2.9; 95% CI, 1.5-5.5;
P =.002); the increase remained statistically significant after ad-
justment for viral load (HR, 2.1; 95% CI, 1.1-4.1; P=.03) or
CD4" T-cell count (HR, 1.9; 95% CI, 1.0-3.7; P=.05). High
viral load and low CD4" T-cell count yielded an increased
risk of clinical progression, as expected. Because of the modest
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Table 1. Cox Proportional Hazard Ratios (HRs) for Inflammatory Proteins in Early Human Immunodeficiency Virus Type 1 (HIV-1) Infection

Multivariate Analyses Adjusted for

Univariate Analyses Viral Load CD4™* T-Cell Count

End Point, Factor HR (95% Cl) PValue  HR(95% Cl)  PValue HR (95% Cl) P Value
Time to CD4* T-cell count <500 cells/mm?® (n = 472)

TNF-a level 3.1(1.3-7.1) .008 1.9 (8-4.7) 15 5.1 (1.9-13.5) .001

IL-6 level 0.8 (.3-2.4) .70 NDP NDP

CRP level 0.5 (.1-1.5) 20 NDP NDP

D-dimer level 1.0 (4-2.3) 91 NDP NDP

IL-1B level 1.0 (4-2.4) 95 NDP NDP

IFN-y level 0.8 (.2-3.4) 73 NDP NDP

Viral load 5.2 (1.9-14.4) .001 NA 5.0 (1.7-14.1) .003

CD4™* T-cell count 3.9(1.6-9.2) .002 3.1(1.3-7.5) .01 NA
Time to ART initiation (n = 849)

TNF-a level 1.8 (1.0-3.2) .053 NDP NDP

IL-6 level 1.4 (.7-2.9) 33 NDP NDP

CRP level 1.1 (5-2.4) 78 NDP NDP

D-dimer level 1.4 (.8-2.5) 31 NDP NDP

IL-1B level 0.6 (.3-1.2) 15 NDP NDP

IFN-y level 2.9(1.5-5.5) .002 2.1(1.1-4.1) .03 1.9 (1.0-3.7) .05

Viral load 6.1(3.0-12.3) <.001 NA 3.4 (1.7-7.1) <.001

CD4* T-cell count 6.2 (2.6-14.8) <.001 2.8 (1.1-7.1) .03 NA

Multivariate analyses adjusted for 1 logso HIV-1 load or 100-cell increments in CD4* T-cell count. A P value of <.05 is considered statistically significant.

Abbreviations: ART, antiretroviral therapy; Cl, confidence interval; CRP, C-reactive protein; IFN-y, interferon v; IL-1B, interleukin 1; IL-6, interleukin 6; NA, not

applicable; TNF-a, tumor necrosis factor c.

@ Subjects who reached the end point at or before inflammatory protein testing were excluded from the analysis.
b Not done (ND) because of the lack of statistical significance in the univariate model.

number of events, Cox models separately adjusted for log;,
HIV-1 RNA load and CD4" T-cell count but not both. Cox
analysis for days to reach a CD4" T-cell count of <350 cells/
mm? did not show significant HRs for any of the inflammatory
proteins tested (data not shown). Thus, these studies demon-
strate that patients with HIV-1 infection who have high plasma
levels of TNF-o have an increased risk of reaching a CD4 " T-cell
count of <500 cell/mm?, which is dependent on viral load but
independent of CD4" T-cell count at the time of testing.

DISCUSSION

The central role of inflammation in HIV-1 disease pathogenesis
and immune dysfunction is increasingly being recognized [11,
12]. While inflammation has been extensively studied in chron-
ic HIV-1 infection, here we show that a high level of TNF-o
but not other well-described inflammatory proteins was associ-
ated with a decreased time to reach a CD4" T-cell count of
<500 cells/mm” and to initiation of ART during early HIV-1 in-
fection. This association of high TNF-o levels with early HIV-1
disease progression was dependent on viral load but indepen-
dent of concurrent CD4" T-cell count. Thus, TNF-a appears

to be an important mediator of inflammation driven by high
levels of viral replication, which is linked to early HIV-1 disease
progression. Interestingly, CD4" T-cell count, which is the pri-
mary benchmark used worldwide to recommend ART initia-
tion, had only a weak association with TNF-o level and did
not reduce the risk for early disease progression seen in the
high TNF-a group after adjustment for this parameter.

Previous studies have characterized inflammation during
early HIV-1 infection and attempted to determine the relation-
ship with disease outcome. Nearly two decades ago, Rizzardi
et al demonstrated increased TNF-o. levels in HIV-1-infected
individuals who went on to develop an AIDS-related outcome,
albeit with a much smaller sample size [13]. A recent study
showed that the IP-10 level during acute HIV-1 infection was
correlated with CD4" T-cell count and T-cell activation mea-
sured six months later (interestingly, the TNF-o level was not
associated) [14]. However, these studies did not examine asso-
ciations with the time to HIV-1 disease progression or the con-
tribution of viral replication to inflammation.

Given the importance of viral load in TNF-o-mediated in-
flammation during early HIV-1 infection, additional studies
are required to understand the mechanism leading to increased
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TNF-o production, as well as to determine any long-term im-
pact on immune dysfunction. Chronically high exposure to
TNF-o is likely to have negative effects in the individual, but
it is unclear whether this is reversible or whether it is linked
to late inflammation associated with elevated IL-6 and D-
dimer levels. Some insight into this is provided by a recent
study by Tabb et al, who used TNF-a. inhibitors during simian
immunodeficiency virus infection in rhesus macaques. This
study found that blocking TNF-o did not affect viral load or
T-cell activation but reduced inflammation at the lymphoid tis-
sue level [15]. The findings from our study further support the
current body of literature, which suggests that inflammation re-
lated to high viral replication plays an important role in HIV-1-
related pathology and that strategies to counteract inflammation
may help reduce or postpone disease progression.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http://jid.oxfordjournals.org/). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
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