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Abstract

T cell activation levels, viral load and CD4+ T cell counts at early stages of HIV-1 infection are predictive of the rate of
progression towards AIDS. We evaluated whether the inflammatory profile during primary HIV-1 infection is predictive of
the virological and immunological set-points and of disease progression. We quantified 28 plasma proteins during acute
and post-acute HIV-1 infection in individuals with known disease progression profiles. Forty-six untreated patients, enrolled
during primary HIV-1 infection, were categorized into rapid progressors, progressors and slow progressors according to
their spontaneous progression profile over 42 months of follow-up. Already during primary infection, rapid progressors
showed a higher number of increased plasma proteins than progressors or slow progressors. The plasma levels of TGF-b1
and IL-18 in primary HIV-1 infection were both positively associated with T cell activation level at set-point (6 months after
acute infection) and together able to predict 74% of the T cell activation variation at set-point. Plasma IP-10 was positively
and negatively associated with, respectively, T cell activation and CD4+ T cell counts at set-point and capable to predict 30%
of the CD4+ T cell count variation at set-point. Moreover, plasma IP-10 levels during primary infection were predictive of
rapid progression. In primary infection, IP-10 was an even better predictor of rapid disease progression than viremia or CD4+

T cell levels at this time point. The superior predictive capacity of IP-10 was confirmed in an independent group of 88 HIV-1
infected individuals. Altogether, this study shows that the inflammatory profile in primary HIV-1 infection is associated with
T cell activation levels and CD4+ T cell counts at set-point. Plasma IP-10 levels were of strong predictive value for rapid
disease progression. The data suggest IP-10 being an earlier marker of disease progression than CD4+ T cell counts or
viremia levels.
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Introduction

Several months after HIV-1 infection, blood CD4+ T cell

counts, plasma RNA viral load (VL) and CD8+ T cell activation

levels reach the so-called set-point. At this set-point, which is

generally reached after six months post-infection, the levels of the

virological and immunological markers, in particular T cell

activation levels, are predictive of the rapidity of disease

progression [1,2,3,4,5]. Initiation of antiretroviral treatment is

recommended based on CD4+ T cell numbers in blood. However,

during primary HIV infection (PHI), CD4+ T cells decline in

blood and VL is generally high. It is therefore difficult to

distinguish at this early stage of infection if the low CD4+ T cell

counts, or the high VL levels, are due to a particularly early

diagnosis (close to the VL peak) or rather should be considered as a

sign of bad prognosis. New early markers for disease progression

could help to determine if an early initiation of treatment is

desirable in those patients who are diagnosed during PHI.

Moreover, further insight into the early events during HIV-1

infection can help to better understand the mechanisms leading to

systemic T cell activation and progressive loss of blood CD4+ T

cells.

HIV-1 infection is characterized by a cytokine storm in the

plasma in the first weeks following infection [6]. The study of the

events occurring before and around the VL peak is possible in

humans, but only occasionally [6,7,8]. As an alternative, the study

of SIV infections in non-human primates has allowed the field to

gain crucial knowledge of the events occurring early in infection.

Pathogenic SIVmac infection in macaques is characterized by a

cytokine storm similar to the one described in HIV-1 infection [9].

In contrast, during non-pathogenic infection in natural hosts of

SIV, not as many cytokines are induced, and for those that are

induced, this induction is transient [10,11,12,13,14]. Such a
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transiently increased cytokine is IFN-a [12,15,16,17]. Concomi-

tantly with IFN-a, both macaques and natural hosts show a strong

induction of IFN-stimulated genes (ISG) like IP-10 (CXCL10)

during primary infection [15,18,19]. Again, these ISG inductions

are persistent in macaques, as in HIV-infected humans, but only

transient in natural hosts. Indeed, in the latter their expressions are

rapidly down-regulated [15,16,17,19]. By four weeks post-infec-

tion, only macaques, but not natural hosts, display significantly

increased plasma cytokines and ISG expressions.

It has been proposed that a particularly early induction of anti-

inflammatory proteins could help to down-regulate inflammation,

while their chronic production most likely contributes to

immunodeficiency [20]. In line with this, in natural hosts, anti-

inflammatory factors (IL-10, TGF-b1, PD-1), when induced, are

detected very early but do not persist [10,11,15,21].

The data on the differences in primary infection between

pathogenic and non-pathogenic SIV infection has led us to raise

the hypothesis that a strong inflammation, an uncontrolled IFN

response and/or a lack of early anti-inflammatory factors, could be

of bad prognosis for disease progression. Previous studies in

humans have largely analyzed the association between inflamma-

tion and disease progression in the chronic phase of HIV infection.

More recently, inflammatory profiles have also been studied more

extensively in primary HIV-1 infection [6,7,22,23]. However, only

two studies addressed the role of acute inflammation on disease

progression markers [24,25]. None of the studies included a long

term follow up of the patients and no data are available on the

predictive value of inflammation in PHI for T cell activation levels.

Here, we aimed to analyze whether a specific pro- or anti-

inflammatory profile during PHI is predictive of T cell activation

and disease progression in patients followed for several years

without treatment, in a well-characterized cohort of patients

enrolled in PHI [4,26]. The early levels of 28 plasma proteins,

including IFN-I inducible proteins and anti-inflammatory cyto-

kines, were quantified in patients for which disease progression

profiles were known. We analyzed whether there was a correlation

between these pro- and anti-inflammatory proteins in PHI and

disease progression markers, including T cell activation, at set-

point. We also evaluated whether the concentrations of these

proteins could predict the disease progression profile. Altogether,

our study reveals for the first time an association between

inflammation in PHI and T cell activation at set-point. Further-

more, IP-10 was an independent predictor of rapid disease

progression and our data suggest that, during PHI, IP-109s

capacity of prediction is stronger than that of VL and CD4+ T cell

counts.

Results

HIV-1 Infected Individuals Enrolled in PHI and their
Disease Progression Characteristics

In order to search whether there is an association between early

inflammatory profiles and disease progression, we quantified a

wide range of proteins (N = 28) in the plasma of a cohort of 46

patients (Table S1). The patients studied were part of the large,

very well characterized ANRS PRIMO cohort [4,26,27]. In this

cohort, all subjects were enrolled at the stage of PHI. PHI and

time post-infection was defined as previously described [4] and as

explained in the Material and Methods section below. The

majority of the patients were enrolled at Fiebig stage III-IV, which

is the most common situation in clinics regarding PHI. We

retrospectively selected among antiretroviral treatment-naive

patients those who displayed clearly distinct disease progression

profiles based on their CD4+ T cell counts and/or viremia levels

(Figure 1, Table S1). The patients were categorized into three

groups: 16 rapid progressors (RP), 19 progressors (P) and 11 slow

progressors (SP). The groups were defined based on their CD4+ T

cell decline over the years during the follow up (42 months post-

PHI), as described in the Material section. The three patient

groups were similar regarding age, gender distribution and

estimated time since infection, while CD4+ T cell counts were

different at M0 and at set-point (M6) between all groups, and

viremia levels differed significantly between RP and SP at all time

points (Table S1, Table S2).

Plasma samples were studied at three time points: during PHI

(M0) and 1 month later (M1), in order to consider two early time

points, as well as six months later (M6), in order to dispose of data

at a time, which is generally considered to correspond to the set-

point. Plasma samples were available for all 46 patients at M0 and

M1, and for 40 out of the 46 patients at M6 (12 RP, 18 P and

10 SP). All plasma samples analyzed were from antiretroviral

treatment-naive patients.

Eight Plasma Proteins were Increased during Primary HIV-
1 Infection

We quantified the concentrations of each of the 28 proteins in

the 46 HIV-1 infected individuals and evaluated whether their

levels were different or not as compared to the respective protein

levels in healthy donors. The proteins examined were chosen

based on following criteria: they are either known to have a pro- or

anti-inflammatory role, to be inducible by IFN, to be increased

during PHI or to be associated with disease progression during

chronic HIV-1 and SIVmac primary infections [6,9,10,11,15]. At

M0, 8 soluble factors were significantly more elevated than in non-

infected individuals: IL-18, TNF-a, sIL2Ra, sTRAIL, IL-8, IP-10,

IL-10 and TGF-b1 (FDR, p,0.008) (Figure 2A). All proteins that

were increased at M0 were also increased at M1 and M6 with

respect to healthy donors, with the exceptions of TGF-b1 at M1

and TNF-a at M6 (Figure 2B). No other plasma proteins were

increased at M1 and M6 besides those already increased at M0.

All plasma samples were negative for IFN-a except for one rapid

progressor at M6 (data not shown).

Altogether, 6 pro- and 2 anti-inflammatory soluble factors out of

the 28 tested were increased during PHI.

Rapid Progressors Presented the Highest Number of
Elevated Pro- and Anti-inflammatory Proteins during
Primary HIV-1 Infection

We then investigated whether there were differences in the

protein concentrations according to the disease progression profile.

We compared the concentrations of the 28 soluble factors in each

group of patients, i.e. rapid progressors (RP), progressors (P) and

slow progressors (SP) to those in healthy donors. Interesting

differences according to the disease progression profile of the

patients were observed. Thus, in RP, 8 proteins were significantly

elevated at M0 (Figure 3A and Table S3). These analytes were the

same proteins that were increased when all patients were grouped

together (Figure 2), except for TGF-b1, which was not elevated in

any of the patient groups when comparing them to healthy donors

separately. In contrast to RP, P and SP displayed elevations for

only 4 and 3 proteins, respectively (Figure 3B + C and Table S3)

(FDR, p,0.005). At M1 and M6, there were again more soluble

factors elevated in RP (N = 4) than in P (N = 2 at M1 and M6) and

SP (N = 1 at M1 and N = 3 at M6) (FDR, p,0.002) (Table S3 &

Figure S1). Cytokines which were increased in RP or P, but not in

SP were: TNF-a, IL-1b, IL-8, IP-10 and IL-10.

Acute Markers of T Cell Activation and AIDS
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In conclusion, starting from M0, RP had a higher number of

elevated soluble factors than the other two patient groups (P and

SP).

Plasma IP-10 Concentrations in Primary Infection were
Different between Groups of Patients Progressing at
Distinct Rates

We then addressed the question of whether the concentrations

of these proteins differed between the patient groups. We first

analyzed the differences in protein concentrations by comparing

all three groups concurrently. The analysis was performed using

the Cuzick’s test, which allows multiple, ordered group compar-

isons. Two out of the 28 proteins showed increases over the groups

(from the lowest levels in the SP, followed by the P and highest in

the RP) at all time points (M0, M1, M6). These were IP-10

(p,0.007) and IL-10 (p,0.001) (Figure 3D for M0, and data not

shown for M1 and M6).

We further explored the differences by comparing the groups

two-by-two. Only for IP-10 there was a significant difference in the

cytokine concentration between two groups of patients (Figure 3D).

The concentrations of IP-10 were indeed different between RP

and P, and also between RP and SP (p,0.005). These differences

were observed at all time points (M0, M1, M6) (Figure 3D for M0,

and data not shown for M1 and M6).

IP-10, TGF-b1 and IL-18 in PHI were Associated with T Cell
Activation at Set-point

To analyze if the cytokine levels in PHI were associated with

markers of disease progression, we evaluated whether the

concentrations of one or more of the 28 proteins at M0 correlate

with viremia, CD4+ T cell counts and/or T cell activation levels at

set-point (M6). Three cytokines (IP-10, IL-18 and TGF-b1)

measured at M0 correlated positively with T cell activation at

M6 (Figure 4 B, C and D). Two cytokines (IP-10 and IL-10)

evaluated at M0 were negatively correlated with CD4+ T cell

counts at M6 (Figure 4A and Figure S2). IL-10 levels at M0 were

associated with VL at M6 (Figure S2).

Among all comparisons examined, the best correlations

(rho$0.5) were observed for IP-10, IL-18 and TGF-b1 (at M0)

with T cell activation (at M6).

IP-10 and TGF-b1 were Predictive Factors for Respectively
CD4+ T Cell Counts and T Cell Activation at Set-point

To analyze whether some of the inflammatory cytokines were

not only associated, but also predictive for one or more of the three

disease progression markers, we performed multivariate linear

regression analyses. After multiple adjustments, none of the 28

proteins in PHI was identified as a predictor for VL at M6. TGFb-

1 and IL-18 at M0 were both positively associated with T cell

activation at M6 (p,0.001 and p = 0.020, respectively). Their

concentration at M0 predicted as much as 74% (adjusted

R2 = 0.74) of the T cell activation values at M6, 66% being

predicted by TGF-b1 alone. IP-10 levels at M0 were negatively

associated with CD4+ T cell counts at M6 (p = 0.021). IP-10

concentration at M0 predicted 30% (adjusted R2 = 0.3) of the

CD4+ T cell count variation at M6.

Plasma IP-10 Levels in Primary Infection Predicted Rapid
Disease Progression

Next, we studied if the concentrations of one or more of the pro-

and anti-inflammatory proteins, increased in PHI, were predictive

of disease progression. Additionally, we aimed to compare the

Figure 1. Virological and immunological characteristics of the 46 HIV-1 infected patients with three distinct disease progression
profiles. (A) CD4+ T cell counts (left) and viremia levels (right) are shown over time for the 46 patients, who were divided into 3 groups: slow
progressors (in green, 11 patients), progressors (in blue, 19 patients), rapid progressors (in red, 16 patients). The data were determined in primary
infection (M0), as well as 1 month (M1) and 6 months (M6) later. The data of the patients are grouped together and the mean and SEM values are
shown for each analyzed time point (M0, M1, M6). (B) The CD4+ T cell counts (left) and viremia levels (right) are shown for each single patient
according to the estimated time post-infection.
doi:10.1371/journal.pone.0046143.g001
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Figure 2. Plasma protein levels in HIV-1 infected patients. (A) The levels of 28 proteins in the plasma of 46 acutely infected patients (M0) are
expressed as fold change compared to the levels in healthy donors (N = 17). The order of the proteins is presented according to their function (pro-
inflammatory, adaptive, IFN-inducible, chemoattractants, hematopoietic and anti-inflammatory). The anti-inflammatory cytokines are presented on
the right side of the figure. The dotted horizontal line at Y = 1 corresponds to the value in healthy donors. The boxes represent the median and the
25th and 75th percentile, with the line in the middle of the boxes corresponding to the median value. Colored boxes stand for the cytokines, whose
levels were significantly different from healthy donors: blue boxes when p,0.05 (as it was the case for IL-1b) and red boxes when p,0.008 (M&W
test). (B) Protein concentrations at M0, M1 and M6 of the soluble factors that were elevated at M0. The data are expressed in pg/ml, HD: healthy
donors, M: months. Cytokine concentrations below the limit of detection were arbitrarily set at the level of the limit of detection. Dot-plots marked
with one asterisk (*) (p,0.05) or two asteriks (**) (p,0.008) represent the cytokines, whose levels were significantly different from healthy donors
(M&W test).
doi:10.1371/journal.pone.0046143.g002
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capacity of prediction of the soluble proteins with that of CD4+ T

cell counts and VL at M0. Univariate logistic regressions were

performed to analyze if the plasma proteins, CD4+ T cell counts

and VL, categorized according to their respective median values at

M0, were predictive either for slow progression (SP versus P and

RP) or for rapid progression (RP versus P and SP). In the

univariate logistic regression analysis, plasma IP-10 concentration

($869 pg/ml), CD4+ T cell counts (,570 cells/mm3), VL ($5

log10 RNA copies/ml) and plasma IL-10 ($3.7 pg/ml) at M0 were

identified as potentially predictive of rapid disease progression

(Figure 4E). This was not the case neither for IL-18 levels

($673 pg/ml) nor for TGF-b1 levels ($1533 pg/ml). The logistic

regression model revealed that only IP-10 (p = 0.007) and CD4+ T

cell counts (p = 0.020) were independent predictors for rapid

disease progression (Figure 4E).

Validation of the Results Obtained by Luminex on IP-10
by ELISA

It was not anticipated that early plasma IP-10 levels could be of

better predictive value than VL and perhaps also slightly better

than CD4+ T cell counts in PHI. In order to confirm these results,

we validated the data obtained with the Luminex technology by

using another, more classical technique for quantification of

proteins, i.e. an Elisa assay. The IP-10 plasma concentration at

M0 was quantified by ELISA in 45 out of the 46 patients (Table 1).

For one patient, no plasma was available for the ELISA. The

prediction values for IP-10 didn’t change using these 45 patients

(not shown). The IP-10 concentration, as determined by ELISA

(median of 249 pg/ml, range: 2–318), strongly correlated with

those measured by Luminex (r = 0.79, p,0.001) (Figure S3).

Univariate regression analyses were then performed. CD4+ T

cell counts ,570 cells/ml (p = 0.007) and in particular IP-

10$249 pg/ml (p = 0.001) were associated with rapid disease

progression, while VL $5 log10 RNA copies/ml only showed a

trend for significance (p = 0.084) (Figure 4E). In the multivariate

regression analysis, IP-10 (p = 0.004) and CD4+ T cells (p = 0.034)

were independently predictive of rapid progression (Figure 4 E).

Thus, the results based on the ELISA were similar to the ones

obtained with the Luminex platform. In both cases, VL in PHI

was not significantly predictive for rapid disease progression, while

CD4+ T cells and to a greater extent IP-10 were.

Validation of Plasma IP-10 Levels in PHI as a Predictive
Factor of Disease Progression

In order to further validate the capacity of early prediction by

IP-10, we replicated the analysis in a blind fashion on an

independent and larger set of patients (N = 88), called the

validation set (Table 1). In contrast to the previous set of patients

(derivation set), the patients of the validation set were not selected

based on distinct profiles of disease progression, but enrolled in a

random manner. They were recruited more recently than patients

of the derivation set and followed for at least 12 months. All were

antiretroviral treatment-naı̈ve.

Plasma IP-10 concentrations during PHI were measured by

ELISA in the 88 HIV-1 infected individuals. The median value of

IP-10 in this validation set (232 pg/ml) was not different from the

one in the derivation set (249 pg/ml) (p = 0.79, Table 1).

We then classified the patients according to their disease

progression profiles, based on their CD4+ T cell counts over time,

as above. As these patients were recruited more recently than the

patients from the derivation set and had been followed for a

shorter period of time, we were only able to define who was a RP,

but could not differentiate between P and SP. However, since the

aim of this analysis was to determine the predictive value of plasma

IP-10 in PHI for rapid disease progression, this did not constitute

an obstacle for our study. The 88 patients split into 17 RP and 71

P/SP. As one could have expected, the proportion of RP in this

validation set was lower (19.3%) than in the previous set (34.8%)

(p = 0.04). For the previous one, we had selected on purpose

similar numbers of individuals in each category of disease

progression. In the second set, individuals were enrolled blindly

without knowing their disease progression profile. The proportion

of RP within the validation set mirrored the normal frequency of

RP in HIV-1 infected individuals [4,28].

There were no significant differences between the derivation

and validation sets in regard to age, gender, estimated time since

infection, CD4+ T cell counts or viremia at M0 (p.0.11) (Table 1).

In the validation set, the CD4+ T cell counts and viremia levels at

M0 were not different when comparing RP to P/SP (P and SP

assembled), in contrast to the derivation set, where CD4+ T cells,

as well as viremia levels, were different between RP and P/SP

already at M0 (Figure 5). This is in line with the random

enrollment of the patients from the validation set. Of note, plasma

IP-10 levels were higher in RP versus P/SP at M0 in the validation

set (p = 0.049), in contrast to CD4+ T cell counts and viremia

(Figure 5 D). The difference in IP-10 levels was though less

pronounced than in the derivation set (p = 0.0002).

Univariate regression analyses were then performed on this

independent set of patients, in order to evaluate the capacity of

plasma IP-10, CD4+ T cell counts and viremia to predict rapid

disease progression. The analysis was again based on the median

IP-10 concentration ($232 pg/ml). Only IP-10 was significant

(p = 0.006), while CD4+ T cell counts and viremia at M0 were not

(Figure 4 E). This was also observed with another categorization of

IP-10, i.e. 3 categories of IP-10 based on the median and third

quartile (not shown). This confirms IP-10 as being a strong

predictive factor of rapid disease progression at this early stage

of infection (PHI).

Overall, the analysis in this independent group of patients

demonstrates that elevated plasma IP-10 level during PHI is of

robust predictive value for rapid evolution towards AIDS. They

confirm the data described above, which already suggested that

during PHI, IP-10 is of stronger prognosis for disease progression

than viremia levels or CD4+ T cell counts.

Discussion

During chronic HIV-1 infection, many plasma proteins and

activation markers, such as neopterin, TNF-a and sCD14, are

associated with progression towards AIDS [9,29]. Here we studied

which plasma proteins during PHI are predictive of the virological

and immunological set-points and of disease progression itself. As

Figure 3. Plasma protein levels at M0 according to disease progression profiles. The cytokine profiles at M0 are shown for each group of
patients: 16 rapid progressors (A), 19 progressors (B), and 11 slow progressors (C). Color code and statistical analyses are as described in Figure 2
(corrected threshold, p,0.005). The dotted horizontal line corresponds to the value in healthy donors. (D) Comparison of protein concentrations
between the 3 groups of patients (SP, P and RP). Four representative cytokines are shown. The cytokines increasing significantly over groups were IP-
10 and IL-10 (Cuzick’s test, p,0.007). When comparing the groups two by two, out of 28 proteins tested, the levels were different only for IP-10 (M&W
test,***: p,0.005).
doi:10.1371/journal.pone.0046143.g003
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published by others, we detected an increase in many proteins

(such as IP-10, IL-8, IL-10, IL-18, TNF-a, sIL2Ra) during PHI.

These included the same as those previously reported

[6,7,23,24,30]. We did not detect increases of a few other

proteins, reported in some studies [6,7]. For instance, we did not

observe increased levels of two cytokines, IFN-a and IL-15, known

Figure 4. Cytokines predictive of immunological set-point levels. (A–E) Cytokine concentrations in plasma at M0 have been plotted against
CD4+ T cell counts and T cell activation (CD3+CD8+CD38+HLA-DR+) at M6. Six patients, including 4 who were treated at M6, were excluded from the
analysis at M6. T cell activation levels were available for 19 patients at M6 (4 SP, 7 SP, 8 RP). The correlations were thus analyzed in 40 patients
regarding CD4+ T cell counts and viral load and for 19 patients regarding T cell activation. (A) IP-10 levels at M0 plotted against T CD4+ counts at M6.
(B) IP-10 levels at M0 plotted against T cell activation at M6. (C) IL-18 levels at M0 plotted against T cell activation at M6. (D) TGF-b1 concentrations at
M0 plotted against T cell activation at M6. The red line indicates that both the Spearman correlation and the linear regression analysis were
significant. (E) Regression analysis for evaluation of the capacity of CD4+ T cell counts, VL and cytokines at M0 to predict rapid disease progression.
Values obtained for both the derivation set (Luminex and ELISA) and the validation set are shown. Median values of CD4+ T cell counts, VL and
cytokine levels were used: VL . = 5 log; CD4,570 cells (derivation set); CD4,546 cells (validation set); IP-10. = 869 pg/ml (derivation set, Luminex);
IP-10. = 247 pg/ml (derivation set, ELISA); IP-10. = 232 pg/ml (validation set, ELISA).
doi:10.1371/journal.pone.0046143.g004

Acute Markers of T Cell Activation and AIDS

PLOS ONE | www.plosone.org 7 October 2012 | Volume 7 | Issue 10 | e46143



to be produced very early on in PHI. This could be explained by

the fact that the time points analyzed here corresponded mostly to

Fiebig stages III and IV. Of note, we analyzed two soluble factors,

TGF-b1 and sTRAIL, that to our best knowledge have not been

measured before in the plasma during PHI. We observed increases

for both of these proteins, corresponding to data obtained in non-

human primate models [10,11,31,32]. Most importantly, this is the

first time that acute inflammatory protein levels were examined for

their predictive value for T cell activation.

We show here that RP have an increase in both the breadth and

concentration of cytokines induced during PHI as compared to the

other patients groups, and that RP and P, but not SP, presented

early elevation of both pro- (IP-10) and anti-inflammatory (IL-10)

cytokines. It could appear counterintuitive to observe that anti-

inflammatory cytokines were higher in RP and P than in SP

already in PHI, since they should rather dampen the inflamma-

tion. However, it has been reported that IL-10 is induced in a later

stage of PHI, after the first burst of pro-inflammatory cytokines,

both in HIV-1 and SIVmac infections [6,7,9]. The anti-

inflammatory cytokines may thus have been induced as a

consequence of the strong inflammatory response, that is more

pronounced in progressors. Chronic TGF-b1 and IL-10 produc-

tion might then participate in disease progression, for instance by

inhibiting adaptive immune responses [20]. TGF-b1 together with

IL-18 predicted as much as 74% of the T cell activation at set-

point. IL-18 and TGF-b1 have never been studied before for their

predictive value at the early stage of HIV-1 infection. Excessive

TGF-b1 expression in lymph nodes, through the induction of

fibrosis, has been suggested to play a predominant role in the

disruption of lymph node architecture and CD4+ T cell depletion

in HIV and SIV infections [31,33]. IL-18 is known to induce IFN-

c expression, which in turn is capable of inducing IP-10 [34].

IP-10 is shown here to be an independent predictor of rapid

disease progression. This contrasted with the other cytokines, and

even with VL and CD4+ T cell counts, which at this early stage of

infection had, respectively, little or no predictive power. Our study

is not in contradiction with earlier data on VL and CD4+ T cell

counts in PHI as markers of disease progression [4], but suggests

that IP-10 is of stronger predictive value than VL and CD4+ T cell

counts in PHI. The predictive capacities of VL and CD4+ T cell

counts have been analyzed in many studies with large sample sizes

[35]. The role of IP-10 as an early independent predictor of rapid

progression was detected here despite the relatively small number

of patients, supporting its strength. In addition, the data have been

validated in an independent group of patients.

IP-10 has stood out in many other studies. Thus, it has been

previously shown that IP-10 strongly correlates with viremia in

PHI [24], which was also the case here (p = 0.004, not shown). In the

chronic phase of HIV-1 infection, IP-10 showed a strong positive

correlation with VL and a negative one with CD4+ T cell counts

[36,37]. Studies in patients undergoing HAART pinpointed IP-10

to be better correlated with controlled infection than several other

inflammatory markers. In a study where patients started treatment

during PHI, only IP-10 significantly differed between treated and

untreated participants at week 16–24 [7]. Similarly, after Mega-

HAART was initiated during PHI, IP-10 was decreased, whereas

other markers, i.e. sCD14 and LPS, were not [22].

Only two studies however evaluated the capacity of IP-10 to

predict disease progression (over a period of 18 and 24 months),

and contrasting results were reported [24,25]. In the study by

Roberts et al, the first study that ever evaluated the role of acute

inflammation for CD4+ T cell loss, IP-10 was not identified as an

early predictive marker for CD4+ loss [24]. The study was

performed in a cohort of women in South Africa, while in the

ANRS PRIMO cohort, the percentage of patients from sub-

saharan Africa corresponds to only 6.5%, with the vast majority of

patients being Caucasian men (Table 1) [26,27]. Sexually

transmitted infections were frequent among the South-African

women studied, since 94.5% of them were carriers of at least one

infection [24]. Mucosal inflammation can impact on peripheral

markers [23]. Further studies are needed to evaluate whether there

could be a difference with respect to IP-10 as a biomarker between

men and women and in the baseline levels between cohorts in

Europe and Africa [36]. More recently, a study in a cohort of

HIV-1 infected men in China has found IP-10 as an early

predictor of rapid disease progression [25]. This is interesting as it

shows that IP-10 has a similar role as a biomarker in a cohort with

a distinct geographic environment and distinct genetic back-

ground. However, in that study, they did not compare the efficacy

of IP-10 as a biomarker of rapid progression to that of CD4+ T cell

counts and VL. They also did not evaluate the capacity of

cytokines to predict T cell activation.

IP-10 is inducible by IFN-II, but also by other factors, such as

IFN-I [15,38]. In SIVmac-infected macaques, a sustained

production of IFN-I can be observed in lymph nodes

[14,17,39,40]. It is possible that a prolonged production of IFN-

I in lymphoid organs during HIV-1 infection is responsible for the

heightened levels of IP-10. It also not excluded that IP-10

production subsequent to the early peak of IFN-I is fueled by other

factors, such as IFN-c or TNF-a [41]. IP-10 is the ligand of

Table 1. Comparative distribution of patient’s demographic, clinical and immunological characteristics in the derivation and
validation sets.

Derivation set, N = 45 Validation set, N = 88 p

Gender W/M (% of women) 9/45 (20%) 9/88 (10%) 0.12

Age at enrollment (years) 35 (18–64) 36 (18–67) 0.71

Estimated time post-infection at M0 (days) 51 (28–98) 55 (28–98) 0.83

Blood CD4+ T cells/mm3 (range) 571 (208–1509) 546 (250–1295) 0.94

Plasma viral load (log copies of RNA/ml) 5.03 (2.45–7.21) 4.9 (2.41–7.41) 0.63

IP-10 (pg/ml) 249 (2–1318) 232 (40–2880) 0.79

The main characteristics of the patients are listed here for the time point of enrollment during PHI (M0). For each parameter (except gender), the median values and the
range are indicated. Plasma IP-10 concentrations were measured by ELISA at M0. For the derivation set, data are shown for those 45 patients out of 46, whose IP-10 was
quantified by ELISA. The validation set comprised 88 patients. There was no significant difference between the two sets for any parameter (p.0.11). W: women, M: men,
N: number of patients in each set.
doi:10.1371/journal.pone.0046143.t001
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Figure 5. Immunological, virological and clinical characteristics of rapid progressors versus progressors and slow progressors
assembled within patients of the derivation and validation sets. The derivation set comprised 46 patients (except for IP-10, where values
based on the ELISA were available for only 45 patients). The validation set corresponded to 88 patients for all markers. Differences between rapid
progressors and the other patients are indicated with the presence of a p value (M&W test). P values below 0.05 were considered to be significant.
There was no significant difference regarding the time of enrollment at M0 (estimated days post-infection). (A) CD4+ T cells at M0 and M12; (B)
Viremia at M0 and M12; (C) number of estimated days post-infection at M0; (D) Plasma IP-10 concentration at M0. M = month.
doi:10.1371/journal.pone.0046143.g005
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CXCR3, which is expressed on many cells (activated T cells, Th1

cells, Treg cells, plasmacytoid dendritic cells, monocytes, NK cells)

and is implicated in the recruitment of CXCR3+ cells to lymph

nodes [42,43,44]. Events in lymph nodes might have a particular

impact on immunodeficiency [45]. IP-10 is known to be produced

in secondary lymphoid organs of viremic HIV-1 infected

individuals and elevated levels in lymph nodes of chronically

infected macaques are associated with more rapid disease

progression [15,18,42,46]. Production of IP-10 in lymph nodes

might amplify the inflammation and the spread of viral infection

by attracting potential target cells of HIV [15,42]. IP-10 enhances

HIV-1 replication in monocyte-derived macrophages and primary

CD4+ T cells in vitro [47]. IP-10 levels have been shown to

correlate with the frequency of pro-inflammatory CD16+ mono-

cytes [37]. It has been suggested that Treg cells, which accumulate

in lymph nodes of progressors, are the major producers of TGF-b1

in lymph nodes [31,48]. Treg cells can express CXCR3 and these

cells could thus be attracted by IP-10. Further studies will be

needed to investigate whether there is a link between IP-10 and

TGF-b1 in lymph nodes and whether IP-10 is only a strong

marker of inflammation and disease progression or whether it also

contributes by itself to immunodeficiency.

Once individuals are diagnosed for HIV infection during PHI,

one of the most pressing decisions confronted by the clinicians is

whether or not to start antiretroviral therapy. Although early

treatment is most likely beneficial for limiting the size of viral

reservoirs, long-term treatment is a burden for the patient. None of

the currently available biomarkers has a perfect sensitivity or

specificity. For instance, VL explains ,50% of the variation in

time from primary infection to the development of clinical AIDS

[49]. Novel early biomarkers, in addition or combination with the

canonical parameters, could help clinicians to refine the decision.

Furthermore, soluble plasma proteins, such as IP-10, would be

ideal biomarkers to assess as they are abundant and easily

measurable.

In conclusion, we show for the first time that the level of

inflammation in primary HIV-1 infection is predictive of T cell

activation levels. This underlines the major role of inflammation in

driving T cell activation, as previously suggested by others [17,50].

Our study highlights the role of TGF-b1 and two IFN-inducible

cytokines (IP10 and IL-18) in determining the immunological set-

points during HIV-1 infection. The plasma concentration of one

single cytokine, IP-10, could even predict on its own rapid disease

progression. Of note, IP-10 level during PHI was better predictive

of rapid progression than viremia or CD4+ T cells counts. IP-10

therefore seems to be a particularly strong early prognosis factor. It

is unknown so far if and which role IP-10 plays in pathogenesis,

but it could be a particular sensitive indicator for the level of

harmful immune activation during HIV-1 infection.

Methods

Patients
The patients were part of a large, multi-center cohort, named

PRIMO cohort CO06, funded by the French governmental

agency of AIDS research (ANRS) [4,26,27]. The study was

approved by the national Ethics Committee (CCPPRB Paris-

Cochin, Nu1157/18-6-96) and by the Biomedical Research

Committee of Institut Pasteur (2007.020). All patients have given

their written informed consent.

We first performed a retrospective study on 46 patients (Figure 1

and Table S1). These subjects were enrolled between 1999 and

2006, at the stage of PHI. Briefly, in order to be in PHI, the

individuals had to be in the first three months of infection (here

between days 28 and 90 p.i.) with either an incomplete Western

blot, or with a positive p24 antigenemia or detectable HIV RNA

associated with a negative Western blot or a weakly positive

ELISA [4,26,27]. The time since infection, when unknown, has

been estimated as previously described [4,26].

Retroviral treatment-naive patients, showing distinct contrasting

profiles in their spontaneous CD4+ T cell count declines and

viremia levels during a retrospective follow up of 42 months, were

selected for this study (Figure 1 and Table S1). They were divided

into three groups based on their CD4+ T cell profiles: Rapid

progressors (RP) were defined as those loosing their peripheral

CD4+ T cells to below 350 cells/mm3 in less than 12 months (16

patients); Progressors (P) showed more than 350 CD4+ T cells/

mm3 after 12 months but less than 500 cells/mm3 at least at one

time point before or at 42 months post-PHI, in the absence of

treatment (19 patients); and Slow progressors (SP) were displaying

more than 500 CD4+ T cells/mm3 after 42 months post-PHI in

the absence of treatment (11 patients). We analyzed plasma

samples from blood collected on EDTA at time of diagnosis (M0),

as well as 1 month (M1) and 6 months (M6) post-enrollment. None

of the patients were treated at M0, and samples from patients

treated at M1 or M6 (N = 4) were excluded from the analyses.

A second, independent group of 88 patients was enrolled

between 2007 and 2009, at the stage of PHI (Table 1 and Figure 5).

Patients were not treated and followed for at least 12 months.

Blood collected on EDTA was also obtained from 17 healthy

donors through the French blood bank (EFS) as part of the EFS-

Institut Pasteur convention.

Flow Cytometry
T cell activation was defined as the percentage of activated

CD8+ T cells (CD3+CD8+CD38+HLA-DR+ cells), as described

previously [51]. PBMC from 27 and 19 patients (4 SP, 7 P, 8 RP)

were available for CD8+ T cell activation determination at M0

and M6, respectively.

Cytokine Quantification
Twenty-four plasma proteins were measured using a human

cytokine Milliplex kit (Millipore). For each of the proteins, the limit

of detection was considered as the standard point having a median

fluorescence intensity two fold higher than the blank (see Methods

S1). Plasma levels of transforming-growth-factor b1 (TGF-b1,

Invitrogen), Interleukin 18 (IL-18, Invitrogen) and soluble TNF-

related-apoptosis-inducing-ligand (sTRAIL, R&D) were deter-

mined by ELISA, because they were not available on Luminex

or the detection limits above the physiological concentrations of

the cytokines in the plasma from healthy donors. IP-10 was

measured both by Luminex and ELISA (R&D). Titers of bioactive

IFN-I were determined with a sensitive, functional assay as

previously described [12].

Statistical Analyses
Global comparisons were performed using the non-parametric

Kruskal-Wallis test. Two by two group comparisons were based on

the non-parametric Mann and Whitney U-test (M&W) and

adjustments for multiple tests were performed using the ‘‘False

discovery rate’’ (FDR) [52]. Cuzick’s non-parametric test was used

to explore trends across multiple groups. Two-by-two correlations

were evaluated using Spearman correlation coefficient. Cytokines

associated with either VL, CD4+ T cell count and/or T cell

activation set-point levels in univariate linear regression analyses

(p,0.10) were included in the final multivariate models in a

stepwise manner to identify independent predictors. For each

analysis, the same and thus equal number of patients were used.
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To satisfy the normality assumption, CD4+ T cell counts and T

cell activation levels were modeled after log10 transformation.

Logistic regression analyses were used to estimate the prediction

capacity of early cytokine concentrations for CD4+ T cell counts

and T cell activation levels at set-point, as well as to study the

predictivity of cytokine levels for slow progression (SP versus P and

RP) or rapid progression (RP versus P and SP). All factors

associated in univariate analyses (p,0.10) were included in the

multivariate logistic regressions. VL was incorporated into the

multivariate models to estimate the prediction for CD4+ T cell

counts and T cell activation. CD4+ T cell numbers were

additionally incorporated in the analyses for the prediction of T

cell activation levels.

Supporting Information

Figure S1 Plasma protein levels at M1 and M6 accord-
ing to disease progression profiles. The plasma protein

levels at M1 (A) and M6 (B) were expressed as fold change

compared to those in healthy donors. Significant changes are

indicated as red boxes (corrected threshold p,0.002). When a

cytokine was increased (p,0.05), but the p-value was not under

the corrected threshold (p,0.002) it was represented in a yellow

box (p,0.005 on A and p,0.008 on B). The cytokines are listed

from left to right according to their role (inflammatory, adaptive,

IFN-inducible, chemoattractive, hematopoietic and anti-inflam-

matory). The dotted horizontal line corresponds to the respective

values in healthy donors.

(DOC)

Figure S2 Correlation between plasma cytokine levels
at M0 and disease progression markers. The cytokine

concentrations at M0 have been plotted against (A) T CD4+ counts

(N = 40), (B) viremia (N = 40) and (C) T cell activation

(CD3+CD8+CD38+HLADR+, N = 19) levels at set point (M6).

Here are represented the 5 cytokines (IP-10, IL-18, MCP-1, IL-10,

TGF-b1) correlated with one (or more) of the disease progression

markers (Spearman correlation). A red line indicates both a

significant correlation and a significant linear regression. A black

dotted line represents a non-significant linear regression. VL: viral

load.

(DOC)

Figure S3 Correlation between IP-10 plasma concentra-
tions quantified by Luminex and by Elisa. The IP-10

concentrations were determined in 45 patients during primary

HIV-1 infection.

(DOC)

Table S1 Demographic, clinical, virological and immu-
nological characteristics of the 46 HIV-1 infected
patients belonging to the derivation set. For each

parameter, the median value is indicated. There were no

significant differences between the groups concerning age

(p = 0.65), gender (p = 0.32) or estimated time since infection

(p = 0.4) (M&W test). In contrast, the three groups of patients

presented differences in their T CD4+ counts and VL levels (see

also Table S2). RP: Rapid progressors, P: progressors, SP: Slow

progressors. The symbol 1 indicates a significant difference

between SP and RP, * a difference between P and SP and #

between RP and P (p,0.05). W: women, M: men, N: number of

patients in each group.

(DOC)

Table S2 Comparison of viral load and T CD4+ counts
between RP, P and SP of the derivation set. The VL and

CD4+ T cell counts have been compared between the groups of

patients described in Figure 1 and Table S1. The p-values are

shown here for each comparison (M&W U-test). In red are

indicated the statistically significant differences (p,0.05).

M = month, RP = rapid progressor, P = progressor, SP = slow

progressor.

(DOC)

Table S3 Plasma protein profiles according to disease
progression. The plasma proteins significantly elevated in one

or more groups (RP for rapid progressors, P for progressors and SP

for slow progressors) are shown here for the three time points: M0

(primary infection), M1 and M6. ‘‘+’’ stands for a significant

difference as compared to healthy donors (M&W test, FDR

corrected threshold: p,0.005 at M0, p,0.002 at M1 and M6). A

‘‘-‘‘ stands for no change. M = month.

(DOC)

Methods S1 Luminex assay. Twenty-four plasma proteins

were measured using a human cytokine Milliplex kit (Millipore):

Fibroblast-growth-factor 2 (FGF-2), FMS-like-tyrosine-kinase-3-

Ligand (FLT-3L), Fractalkine, Granulocyte-colony-stimulating

factor (G-CSF), Granulocyte-macrophage-colony-stimulating fac-

tor (GM-CSF), Interferon c (IFN-c), Interleukin 1 b (IL-1b), IL-2,

IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-15, IL-17, IP-10,

macrophage-derived-chemokine (MDC), macrophage-inflamma-

tory-protein 1a and b (MIP-1a, MIP-1b), monocyte-chemotactic-

protein 3 (MCP-3), regulated-upon-activation-normal-T-cell-ex-

pressed and secreted (Rantes), soluble-IL2 receptor a (sIL2Ra) and

tumor-necrosis-factor a (TNF-a). The limit of detection was

3.2 pg/ml except for: FLT-3L, G-CSF, GM-CSF, IL-7 and MIP-

1b (16 pg/ml); FGF-2, MCP-3 and MIP-1a (40 pg/ml); and IP-

10, Fractalkine and sIL2Ra (80 pg/ml). The standards (3.2 to

10,000 pg/ml) of the manufacturer were run on each plate in

duplicate. All samples were assayed concurrently to avoid inter-

assay variability. Data were acquired using a Luminex-100 system

and analyzed using Bio-Plex Manager Software (Applied-Cytom-

etry).

(DOC)
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