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Abstract

Objective—To study the cytokine/chemokine profiles in response to HIV-1 viremia, and 

elucidate the pathways leading to HIV-1-induced inflammation.

Design/Methods—Plasma levels of 19 cytokines in individuals with early HIV-1 infection and 

individuals undergoing treatment interruptions were evaluated via multiplex assay. To investigate 

the cellular sources of relevant cytokines, sorted cells from HIV-1 infected individuals were 

assessed for mRNA expression. Relevant signaling pathways were assessed by comparing 

cytokine production patterns of PBMCs stimulated with intact HIV-1 or specific TLR stimulants 

with and without a TLR7/9 antagonist.

Results—IP-10 plasma concentration was most significantly associated with HIV-1 viral load 

and was the most significant contributor in a multivariate model. IP-10 mRNA was highly 

expressed in monocytes and mDCs and these cells were the dominant producers after in vitro 

stimulation with TLR7/8 ligands (CL097 and ssRNAGag1166), AT-2 HIV-1, and HIV-1NL43 virus. 

Partial least square discriminant analysis of culture supernatants revealed distinct cytokine/

chemokine secretion profiles associated with intact viruses compared to TLR7/8 ligands alone, 

with IP-10 production linked to the former. A TLR7/9 antagonist blocked IP-10 production 
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following whole virus stimulation, suggesting the involvement of TLR7/9 in the recognition of 

HIV-1 by these cells.

Conclusions—Monocytes and mDCs produce significant amounts of IP-10 in response to 

HIV-1 viremia and after in vitro stimulation with HIV-1. Stimulation with HIV-1-derived 

TLR7/8-ligands versus HIV-1 resulted in distinct cytokine/chemokine profiles, indicating 

additional pathways other than TLR7/8 that lead to the activation of innate immune cells by 

HIV-1.
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Introduction

Since the introduction of highly active antiretroviral therapy (HAART), people with HIV-1 

have experienced dramatic improvements in life expectancy; however, they continue to have 

increased morbidity and mortality even with durable suppression of viral replication [1–9]. 

Several studies have demonstrated that HIV-1-induced immune activation is associated with 

worse clinical outcomes and may contribute to this excess in mortality (reviewed in [10]). In 

the pre-HAART era, higher levels of immune activation were observed in patients with 

faster progression to AIDS [11, 12]. Even with suppression of viral replication, the level of 

CD8+ and CD4+ T cell activation does not return to normal levels [13, 14], and higher 

levels of T cell activation have been associated with slower gains in CD4+ T cell count with 

the initiation of ART [15] and with failure to recover CD4+ T cell count despite a good 

response to ART [16]. In the Strategies for Management of Antiretroviral Therapy 

(SMART) trial [17], patients in the CD4+ T cell count-guided therapy arm where therapy 

was interrupted had higher risk of death from any cause than those in the continuous therapy 

arm. Elevated levels of IL-6 and D-dimer were significantly associated with increased risk 

of all cause mortality in both the continuous treatment and the treatment interruption arms 

[18]. Inflammatory markers such as soluble CD14 can also help predict mortality even after 

accounting for viral load [19, 20]. Taken together, the data indicate that immune activation 

contributes to both HIV disease progression in untreated individuals and to serious non-

AIDS events and morbidity in patients with full virus suppression. The foundation of this 

HIV-1-associated immune dysregulation and immune activation is likely established early in 

HIV-1 infection when a host of plasma cytokines and chemokines rise sharply [21, 22].

In this study, we sought to gain insights into the immune dysregulation and activation that 

occur with HIV-1 by examining plasma cytokines and chemokines in early HIV-1 infection 

and during a structured treatment interruption (STI) trial of patients started on therapy 

during acute or early HIV-1 infection. We employed partial least squares regression analysis 

(PLSR)[23] to assess multi-variate differences in plasma cytokines and chemokines as 

related to viral load. We examined the cellular sources of the individual chemokine with the 

strongest association with viremia, IP-10, using both ex vivo analysis of mRNA in matched 

patient peripheral blood mononuclear cells (PBMCs) and in vitro stimulation of PBMCs 

from healthy individuals with HIV-1. To assess the pathways responsible for HIV-1 

associated inflammatory cytokine and chemokine production, we compared the effects of 
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HIV-1 stimulation to activation with Toll-like receptor (TLR) ligands and used a partial least 

squares discriminant analysis (PLSDA) model to identify patterns associated with either 

whole virus HIV-1 stimulation or stimulation with specific TLR ligands. Finally, we tested 

the effects of blocking TLR7/9 signaling in our in vitro assays to measure the contribution of 

these pathways to HIV-1 induced cytokine and chemokine production.

Methods

Study participants

Samples from the following three groups of participants were utilized in this study: HIV-1- 

negative individuals, men and women with acute or early HIV-1 infection (Table 1), and 

HIV-1- infected participants from a clinical trial evaluating structured treatment interruption 

in early infection (acute STI group, Table 1). All participants were enrolled in protocols that 

were approved by the Massachusetts General Hospital Institutional Review Board. Each 

participant gave written informed consent. Briefly, the fourteen participants in the acute STI 

group were identified during acute or early HIV-1 infection and were started on HAART 

before or shortly after seroconversion as previously described [24, 25]. Following durable 

viral suppression for a minimum of 2 months, all antiretroviral medications were stopped. 

HAART was restarted if the viral load was greater than 5000 RNA copies per ml on three 

consecutive visits or greater than 50,000 copies per ml on any occasion. Participants were 

eligible for additional treatment interruptions once viral suppression was again achieved.

Measurement of cytokine and chemokine levels in cell culture supernatant or plasma

Plasma or cell culture supernatant cytokine and chemokine concentrations were measured 

using MILLIPLEX Human Cytokine/Chemokine kits (Millipore). The following cytokines 

and chemokines were measured using the high sensitivity cytokine kit (standards ranged 

from 0.13 to 2000 pg/ml) according to the manufacturer’s instructions: GM-CSF, IFN-γ, 

IL-1β, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p70), IL-13, and TNFα. The following 

cytokines and chemokines were measured using the regular sensitivity kit (standards ranged 

from 3.2 to 10,000 pg/ml): IL-1α, IL-12 (p40), MCP-1α, IP-10, and Eotaxin. Each sample 

was run in duplicate on a Bio-Plex 200 system (Bio-Rad). Results were tabulated and 

analyzed with Bioplex software (Bio-Rad). Values for which the coefficient of variation 

(%CV) exceeded 30 were excluded. Low or high out of range values were set to half of the 

lowest standard or 1.5 times the highest standard, respectively. Values that were 

extrapolated out of the standard range were set to the highest or lowest standard. For the STI 

group, the baseline level used to calculate the fold change in plasma cytokine/chemokine 

level was the average of the specific cytokine/chemokine level at 3 time points prior to the 

interruption. The viral load was undetectable at these time points. All plasma cytokine and 

cell culture supernatant analyses were performed on frozen samples.

Quantification of T cell activation

Cryopreserved PBMCs from the subjects with early HIV-1 infection (Table 1) were chosen 

from time points matched (identical or within 1 week) to the plasma samples examined by 

multiplex cytokine analysis. After thawing, an aliquot of cells was stained for T cell subsets 

and activation markers (CD14 APC Cy7, HLADR PerCP, CD4 Pacific Blue, CD3 Alexa 
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Fluor 700, CD69 FITC, CD8 PECy7, CD25 APC, CD38 PE all from BD Biosciences). 

Samples were acquired on a 4 Laser LSR II (BD Biosciences) and results were analyzed 

with FlowJo software version 9.6.2 (Tree Star). Level of activation was defined as percent of 

T cells (CD8+ T cell = CD14−CD3+CD4−CD8+; CD4+ T cell= CD14−CD3+CD4+CD8−) 

double positive for CD38 and HLA-DR.

mRNA expression

As above, matched cryopreserved PBMCs were used for analysis of mRNA levels. 500,000 

bulk PBMCs were immediately stored in RNA lysis buffer (Qiagen) from each sample. In 

addition, cells were stained and sorted into T cells, B cells, mDCs, and monocytes on the 

FACS Aria (BD Biosciences) cell sorter (CD14 APCCy7, HLA-DR PerCP, CD56 PECy7, 

CD19 Alexa Fluor 700, all from BD Biosciences and CD3 Pacific Blue, CD11c APC from 

Biolegend). Sorted populations were stored in RNA lysis buffer. Total RNA was extracted 

using the Qiashredder for cell lysis followed by the Qiagen RNEasy Plus kit, including 

genomic DNA removal, as per the manufacturer’s instructions (all from Qiagen). 

Quantitative RT-PCR was performed using the QuantiFast SYBR Green RT-PCR kit with 

Quantitect primers for IP-10 and Beta-actin (all from Qiagen) and previously designed and 

validated primers for GAPDH and ISG15. cDNA amplification was detected on the Light 

Cycler 480 (Roche).

In vitro simulation of PBMCs with TLR ligands or HIV-1

Fresh PBMCs from healthy individuals were extracted from whole blood using Ficoll-

Hypaque (Sigma). 1.5 million PBMCs per ml in RPMI plus 10% heat inactivated fetal calf 

serum were incubated for 20 hours at 37°C, 5% CO2, with the following: media alone, 1 

μg/ml of TLR7/8 agonist CL097 (Invivogen), 15 μg/ml of HIV-1 single-stranded RNA 

(gag1166, 5′-UUGUUAAGUGUUUCAAUUGU-3′) as described by Meier and colleagues 

[26], 400 ng/ml by p24 of aldrithiol-2 inactivated virus (AT-2 HIV-1, lot P092), 40 ng/ml by 

p24 of HIV-1NL43 or HIV-1JRCSF. Cells were stimulated without a protein transport 

inhibitor for analysis of cell culture supernatant by multiplex cytokine assay as detailed 

below. A protein transport inhibitor was added to cell culture as described below for analysis 

with flow cytometry.

Inhibition of TLR signaling

A TLR7/9 oligonucleotide antagonist was kindly provided by Idera Pharmaceuticals. Prior 

to incubation with TLR agonists or HIV-1, PBMCs from healthy donors were pretreated for 

1 hour with TLR7/9 antagonist (15 μg/ml for CL097, AT-2, and control and 30 μg/ml for 

HIV-1 strain JRCSF). IP-10, TNFα, and IFNα intracellular cytokine staining was then 

determined in monocytes, mDCs, and pDCs by flow cytometry as outlined below.

Analysis of cytokine production by multiparameter flow cytometry

Intracellular cytokine staining assays were performed on fresh PBMCs from HIV-1-negative 

individuals. One and a half million PBMCs were incubated with TLR ligands, virus or no 

stimulation for a negative control as above. Brefeldin A (5 μg/mL, Sigma) was added at the 

time of stimulation for CL097 and at 5 hours for AT-2 HIV-1 and HIV-1NL43. Following 20 
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hour incubation, the cells were washed and surface stained with one of 3 antibody panels. 

Panel 1 included CD3 FITC, CD4 PeCy5, CD8 V500, CD19 V450, CD56 Alexa Fluor 700, 

and CD16 APCCy7 (all from BD Biosciences). Panel 2 included CD3 Alexa Fluor 700, 

CD56 Alexa Fluor 700, CD19 Alexa Fluor 700, CD123 PeCy5, CD11c FITC, HLA-DR 

V500, CD14 APCCy7, and CD11b Pacific Blue (all from BD Biosciences). Panel 3 included 

CD3 Alexa Fluor 700, CD56 Alexa Fluor 700, CD19 Alexa Fluor 700, CD123 PeCy5, 

CD11c APC, HLA-DR V500, and CD14 APCCy7 (all from BD Biosciences). Panel 1 and 2 

were used to identify the source of IP-10. Panel 3 was used in the TLR antagonist 

experiments. The cells were then intracellularly stained with IP-10-PE (BD Biosciences) and 

TNFα-PECy7 (BD Biosciences) for panels 1 and 2 and with IP-10-PE (BD Biosciences), 

TNFα-PECy7 (BD Biosciences), and IFNα-FITC (PBL InterferonSource) for panel 3. 

Results are reported as percentages of cells that produce cytokines following stimulation 

with the corresponding stimulant, following subtraction of the negative control values. Cell 

populations were defined as the following: monocytes (Lineage−HLA-

DR+CD11c+CD123−CD14+), mDCs (Lineage−HLA-DR+CD11c+CD123−CD14−), pDCs 

(Lineage−HLA-DR+CD11c−CD123+CD14−), NK cells (CD3−CD56+CD16− or 

CD3−CD56+CD16+ or CD3−CD56−CD16+), CD4+ T cells (CD3+CD4+), CD8+ T cells 

(CD3+CD4+), and B cells (CD3−CD19+).

Statistical analyses

The relationship between the log viral load and fold change in plasma cytokine/chemokine 

level or plasma cytokine/chemokine concentration was determined using linear regression. 

Differences among stimulant groups for each cytokine/chemokine or fold change in 

cytokine/chemokine level from negative were tested using the two-sided non-parametric 

Kruskal-Wallis Test. For analyses that included tests of all 19 cytokines/chemokines, 

correction for multiple comparisons was performed using the Bonferroni correction, and a 

result was considered significant if the p value was less than 0.0026 (0.05/19). For the 

quantitative RT-PCR data, the relative expression of IP-10 mRNA was compared between 

cell types using the nonparametric Friedman’s test and Dunn’s test for multiple comparisons 

and relationship to viral load and serum IP-10 was assessed by linear regression. For the 

TLR antagonist experiments, results with and without TLR7/9 antagonist pretreatment were 

compared using a non-parametric Mann-Whitney test. Tests were considered significant if 

the p value was less than or equal to 0.05, and reported p-values for the TLR antagonist 

experiments were two-sided without adjustment for multiple comparisons.

Multivariate Analysis

Partial least squares regression (PLSR) was used to identify multivariate cytokine profiles 

associated with viral load in two separate models generated from data from individuals with 

early HIV-1 infection, and data obtained after structured treatment interruption (STI). In the 

case of the STI model, we included measurements from the first sample after each 

interruption. Samples where 3 or more cytokine values were missing were excluded from 

analysis. All data was mean-centered and variance scaled before analysis. Cross-validation 

was performed by iteratively omitting random data subsets (each comprised of ~20% of 

data) to generate the model, then testing model performance on remaining data. Variable 

Importance in Projection (VIP) scores were calculated to determine cytokines most 
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associated with viral load. Cytokines with VIP scores greater that 1 were considered 

cytokines most associated with viral load. For the both early HIV and STI data, we also 

created 4 separate models, some with only one cytokine, one with all VIP cytokines, and one 

with all 19 measure cytokines, and calculated the RMSEC and RMSECV of each for 

comparison.

For cytokine measurements from in vitro studies, partial least square discriminant analysis 

(PLSDA) was used to determine multivariate cytokine/chemokine secretion profiles that 

best distinguish PBMC response to TLR agonists and HIV-1 strains. This analysis is similar 

to PLSR but is used with a dichotomous outcome, in this case stimulation with either TLR 

agonists or HIV-1. Data was normalized with mean centering and variance scaling, and 

cross-validation was performed by iteratively excluding random subsets (in groups of 5 

samples) during model calibration, then using excluded data samples to test model 

predictions.

Results

Plasma cytokine/chemokine levels in patients with early HIV-1 infection and in patients 
with HIV-1 following structured treatment interruption

To assess the relationship between plasma viral load and plasma cytokine/chemokine 

concentration in early HIV-1 infection, twelve participants were studied (Table 1) within 1 

year of enrollment in an acute and early infection cohort. Their plasma viral loads ranged 

from 439 to 5.7 million RNA copies per ml in the samples studied. None of the participants 

were co-infected with hepatitis C virus. Linear regression models with viral load and each 

individual cytokine or chemokine (Supplemental Figure 1A) were used. Log viral load and 

the concentrations of IP-10 (p = 0.006) and TNFα (p = 0.035) were the most related but 

were not significant after accounting for multiple comparisons.

We subsequently performed a similar analysis of plasma cytokine/chemokine levels during 

the onset of viremia following treatment interruptions in fourteen patients enrolled in 

clinical study of structured treatment interruption (Table 1)[24]. These patients were 

identified during acute HIV-1 infection and immediately started on combination ART either 

prior to or shortly after HIV-1 seroconversion. After their viral load became stably 

suppressed on therapy, they underwent a treatment interruption with the goal of enhancing 

the immune response with periodic antigen exposure. We studied the fold change in 

cytokine/chemokine level following treatment interruption as a function of viral load. The 

baseline cytokine level was defined as the average of 3 concentrations obtained at time 

points just prior to the cessation of treatment when the viral load was undetectable. As the 

viral load was increasing to its peak, the cytokine/chemokine levels were again determined. 

A median of 2 samples per subject was studied after an interruption. After the first treatment 

interruption, the only change in cytokine/chemokine level that was significantly associated 

with viral load was fold change in IP-10 (p = 0.0018, R = 0.58) (Supplemental Figure 1B). 

This relationship between IP-10 and viral load remained significant when data from all 

treatment interruptions were included (p <0.0001, R = 0.58) (Figure 1A). The larger sample 

size and comparison to baseline samples likely accounted for the increased statistical power 

of the STI analyses compared to the early infection group analysis. Taken together, these 
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data show that plasma IP-10 concentration is closely associated with HIV-1 viral load levels 

in the absence of ART.

In both the early HIV-1 infection and STI groups we employed partial least squares 

regression (PLSR) analysis relating cytokine/chemokine levels and viral load; covariance 

was used to identify linear combinations of the analytes that were grouped into latent 

variables used to predict viral load. Latent variables consistent of predictive groups of 

cytokines and chemokines indicate IP-10 was positively associated with viral load in both 

early HIV-1 infection and STI. In the early HIV-1 infection PLSR model (Figure 1B, left 

panel), in addition to IP-10, TNF-α, IL-5, MCP-1, and IL-12 also had VIP scores greater 

than 1, suggesting strongest association of these cytokines with viral load in acute HIV-1 

infection. In the STI PLSR model, IP-10 again had the highest VIP score (Figure 1B, right 

panel) with IL-10, TNF-α, IL-5 and Eotaxin also reaching VIP scores greater than 1.. For 

the early HIV-1 infection PLSR model, a model with 2 latent variables was able account for 

92% of the variance in viral load, suggesting these 19 cytokines may be useful 

measurements for predicting viral load. In the STI PLSR model, a model with 2 latent 

variables accounted for only 26% percent of variance in viral load, suggesting other factors 

or cytokines not tested here might additionally be useful predicting viral load (Supplemental 

Figure 2).

In order to compare the ability of our 19 measured cytokines to predict viral load to the 

ability of individual cytokines to predict viral load, we generated 3 different additional 

PLSR models each for the early and STI data sets. In each case we used a different set of 

cytokine features to predict viral load: 1) IFN-γ only, often used in ELISpot assays 

(identified as a non-VIP cytokine in both the original early and STI model), 2) IP-10 only 

(the cytokine with the highest VIP score for both the original early and STI models), 3) all 

cytokines with a VIP score greater than one in the original models (IP-10,TNF-α, IL-5, 

MCP-1, and IL-12 in the early model and IP-10, IL-10, TNF-α, IL-5 and Eotaxin). For each 

model we calculated the calibration error (a measure of model fit of this data) and cross-

validation error (an indication of model performance on unknown data). In general, models 

with more cytokines were able to account for more variance in the viral load response 

variable and had better calibration error (Supplemental Figure 2) in both the early HIV and 

STI. Models with only VIP cytokines were better than models with all 19 cytokines because 

they additionally had low cross-validation error, likely due to elimination of cytokines data 

that were not useful for predicting viral load and added noise to the models (Supplemental 

Figure 2).

We next sought to determine whether IP-10 levels were in concert with other validated 

measures of immune activation including T cell activation. Using samples from the early 

infection group, we selected PBMCs from timepoints matched (identical date or within 1 

week) to the plasma samples and measured T cell activation as defined by CD38 and 

HLADR expression. CD8+ T cell activation was significantly related to plasma IP-10 levels 

by linear regression and correlation analysis (Figure 1C).
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Determining the cellular source of IP-10

To identify the cell populations responsible for IP-10 production, we used the matched 

cryopreserved PBMC samples from the early infection group and sorted them into 

monocytes (CD14+HLADR+), mDCs (CD14−CD11c+HLADR+), T cells (CD11c−CD14− 

CD19−CD56− CD3+) and B cells (CD11c−CD14−CD3−CD56−CD19+). IP-10 mRNA was 

measured by quantitative RT-PCR for each cell subset and target gene copy numbers 

compared to beta actin and GAPDH. This demonstrated detectable IP-10 mRNA expression 

in mDCs and monocytes, with the latter demonstrating highest levels of expression (Figure 

2A). Additionally, monocyte IP-10 mRNA levels were significantly related to plasma IP-10 

levels and viral load (Figure 2B). We further tested the cell sources of IP-10 using an in 

vitro system. PBMCs from HIV-1-negative donors were stimulated with HIV-1NL43 or 

replication incompetent AT-2 HIV-1. We examined cytokine production by NK cells, B 

cells, CD4+ T cells, CD8+ T cells, monocytes, mDCs, and pDCs with intracellular cytokine 

staining. By flow cytometry analysis, monocytes and mDCs had the highest proportion of 

IP-10-producing cells following stimulation with HIV-1 (Figure 2C). The majority of 

monocytes and mDCs stained positive for IP-10 with 79% and 91% of monocytes and 62% 

and 72% of mDCs producing IP-10 following incubation with AT-2 HIV-1 or HIV-1NL43, 

respectively (Figure 2D, left panel). Geometric mean fluorescence intensity (MFI) values of 

the IP-10 producing cells indicate highest per cell expression of IP-10 in the monocytes and 

mDCs, consistent with the ex vivo mRNA analysis above (Figure 2D, right panel). Taken 

together, these results indicate that IP-10 is produced mainly by innate immune cells in 

response to HIV-1.

Cytokine and chemokine profile following PBMC stimulation with TLR ligands and HIV-1

IP-10 can be produced in response to type I and II interferons. [27, 28] Our analysis of bulk 

PBMC mRNA demonstrated a significant relationship between of IP-10 plasma levels and 

the interferon stimulated gene product ISG15, consistent with an in vivo relationship 

between type I interferon secretion and IP-10 production (p=0.04, R=0.8 by linear 

regression). IFNα is produced by pDCs in vitro in response to HIV-1-encoded TLR7/8 

ligands, including ssRNAGag1166 [26, 29]. Therefore, we investigated whether IP-10 

production is the result of signaling through the TLR 7/8 pathways. Because HIV-1 is 

known to cause a wide range of cytokine responses in addition to IP-10 in primary infection 

as shown in Figure 1, we examined a panel of 19 cytokines and chemokines following 

stimulation with HIV-1 (AT-2 HIV-1, HIV-1NL43) and TLR ligands (ssRNAGag1166, 

CL097).

When each cytokine was examined individually, multiple cytokines including TNFα, IL-1α, 

IL-1β, IL-2, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (both p40 and p70), IL-13, and GM-CSF, 

had significantly different concentrations in the cell culture supernatants depending on the 

type of stimulation (Supplemental Figure 3) even after accounting for multiple comparisons. 

When fold change from no stimulation instead of concentration was examined, the same 

cytokines differed among the stimulants with the exception of IL-1α which no longer 

significantly differed among the groups (Supplemental Figure 4). In these analyses, IP-10 

concentration or fold change was greater following stimulation with HIV-1 as compared to 

TLR 7/8 ligands but this did not reach statistical significance.
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Partial least square discriminant analysis (PLSDA)[23] was employed to evaluate multi-

variate differences in cytokine secretion in response to TLR and HIV-1 stimuli. Measures of 

co-variance were used to identify linear combinations of independent variables (here the 19 

measured cytokine/chemokine secretion events), or latent variables, that best differentiate 

between dependent variables (in this case the stimuli classes CL097, ssRNAGag1166, AT-2 

HIV-1, and HIV-1NL43). Every data point is assigned a score, which can be visualized in the 

latent variable space (Figure 3, left panel). Latent variable loadings (Figure 3, right panel), 

can then be used to identify cytokine secretion profiles associated with different stimuli. In 

our case, a model with 2 latent variables was sufficient to capture 55% of the variance in the 

X block, and provided excellent classification of TLR7/8 versus HIV-1 responses and good 

classification of AT-2 HIV-1 versus HIV-1NL43 responses (Figure 3, left panel). The overall 

model performed with average calibration and cross-validation accuracy of 90% and 87%, 

respectively, with most inaccuracy related to differentiating ssRNAGag1166, CL097 stimuli. 

The model was more accurate for differentiating the AT-2 response from all other responses 

with calibration and cross-validation accuracies of 96% and 93%, respectively, and the 

HIV-1NL43 response with calibration and cross-validation accuracies of 96% and 96% 

respectively.

Examination of latent variable loadings revealed cytokine/chemokine secretion patterns that 

best differentiated responses to TLR and HIV-1 stimuli. Latent variable 1 (LV1) was critical 

for differentiating the TLR7/8 agonist responses from the HIV-1 responses and accounted 

for 40.2% of the variability among cytokine concentrations. Positive loadings on LV1 (IL-2, 

IL-4, IL-5, IL-13, and IP-10 pattern) indicate that IP-10, along with IL-2, IL-4, IL-5, and 

IL-13 comprise a cytokine/chemokine profile associated with HIV-1-induced cytokine 

expression, while negative loadings on LV1 indicate a profile associated with TLR agonist-

induced expression (Figure 3 right panel). Latent variable 2 (LV2) differentiated HIV-1 

replication competent (HIV-1NL43) and replication incompetent (AT-2) HIV-1 strains and 

accounted for 15.7 % of the variability among cytokine concentrations. Positive loadings 

and negative loadings on LV2 indicate cytokine secretion profiles associated with 

HIV-1NL43-and AT-2 -induced expression, respectively. Taken together these data indicate 

that distinct cytokine profiles are associated with HIV-1 versus TLR7/8 agonist stimulation 

of PBMCs and that IP-10 production is higher following viral stimulation compared to 

TLR7/8 stimulation. This model data further suggests that signaling through TLR7/8 alone 

likely accounts for some but not all of the HIV-1-induced IP-10 responses.

TLR7/9 antagonist abrogates virus-induced IP-10 response

We postulated that IP-10 may be part of a second wave of cytokine responses following 

viral stimulation based on the kinetics of IP-10 production (data not shown). Because some 

IP-10 is produced following TLR7/8 stimulation though not to the same extent as following 

virus stimulation, we investigated whether HIV-1-induced IP-10 production may be 

downstream of TLR signaling by using a TLR7/9 antagonist and examining intracellular 

staining of IP-10, TNFα, and IFNα in monocytes, mDCs, and pDCs. Pretreatment of 

PBMCs with the TLR7/9 antagonist significantly reduced HIV-1-induced IFNα production 

by pDCs and abolished IP-10 production in monocytes and dendritic cells following 

incubation with HIV-1 (Figure 4). As expected, the TLR7/9 antagonist did not impact TNFα 
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production by monocytes and mDCs as these responses are in part mediated through TLR8. 

Therefore, virus-induced IP-10 production may be at least partially a result of secondary 

activation following IFNα production in response to TLR7 stimulation.

Discussion

HIV-1 is known to cause easly and persistent immune activation that contributes to disease 

progression and morbidity. In this study, we examined inflammatory plasma cytokine/

chemokine levels in early HIV-1 infection and in the setting of a treatment interruption trial. 

We found that of the analytes tested, IP-10 was the most significantly related to viral load in 

both settings, and that mRNA for IP-10 was most highly expressed in monocytes and mDCs. 

Using an in vitro system, we determined that monocytes and mDCs had the highest 

proportion of cells producing IP-10 and highest MFI values following stimulation with 

HIV-1, using both replicating and non-replicating virus. To investigate the pathways 

involved in HIV-1-induced IP-10 production, we used multivariate analysis to examine 

cytokine/chemokine production following stimulation with TLR7/8 ligands and HIV-1, and 

found that TLR7/8 ligands and HIV-1 cause significantly different analyte profiles, with 

IP-10 secretion more associated with HIV-1-induced profiles, although all stimulants caused 

some production of IP-10. Finally, TLR7/9 blockade effectively blocked IP-10 production 

by monocytes and mDCs stimulated with HIV-1, suggesting the IP-10 production requires 

additional signals induced by IFNα or the JAK/STAT pathway. These data demonstrate that 

plasma IP-10 level mirrors viral load and that the increased level of IP-10 in HIV-1 viremia 

may in part be due to signaling through TLR7/9.

IP-10, also known as CXCL10, is an inflammatory chemokine and is a ligand for the 

receptor CXCR3 (reviewed by Groom and Luster [30]). IP-10 causes directional migration 

of different immune cells including CD4+ T cells [31] and CD8+ T cells [28, 32]. Our data 

is in keeping with other recent studies showing HIV-1 viremia induces elevated IP-10 

plasma levels. IP-10 has been shown to be elevated in the plasma in primary HIV-1 

infection in nearly all patients [21], following treatment interruption [33], in chronic 

untreated HIV-1 infection [34, 35] and in chronic treated HIV-1 infection [36, 37]. Also, 

higher pre-ART plasma levels of IP-10 have been associated with the development of 

immune reconstitution disease following initiation of ART [38–40]. In a follow up study to 

the SMART trial, IP-10 along with TNFα, IL-10, and IL-6 (by ELISA) were found to be 

elevated in the treatment interruption arm at month 2 compared to the continuous therapy 

arm, and increases in plasma TNFα, IL-10 and IP-10 and decreases in IL-17 were correlated 

with viral loads at month 2 in the unadjusted analysis [33]. We did not find these other 

cytokines to be significantly correlated with viral load following treatment interruption, 

possibly due to smaller sample sizes and differences in timepoints studied. Prior studies in 

acute [34, 41] and chronic [34] HIV-1 infection have also reported correlations between 

viral load and IP-10 concentrations, and although IP-10 plasma concentration in acute 

infection was not predictive of viral setpoint at 12 months, it has been reported as a 

significant predictor of disease progression [42].

In an effort to identify the immune cells producing IP-10, we measured mRNA for IP-10 in 

sorted cells from individuals in early HIV-1 infection, demonstrating highest expression in 
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the monocyte and mDC populations. We further showed that when PBMCs from healthy 

donors were stimulated by HIV-1, monocytes and mDCs had the highest proportion of 

IP-10-producing cells. This is consistent with prior studies demonstrated that IP-10 mRNA 

increased following HIV-1 stimulation of PBMCs [43] and monocyte-derived DCs and 

monocyte-derived macrophages from healthy donors [31]. In addition, CD14+ monocytes in 

patients with HIV-1 have increased expression of the IP-10 gene [44] compared to 

monocytes from uninfected people; our data extend this finding, demonstrating a 

relationship between monocyte IP-10 mRNA levels and peripheral viral load. Foley and 

colleagues also found that IP-10 mRNA was expressed in the T cell region of lymph nodes 

prior to the initiation of ART and that this expression was eliminated following initiation of 

ART [31]. In an oral SIV infection model in rhesus macaques, elevated levels of IP-10 

mRNA in lymph nodes and peripheral blood cells were furthermore associated with rapid 

disease progression [45]. Taken together, this suggests that in untreated HIV-1 infection, 

IP-10 produced by monocytes and mDCs may serve to recruit susceptible T cells to the 

lymph nodes thereby augmenting infection and contributing to immune activation and 

dysfunction.

HIV-1 is known to signal through TLR7/8 [26, 46]. However, cytokine/chemokine profiles 

differed significantly in our study between stimulating with TLR ligands alone and HIV-1 

itself, whether replication competent or incompetent HIV-1 was used. This could be due to 

several factors such as sensing of HIV-1 through other innate immune receptors, differences 

in secondary signaling cascades, or additional interactions with viral components. IP-10 was 

one of the cytokines associated with the viral stimulant cytokine profile versus the TLR7/8 

ligands profile, though the levels were elevated in the cell culture supernatants after all of 

the stimulants. Blockade of TLR7/9 effectively eliminated IP-10 expression by monocytes 

and mDCs suggesting that type I interferons are important elements of this signaling. 

Rempel and colleagues also found that IFNα-induced gene expression in monocytes in vitro 

is correlated with IP-10 gene expression in CD14+ monocytes from HIV-1-infected persons 

with high viral loads[44]. Padovan and colleagues showed that monocyte-derived DCs 

stimulated with IFNα in vitro produced IP-10 [28]. However, one study has shown that 

IP-10 induction in myeloid derived macrophages infected with HIV-1 was independent of 

IFNα [31]. Our work supports the conclusion that HIV-1 derived TLR stimulants are one 

pathway leading to inflammatory mediators including IFNα that amplify production of 

IP-10 from monocytes and mDCs.

Importantly, while IP-10 was the analyte most associated with viral load in early HIV-1 

infection and after STI, in both cases multivariate relationships were better for prediction of 

viral load than individual cytokine/chemokine levels. Our multivariate analysis offers new 

insight in to the network of inflammation associated with HIV-1 viral load and highlights 

differences between acute infection and STI; cytokines measured in acute HIV infection 

were more predictive of viral load than cytokines measured after STI. Of note, these models 

are not adequate for independent prediction of viral load (i.e. given measurements of the 19 

cytokines we would not be able to precisely predict viral load). Applying the a similar 

modeling analysis to the in vitro stimulation assays offered important insight into 
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differences between pure TLR agonists and whole virus stimulation, highlighting the distinct 

but overlapping inflammatory patterns.

In conclusion, we showed that HIV-1 viral load in early infection and following treatment 

interruption was associated with increasing plasma levels of IP-10. This chemokine was 

produced by monocytes and mDCs following stimulation with HIV-1 in vitro, consistent 

with detectable IP-10 mRNA in these populations ex vivo in HIV-1 infected individuals. 

High levels of IP-10 are linked to measures of T cell activation and its production may in 

part be due to Type I IFNs produced as a result of signaling though TLR7/8 by HIV-1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Relationship between plasma cytokine and chemokine levels and viral load
A) Relationship between plasma cytokine and chemokine levels and viral load 
following all STIs. The relationship between fold change in cytokine or chemokine level 

and log viral load was determined by linear regression for each analyte. Data from all 

treatment interruptions was combined. Baseline cytokine or chemokine level was defined as 

the average of 3 levels just prior to stopping ART. P values were considered significant (*) 

if less than 0.0026 using a Bonferroni correction for multiple comparisons.

B) PLSR analysis of multivariate relationships between cytokine levels and plasma 
viral load. Analysis of all variables tested resulted in a model predictive of viral load, with 

relative contributions of various cytokines as indicated by a higher VIP score. In both early 
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infection (left panel) and the STI groups, IP-10 contributed significantly to the model 

predicting viral load.

C) Plasma IP-10 levels are significantly related to CD8+ T cell activation. Matched 

PBMC samples (identical or within one week of plasma samples) were analyzed for levels 

of CD3+CD8+ T cell activation as indicated by expression of CD38 and HLADR. P value 

shown for linear regression analysis.
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Figure 2. Cellular sources of IP-10
A) IP-10 mRNA expression in sorted cell populations from individuals with early 
HIV-1 infection. IP-10 mRNA expression relative to beta actin was determined for each 

cell population. Box plots show 25th to 75th percentile with whiskers to the minimum and 

maximum and bisecting line at the median. Data was analyzed with nonparametric analysis 

of variance using the Friedman’s test with a p<0.0001 across the groups. When controlled 

for multiple comparisons with the Dunn’s test, the levels differed significantly between T 

cells and mDCs and monocytes and B cells and Monocytes.
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B) Monocyte IP-10 mRNA levels from patient PBMCs are related to both plasma IP-10 
level and log viral load. Relative expression of IP-10 mRNA was compared by linear 

regression to plasma IP-10 levels (left panel) and log viral load (right panel) from matched 

samples.

C) Assessment of monocyte and mDC production of IP-10 in response to HIV-1. 
Proportion of monocytes (top row,) and mDCs (second row) that produce IP-10 quantified 

by intracellular cytokine staining following PBMC stimulation with media (negative, gray 

shaded histogram) or AT-2 HIV-1 or HIV-1NL43.(blue open histograms). Gating strategies 

as detailed in the methods section, these plots are representative experiments.

D) In)vitro IP-10 production from different cell types and geometric mean fluorescence 
intensity (MFI) of IP-10 producing cells. Proportion of monocytes, mDCs, pDCs, B cells, 

CD4+ T cells, CD8+ T cells, and NK cells that produce IP-10 quantified by intracellular 

cytokine staining following PBMC stimulation with AT-2 HIV-1 or HIV-1NL43. (left panel). 

MFI of the IP-10 producing cells from the 3 populations with the most significant 

production (right panel). Values are reported following background subtraction and 

represent the average of 5 experiments.
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Figure 3. Partial least square discriminant analysis of cytokine profiles following stimulation 
with TLR Ligands and HIV-1
A PLSDA score plot (left) indicates 19 cytokine secretion measurements differentiate 

between TLR (CL097 and ssRNAGag1166) and HIV-1(AT-2 HIV-1 or HIV-1NL43) stimuli 

(separated by LV1) and also between AT-2 HIV-1 and HIV-1 strain NL-43 stimuli 

(separated by LV2). A loadings plot (right) illustrates that HIV stimuli (positive scores on 

LV1) are associated with a profile involving IP-10, IL-2, IL-4, IL-13, and IL-5 compared to 

TLR stimuli. LV2 (not shown) distinguishes between AT-2 and NL-43 HIV strains.
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Figure 4. Assessment of monocyte, mDC, and pDC production of TNFα or IP-10 with and 
without pre-treatment with a TLR7/9 antagonist
Proportion of monocytes, mDCs, and pDCs that produce TNFα or IP-10 quantified by 

intracellular cytokine staining in response to CL097, AT-2 HIV-1 or JRCSF with (closed 

squares) or without (open circles) pre-treatment with a TLR7/9 antagonist. The horizontal 

lines are the medians. Data are reported following background subtraction. The stated p 

values were calculated using Mann-Whitney test for non-parametric data. P values were 

considered significant (*) if less than 0.05.
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Table 1

Patient Characteristics

Study Subjects with Early HIV-1 Infection

Participant Viral Load (copies/ml) Weeks after Enrollment

AC255 439 29

AC253 1440 25

AC259 3550 10

AC258 5590 14

AC260 15,800 15

AC277 29,100 5

AC270 32,300 2

AC246 46,200 40

AC264 88,100 29

AC248 124,000 28

AC278 640,000 0

AC267 5,710,000 2

Study Subjects in Structured Treatment Interruption Trial

Participant No. of Interruptions Viral Load at Initiation of ARVs During Acute Infection CD4 Count at Initiation of ARVs

AC-10 1 40,700 919

AC-15 1 27,000 413

AC-45 1 2,090,000 377

AC-02 2 4,850,000 NA

AC-16 2 337,000 NA

AC-13 2 5500 667

AC-33 2 26,700 512

AC-14 3 95,100 981

AC-25 3 697,000 314

AC-26 3 1,260,000 390

AC-46 3 123,000 NA

AC-04 4 9,620,000 NA

AC-05 4 1,100,000 289

AC-06 4 8,180,000 551
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