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Progressive HIV-1 infection leads to both profound immune suppression and pathologic inflammation in the majority of
infected individuals. While adaptive immune dysfunction, as evidenced by CD4+ T cell depletion and exhaustion, has been
extensively studied, less is known about the functional capacity of innate immune cell populations in the context of HIV-1
infection. Given the broad susceptibility to opportunistic infections and the dysregulated inflammation observed in
progressive disease, we hypothesized that there would be significant changes in the innate cellular responses. Using a
cohort of patients with multiple samplings before and after antiretroviral therapy (ART) initiation, we demonstrated
increased responses to innate immune stimuli following viral suppression, as measured by the production of inflammatory
cytokines. Plasma viral load itself had the strongest association with this change in innate functional capacity. We further
identified epigenetic modifications in the TNFA promoter locus in monocytes that are associated with viremia, suggesting
a molecular mechanism for the observed changes in innate immune function following initiation of ART. These data
indicate that suppression of HIV-1 viremia is associated with changes in innate cellular function that may in part
determine the restoration of protective immune responses.
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Introduction
The pathogenesis of  HIV-1 infection is marked by both dysregulated and pathologic immune activation 
and profound immune deficiency. The underlying determinants of  this paradoxical state of  poor control of  
pathogens and ongoing inflammation are incompletely understood.

There are obvious and measurable effects of  HIV-1 infection on the adaptive immune system, with 
significant and largely nonspecific activation of  T cells (1, 2), increased markers of  exhaustion (3), and, 
ultimately, profound depletion of  CD4+ T cells. Clinically, disease progression is defined by susceptibility 
to a diverse array of  pathogens. The pathophysiology points to a broad immune deficiency, with CD4+ 
T cells contributing directly, but also serving as markers of  further disruption to the immune system. 
This is consistent with the observation that the CD4 count is a less robust indicator of  susceptibility to 
opportunistic infections in the HIV-1–uninfected population (4) and that suppression of  viremia alone can 
ameliorate susceptibility to some infections (5, 6) and improve vaccine responses (7). Drawing from the 
clinical phenotype, we hypothesized that, in addition to its pleiotropic effects on adaptive immunity, HIV-
1 infection leads to an upstream disruption in innate immune function that contributes to susceptibility to 
opportunistic infections.

The innate immune system mediates initial responses to pathogen insults and further directs expansion 
and recruitment of  antigen-specific adaptive responses. This control is mediated by signaling through ste-
reotyped, germline-encoded receptors (pattern recognition receptors [PRRs]), which identify pathogen-as-
sociated molecular patterns (PAMPs) that differentiate between self  and foreign antigens. The receptors 
are both specific for molecular signals and compartmentalized to ensure a proper context of  response and 
include TLRs (8), C-type lectin receptors (CLRs) (9), nucleotide-binding oligomerization domain–like 
(NOD-like) receptors (10), and RIG-I–like receptors (RLRs) (11). These receptor families are classically 
described to detect generic signals, without the features of  pathogen-specific memory that are characteristic 

Progressive HIV-1 infection leads to both profound immune suppression and pathologic 
inflammation in the majority of infected individuals. While adaptive immune dysfunction, as 
evidenced by CD4+ T cell depletion and exhaustion, has been extensively studied, less is known about 
the functional capacity of innate immune cell populations in the context of HIV-1 infection. Given 
the broad susceptibility to opportunistic infections and the dysregulated inflammation observed in 
progressive disease, we hypothesized that there would be significant changes in the innate cellular 
responses. Using a cohort of patients with multiple samplings before and after antiretroviral therapy 
(ART) initiation, we demonstrated increased responses to innate immune stimuli following viral 
suppression, as measured by the production of inflammatory cytokines. Plasma viral load itself 
had the strongest association with this change in innate functional capacity. We further identified 
epigenetic modifications in the TNFA promoter locus in monocytes that are associated with viremia, 
suggesting a molecular mechanism for the observed changes in innate immune function following 
initiation of ART. These data indicate that suppression of HIV-1 viremia is associated with changes in 
innate cellular function that may in part determine the restoration of protective immune responses.
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of  adaptive immunity. However, despite the lack of  clonal antigen specificity, there is clear evidence that an 
initial inflammatory stimulus can alter subsequent responses, leading to decreased (tolerance) or enhanced 
(training) cytokine production (reviewed in refs. 12, 13).

Recent work has focused attention on the role of  epigenetic modifications in the delineation of  altered 
innate phenotypes such as endotoxin (LPS) tolerance and trained immunity. Multiple mechanisms govern 
a concentration and context-dependent effect of  LPS on the capacity of  monocytes to respond to second-
ary stimuli (14, 15). Genomic regions in monocytes that become accessible to transcription factors after 
stimulation comprise a group of  latent enhancers that prepare a cell for distinct secondary responses (16). 
Innate training, whereby monocytes are primed for more robust secondary responses (17), likewise shows 
a strong signature of  epigenetic marks (18). Thus, while the lifespan of  innate cellular populations such as 
monocytes is limited, it is clear that the response to a pathogen can be influenced by a distinct, preceding 
exposure. We hypothesized that the environment conditioned by untreated HIV-1 infection, with high lev-
els of  virus particles, an inflammatory milieu of  cytokines, and products of  microbial translocation, would 
induce analogous alterations in innate cellular function.

HIV-1 infection has several effects on innate immune pathogen recognition and activation. Primary 
infection leads to a robust cytokine response with induction of  IFN-stimulated genetic programs and a 
state of  immune activation (19). Both direct sensing of  virus (20–23) and indirect consequences of  infection 
(i.e., increased microbial translocation; ref. 24) contribute to this innate immune activation. Taken together, 
previous work has offered important insights and has clearly pointed to disruptions in the innate immune 
system as a foundation of  HIV-1 pathogenesis. However, the precise mechanisms by which HIV-1 infection 
alters immune responses to secondary pathogen challenges are incompletely defined. In order to directly 
assess the effects of  HIV-1 on innate functional capacity, we performed a longitudinal analysis in patients 
initiating antiretroviral therapy (ART). By sampling each individual at a range of  viral loads, we sought 
to identify changes in innate functional capacity linked to the suppression of  viremia and determine the 
molecular basis of  these changes.

Results
ART initiation dramatically alters adaptive immune activation. To address the question of  whether there are 
relevant changes in immune functional status early after initiation of  ART, plasma and peripheral blood 
mononuclear cell (PBMC) samples from HIV-1–infected individuals (n = 8), both before and after the ini-
tiation of  ART, were analyzed (Table 1 and Supplemental Table 1; supplemental material available online 
with this article; doi:10.1172/jci.insight.85433DS1). For each patient, 3–5 time points were analyzed from 
the time period during which full suppression was achieved (range, 8–24 months). We first examined T cell 
activation, which has previously been shown to be associated with viral load and disease progression, to 
establish the adaptive immune activation characteristics of  this cohort. CD4+ and CD8+ T cell activation 
was assessed by coexpression of  HLA-DR and CD38, and both were highly correlated with declining viral 
load (Figure 1, A–C). Consistent with the short time frame for the sample collection, reconstitution of  the 
CD4+ T cell compartment, as measured by the increase in absolute CD4+ T cell counts, was modest but 
was associated with viral load decline (Figure 1D). Despite minimal changes in CD4+ T cell counts, these 
individuals had profound changes in measures of  immune activation with suppression of  HIV-1 viremia.

Table 1. Demographic and clinical characteristics of the study subjects

Age in years, median (range) 36 (24–48)
Male sex (%) 100
Race/ethnicity (%)
Black 25
White, non-Hispanic 37.5
Hispanic 37.5
HIV-1 risk factor MSM
Pretreatment viral load in copies/ml, median (range) 86,950 (35,800–6,750,000)
Sample time period in months, median (range) 16 (8–24)

MSM, men who have sex with men.

http://dx.doi.org/10.1172/jci.insight.85433
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Plasma viral load is associated with bulk PBMC responses to innate stimuli. With the clear changes in adaptive 
immune status during the initiation of  therapy as a background, we next characterized the innate immune 
responsiveness of  PBMCs from these patients. Cryopreserved PBMCs from time points before and after 
viral suppression were thawed and cultured for 24 hours with agonists of  TLR4 (LPS), TLR2 (heat-killed 
Listeria monocytogenes [HKLM]), dectin 1 (curdlan), or of  the NOD pathway. Supernatants were collected 
and analyzed for cytokine levels via multiplex analysis. All results represent the background subtracted 
from the unstimulated control wells, with values below the background set to zero. By univariate analysis, 
there was an inverse relationship between viral load and cytokine production from PBMCs for several 
analytes (Table 2). All cytokines measured are shown for LPS, while for curdlan and NOD, only significant 
values are indicated; no significant correlations were seen for HKLM. For LPS and curdlan stimulation, 
TNF-α, IL-1β, and CCL20 all had negative associations with viral load at a P value threshold of  0.01, and 
for NOD stimulation, CCL20 and IL-6 were both inversely related to viral load (Table 2). As cytokines are 
biologically interrelated, we further explored these data set using a multivariate modeling approach. Partial 
least-squares discriminant analysis (PLSDA) was used to build a model that could correctly categorize 
the samples as derived from either a viremic or suppressed time point. A single canonical value consisting 
of  weighted cytokine values could appropriately classify the samples as derived from either viremic or 
suppressed time points for LPS, curdlan, and NOD stimulation conditions, with a prediction accuracy of  

Figure 1. T cell activation correlates with declining viral load. CD8+ (A) and CD4+ (B) T cell activation as defined by 
CD38 and HLA-DR coexpression correlated with declining viral load after initiation of ART. (C) Representative flow 
cytometric results for T cell activation with corresponding plasma viral load measures. (D) Recovery of CD4+ T cell count 
as related to viral load. Each color represents the measures for an individual patient over time (n = 8). r and P values for 
rank-based relationship, accounting for repeated measures.

http://dx.doi.org/10.1172/jci.insight.85433
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more than 80% (Supplemental Figure 1). These exploratory analyses suggested distinct patterns in cytokine 
production in samples from either viremic or suppressed time points, prompting further investigation

Intracellular cytokine staining identifies an inverse relationship between cytokine production and plasma viral load. 
The data from the culture supernatants reflect both individual cellular responses to stimuli as well as the 
distribution of  cellular subsets represented in a particular PBMC sample. As the percentage of  specific cell 
populations (e.g., monocytes, T cells) may shift over time and with initiation of  ART, we next sought to 
directly characterize the individual responses of  monocyte and myeloid DC (mDC) populations.

PBMCs were cultured from the same time points and with stimulants as detailed above, but in the pres-
ence of  a protein export inhibitor for 20 hours, and were then harvested for intracellular cytokine staining 
(Figure 2A). With this analysis, we identified significant associations between log viral load and stimu-
lus-specific production of  cytokines from both monocytes and mDCs, indicating that the differences in cul-
ture supernatants were not solely the result of  different subset distributions. This relationship was strongest 
for LPS-induced cytokine production, highlighted by the increased TNF-α production by monocytes with a 
declining viral load (Figure 2, B and C). Samples from HIV-1–infected patients who did not start ART were 
also cultured and stained for cytokine production (IL-1β and TNF-α) as a control to assess for variation 
without a therapeutic intervention and did not show a pattern of  change over time (Figure 2D). We next 
sought to determine which pattern of  cytokine production was more consistent with a healthy immune sta-
tus. A single measurement from the viremic subjects (first time point for ART-treated subjects, highest viral 
load time point for untreated subjects) was compared with a sample from a single time point following viral 
suppression (last time point examined) and with samples from a group of  uninfected control subjects. The 
viremic samples had significantly less production of  TNF-α from monocytes following LPS stimulation 
than was seen in samples at the suppressed time point or those from uninfected controls, and there was no 
significant difference between the suppressed and uninfected measurements (Figure 2E).

There were additional relationships between declining viral load and responses to other stimuli in 
the treated cohort (Table 3). Taken together, these data demonstrate that the magnitude of  inflammatory 
cytokine response to ex vivo stimulation through several innate pathways increases with viral suppression. 
The increased response after viral suppression at the individual cell level is consistent with the increased 
cytokine production observed with bulk PBMC stimulation (Table 2) and is in the context of  declining 
markers of  T cell activation (Figure 1).

Plasma inflammatory profile and markers of  microbial translocation. We analyzed the in vivo environ-
ment from which the PBMCs were sampled to identify conditioning factors that might drive the dif-

Table 2. Univariate analysis of cytokine levels in culture supernatants

Stimulant Cytokine r value P value
LPS IL-1β –0.36 <0.01

CCL20 –0.41 0.01
IL-10 –0.31 0.21

TNF-α –0.37 <0.01
GM-CSF –0.02 0.75

IFN-γ –0.23 0.02
IL-6 –0.17 0.43

Curdlan IL-1β –0.52 <0.01
CCL20 –0.52 <0.01
TNF-α –0.45 <0.01

NOD CCL20 –0.38 <0.01
IL-6 –0.39 <0.01

The correlation of plasma log viral load with cytokine supernatant levels after culture of PBMCs with innate stimulants 
was assessed with correction for repeated measures. There was in general an inverse relationship, with increased 
cytokine production associated with declining viral load. All analytes are reported for the LPS culture analysis; for 
curdlan and NOD stimulations, only significant values are reported at a level of P < 0.05 by generalized estimator 
equation analysis. No significant associations were seen in HKLM culture supernatants. GM-CSF, granulocyte-
macrophage–CSF; HKLM, heat-killed Listeria monocytogenes; PBMCs, peripheral blood mononuclear cells; NOD, 
nucleotide-binding oligomerization domain.

http://dx.doi.org/10.1172/jci.insight.85433
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ferences in immune cell function. Specifically, plasma samples matched to the PBMCs were tested for 
inflammatory mediators.

We measured LPS and soluble CD14 (sCD14) levels, markers of  microbial translocation; given the 
differences in ex vivo responses to stimulation with LPS and the known phenomenon of  endotoxin tol-
erance, plasma levels of  LPS were of  particular interest. However, the plasma LPS levels showed only a 
weak relationship to cytokine production: plasma LPS related to LPS-stimulated production of  TNF-α by 
monocytes, with an r value of  –0.19 (P = 0.10). Of  note, in this sample set, plasma LPS levels were not cor-
related with plasma viral load. However, sCD14 did show an association with LPS-induced TNF-α from 
monocytes (r = –0.28, P < 0.01), suggesting that this axis may indeed be influencing monocyte function.

Figure 2. Cytokine production increases as viral load declines with ART. (A) Representative intracellular cytokine stain-
ing of monocytes and mDCs following LPS stimulation for a single individual over a range of viral load measurements 
(n = 8 individuals total, with 35 individual time points analyzed). (B) Monocyte TNF-α production after LPS stimulation 
increased (left y axis, blue line) as viral load declined (right y axis, red line). (C) Monocyte TNF-α production after LPS 
stimulation correlated with plasma log viral load (rank-based statistics). (D) PBMCs from untreated, HIV-1–infected 
subjects did not show a pattern of change over time in cytokine secretion following LPS stimulation in vitro. Monocyte 
TNF-α production after LPS stimulation (blue line, left y axis), log viral load (right y axis, red line). (E) Comparison of 
monocyte TNF-α production in samples from a single viremic and a single suppressed time point per subject with mono-
cyte TNF-α production in uninfected control subjects. *P < 0.01 and **P = 0.02, by Mann-Whitney U test. Data represent 
the mean and SD. ART, antiretroviral therapy; mDCs, myeloid DCs; PBMCs, peripheral blood mononuclear cells.

http://dx.doi.org/10.1172/jci.insight.85433
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In the context of the altered functional phenotype of monocytes and given the previous reports of aberrant 
monocyte activation in HIV-1 infection, we measured plasma sCD163 levels. CD163 is a scavenger recep-
tor that is expressed on monocytes and macrophages and cleaved by metalloproteinases that are upregulated 
by inflammation, leading to increased circulating levels of the soluble ectodomain (25). sCD163 was associ-
ated with LPS-induced TNF-α (monocyte TNF-α, r = –0.23, P = 0.03) and IL-1β production (mDC IL-1β,  
r = –0.56, P < 0.01; monocyte IL-1β, r = –0.38, P = 0.02). sCD163 was also correlated with plasma viral load (r 
= 0.42, P < 0.01), consistent with high viral load conditioning an environment that drives monocyte activation.

We also measured a panel of  inflammatory cytokines (IL-1β, IFN-γ, IL-10, IL-6, IL-7, MCP-1, IP-10, 
IFN-α2, MIP-1β, TNF-α). However, despite the relationship of  IP-10 to contemporaneous viral load, no 
consistent pattern of  correlation between innate functional capacity and plasma inflammatory cytokines 
was found by univariate analysis.

With the limited univariate relationships, we applied a multivariate modeling approach using the mea-
sured plasma factors to predict the innate functional responses. Specifically, partial least-squares regres-
sion (PLSR) analysis was performed to try to identify a multivariate predictor of  innate function, using 
LPS-stimulated monocyte production of  TNF-α as our outcome variable. This type of  model generates a 
variable importance in projection (VIP) score, which indicates the variable’s contribution to the predictive 
composite variable. In an overall model, plasma viral load was the strongest contributor to the predictive 
composite variable (Figure 3). The 2 analytes with the next highest VIP scores were sCD163 and LPS. Of  
note, the effect of  viral load was critical for modeling performance; if  the viral load was excluded from 
analysis, the remaining analytes could not be used to build a model to predict innate function.

Taken together, these analyses indicate that plasma viral load is the strongest plasma predictor of  the 
ex vivo functional responses, although there is a weaker relationship to monocyte activation (sCD163). 
We were not able to detect relationships with other plasma inflammatory mediators, possibly because the 
power to detect these associations was limited by the sample numbers.

Mechanism of  impaired ex vivo cytokine production. We further studied the monocyte response to LPS 
stimulation, which was strongly associated with plasma viral load (Figure 3), to determine the mechanisms 
of  altered responses to innate stimuli following ART initiation. Monocyte subsets have been shown to have 
distinct cytokine secretion capacity and homing potential (26, 27) and an altered distribution in HIV-1 
infection that is associated with disease progression (28, 29). Monocytes were stained for surface markers 
and divided into classical (CD14+16–), intermediate (CD14+16+), and nonclassical (CD14dim16+) subsets 
(representative flow data, Figure 4A). Further, expression of  the homing markers was consistent with the 
subset divisions, with highest expression of  CX3CR1 and lowest expression of  CCR2 on the nonclassical 
monocytes (Figure 4A). There was no significant difference in the distribution of  these subsets between 
viremic and suppressed PBMC samples, and the distribution of  mDC subsets was comparable as well (Fig-
ure 4B and Supplemental Figure 2). Taken together, these data suggest that the altered functional profiles 
were not the result of  a change in the pattern of  subset distributions between the 2 time points analyzed.

As defects in TLR4 responses have been linked to changes in receptor expression, adaptor protein recruit-
ment, and transcription factor activation (12), we subsequently assessed NF-κB activation as a downstream 
indicator of  LPS recognition and initial signaling pathways. PBMCs from viremic and suppressed time points 
were analyzed by ImageStream for nuclear localization of  NF-κB at baseline and after stimulation with LPS 

Table 3. Correlation of plasma log viral load with cytokine production

Stimulant Cell type and cytokine r value P value
LPS Monocyte TNF-α –0.57 P < 0.001

mDC TNF-α –0.54 P < 0.001
mDC IL-1β –0.58  P < 0.001

HKLM Monocyte IL-1β –0.40 P = 0.002
NOD Monocyte IL-1β –0.45 P < 0.001

mDC IL-1β –0.47 P < 0.001
Curdlan mDC IL-1β –0.28 P < 0.001

Cytokine production by specific cell types with intracellular cytokine staining after stimulation with an innate agonist. 
HKLM, heat-killed Listeria monocytogenes; mDC, myeloid DC; NOD, nucleotide-binding oligomerization domain.

http://dx.doi.org/10.1172/jci.insight.85433
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in CD14+ monocytes. For each sample, a similarity score was calculated, reflecting the colocalization of  
staining for the nucleus and NF-κB and indicating the degree of  translocation. Monocytes derived from both 
viremic and suppressed samples showed substantial nuclear translocation after LPS stimulation (Figure 4C). 
There were no significant differences between the baseline similarity scores and the change following LPS 
stimulation, indicating that this pathway does not account for the differences in cytokine production.

Given the differences in cytokine production, despite evidence of intact signaling as indicated by transloca-
tion of NF-κB, we sought to identify epigenetic modifications affecting promoter accessibility. Monocytes were 
enriched from cryopreserved PBMCs, and equal numbers of cells from each study subject were analyzed at 
both viremic and suppressed time points. We performed ChIP using Abs against acetylated histone 4 (H4Ac), 
H3K27me3, H3K4me3, and H3K9me1. Four regions in the TNFA promoter were amplified by quantitative 
PCR (qPCR) to assess for fold enrichment of the promoter sequences in the IP compared with input DNA. 
A fold change between the samples derived from viremic and suppressed time points was calculated for each 
promoter site. We observed marked enrichment in H4 acetylation and H3K4 trimethylation across the TNFA 
promoter in monocytes from the viral suppression time point (Figure 4D). In contrast, there was no significant 
difference in H3K9me1 or H3K27me3 at these sites and minimal changes in GAPDH between the 2 groups of  
samples (Figure 4D). These data were consistent across 3 independent IPs from 2 distinct sample preparations 
(summary data in Supplemental Figure 3). This pattern of increased H4Ac and H3K4me3 connotes an active 
or poised transcriptional state in monocytes derived from time points after viral suppression.

Figure 3. Multivariate modeling of plasma analytes identified log viral load as the most significant contributor to 
the prediction of innate immune function. PLSR was performed to generate a composite variable of plasma analytes 
to predict innate immune responses as indicated by LPS-induced TNF-α from monocytes. Log viral load dominated 
the model with the highest variable importance in projection (VIP) score, followed by sCD163, LPS, and IP-10. A model 
without viral load included could not predict the outcome variable.

http://dx.doi.org/10.1172/jci.insight.85433
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Figure 4. Monocyte populations from viremic and suppressed samples are identical in subset distribution and NF-κB 
translocation but show distinct epigenetic programs. (A) Monocyte subsets were identified by CD14 and CD16, and 
homing potential was assessed by CCR2 and CX3CR1. (B) No significant differences in monocyte subset distribution 
between viremic and suppressed time points were noted (n = 7 individuals for all). S, suppressed; V, viremic. (C) Nuclear 
localization of NF-κB in CD14+ monocytes was assessed by ImageStream at baseline and after LPS stimulation. Both 
viremic and suppressed samples showed substantial nuclear translocation after LPS stimulation, as reflected by an 
increase of similar magnitude in the similarity score for both samples (right panel, P > 0.05, by Mann Whitney U test). 
Representative images from a low (black triangle) and high (black diamond) similarity score are shown. From left to 
right (original magnification, ×40): bright-field image; blue = DAPI nuclear stain; green = NF-κB; yellow = CD14; merge. 
(D) ChIP for specific histones, followed by qPCR for regions of the TNF-α promoter identified significant enrichment of 
H4Ac and H3K4me3 across the promoter. Data represent the fold change in suppressed samples compared with viremic 
samples. Data shown are representative of 1 of 3 experiments; summary data are shown in Supplemental Figure 3. 
qPCR, quantitative PCR; stim, stimulation.

http://dx.doi.org/10.1172/jci.insight.85433
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Discussion
HIV-1 infection progresses to broad susceptibility to opportunistic pathogens and dysregulated 
inflammation, strongly implicating an upstream disruption in innate immune function in addition to 
a well-characterized loss of  CD4+ T cells. Consistent with this model, our data identify a substantial 
increase in functional responses to innate immune stimuli following viral suppression. These changes 
in functional capacity were most closely tied to a decline in plasma viral load, mirrored the decline in 
adaptive immune activation, and were related to soluble markers of  monocyte activation. Despite these 
differences in ex vivo responses, there were no differences in monocyte subset distribution, and signaling 
capacity was intact on the basis of  measures of  NF-κB translocation. Instead, significant changes were 
identified in the epigenetic modifications at the TNFA promoter of  monocytes derived from samples 
collected at viremic and suppressed time points. These finding suggest that HIV-1 infection and high viral 
load condition an in vivo environment that leads to suppressed innate immune responses to pathogen 
challenge by altering the epigenetic profile of  these cells. These histone modifications, in the context of  
an intact LPS-signaling axis through NF-κB, provide a molecular mechanism for the differences seen in 
ex vivo cytokine production.

The consequences of  the inflammatory milieu of  HIV-1 infection for innate immune function are likely 
to contribute to the immune deficiency in advanced disease as well as to comorbid complications in treated 
disease (30, 31). Previous studies delineated changes in frequency and maturation state of  plasmacytoid 
and mDCs and monocytes (32–35). Deficits of  IFN-α production have also been described and shown to 
correlate with viral load and, in some cases, with clinical status (36–38). However, ex vivo functional stud-
ies have primarily relied on cross-sectional comparisons of  healthy control subjects with HIV-1–infected 
subjects on or off  ART. These studies have generated conflicting data, with reports of  stimulus-specific 
innate responses that are blunted (35, 39–41) or preserved (42, 43) and of  increased spontaneous produc-
tion of  cytokines (43, 44). These variations are likely due to the different signaling pathways and cell types 
interrogated, the different disease stages compared, and the cross-sectional study designs (45). The limited 
studies of  the innate cellular compartment after initiation of  ART showed increased capacity to prime CD4 
proliferation with therapy (46) and recovery of  some cytokine responses dependent on the initial virologic 
status (33, 47). The data presented here advance the understanding of  innate immune function in HIV-1 
infection and identify deficits in function that are ameliorated by ART; the longitudinal design of  this study 
allows isolation of  differences that may otherwise be difficult to identify due to interindividual variability.

The strong relationship of  innate function with viral load reported here is consistent with the clinical 
data that demonstrate that individuals with viral suppression are less susceptible to specific opportunistic 
infections (5, 6) and have a lower incidence of  AIDS-related morbidities even before full recovery of  their 
CD4+ T cell counts (48). The data are also intriguing from the perspective of  the immune reconstitution 
inflammatory syndrome (IRIS), a clinical constellation of  symptoms of  immune activation and inflamma-
tion without evidence of  a new infectious insult (reviewed in ref. 49). The pathophysiology of  this process is 
incompletely understood, and, of  note, while a low CD4+ T cell count prior to therapy has been associated 
with an increased incidence of  IRIS (50), the symptoms typically occur before full reconstitution of  the T 
cell compartment,within 2 months after initiation of  therapy (51). The kinetics would be consistent with a 
conditioning effect on the innate cellular pool that is gradually washed out with cell turnover; monocyte 
lifespan is typically on the order of  days, but can be prolonged through induction of  antiapoptotic pathways 
in the setting of  inflammation (52). An individual on effective ART could repopulate the circulating pool of  
cells with monocytes that have not been conditioned by a high viral load over the course of  weeks to months 
following initiation of  ART. The data presented here suggest that such turnover leads to a population of  cells 
with higher functional capacity and may contribute to a robust inflammatory response to pathogens.

Adding to the clinical picture described above is the recent body of  work demonstrating the capacity of  
innate cellular reprogramming to shape subsequent immune responses. In vitro and in vivo studies in mice 
and humans have defined a phenomenon distinct from antigen-specific memory, whereby innate responses 
can be tuned to a secondary challenge. This can manifest as either a tolerized, refractory phenotype, as 
seen in endotoxin-induced tolerance (12, 15, 53–55), or as a priming or innate training response, as seen 
after exposure to Candida albicans and bacille Calmette-Guérin (17, 56). In addition to changes in receptor 
expression, compartmentalization, and signaling protein levels, transcriptional control of  gene expression 
is an important mechanism of  functional reprogramming (57, 58). Recent work has elegantly demonstrated 
that epigenetic modifications can unmask distinct enhancers that drive the production of  inflammatory 
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mediators (16) and that epigenomic differences in trained and tolerized monocytes likely underlie the phe-
notypic differences of  these monocytes (18). Importantly, there is evidence that these phenotypes can per-
sist over months (59) and that these core signatures can direct pharmacologic intervention points (18).

This phenomenon of  an epigenetic program altering innate responses to bacterial stimuli has not been 
previously described in the setting of  HIV-1 infection. The high incidence of  bacterial sepsis as a cause of  
death in the HIV-1–infected population and the significant morbidity related to IRIS underscore the signifi-
cance of  identifying disruptions in innate immunity in order to direct interventions (58). The data presented 
here show that the suppression of  HIV-1 viremia conditions an epigenetic pattern of  poised functionality 
at the TNFA promoter; H4 acetylation confers enhanced chromatin accessibility (60), and H3K4me3 occu-
pancy and transcription of  TNF-α have been strongly correlated in models of  innate training (17). In vitro 
stimulation of  human alveolar macrophages with HIV-1 single-stranded RNA has previously been shown 
to induce similar histone modifications and promote production of  TNF-α (61), but the data presented here 
are the first report to our knowledge of  ex vivo evidence of  epigenetic innate programming in the setting of  
HIV-1 infection. The changes reported here do not map directly to a described phenomenon of  either tol-
erance or training, and further work will be necessary to define the extent of  epigenetic changes outside the 
TNFA promoter region. While our study is limited by the relatively small sample size, it has the significant 
strengths of  sampling from the complex in vivo environment of  virus, microbial products, and inflamma-
tory cytokines, along with a comprehensive characterization of  each individual.

The in vivo environment of  viremic HIV-1 infection is characterized by high levels of  viral particles, 
inflammatory cytokines, and products of  microbial translocation, all of  which may contribute to innate 
cellular reprogramming. The direct causes of  the epigenetic changes observed in our study are not clear, 
although the strong correlation between the functional profile and the viral load is striking. Direct stimula-
tion of  monocytes by viral components is a possibility, although the in vivo frequency with which the viral 
products access the intracellular signaling pathways (e.g., TLR7/8 and RIG-I) is unknown. Recent reports 
have identified the metabolic shift to increased glucose consumption and lactate production through HIF-
1α as a critical step in the induction of  trained immunity through β glucan (62). Of  note, HIV-1 infection 
increases flux through the glycolytic pathways in activated CD4+ T cells, thereby enhancing virion produc-
tion (63), and has been shown to activate the mTOR pathway in CD8+ T cells (61). Although speculative, 
this suggests that the environment induced by high-level viremia, inflammatory cytokines, and microbial 
products may converge on metabolic changes to alter innate function in the setting of  untreated HIV-1 
infection. Other downstream inflammatory mediators, including type I IFNs, may contribute to the condi-
tioning environment, although these associations were not detected in our study, possibly due to the inter-
individual variability of  these measures and the small number of  study subjects.

Apart from their role in pathogen control, monocytes have been linked to several other pathways of  
immunopathogenesis in HIV-1 infection. Innate immune activation, as measured by CRP, IL-6, and sCD14 
levels, and activation of  the coagulation cascade, indicated by elevated D-dimer levels, have been associated 
with all-cause mortality in chronic, treated HIV-1 infection (64, 65). In addition, these soluble biomarkers 
are predictive of  AIDS or death when measured prior to initiation of  therapy (66). More recently, monocyte 
phenotypes have been shown to be associated with these biomarkers (67, 68), and, further, these monocyte 
phenotypes have been linked to cardiovascular disease, an important determinant of  non-AIDS mortality 
(69). Given the clear alterations in the TNFA promoter identified here, it is reasonable to hypothesize that 
altered functional programs in monocytes during treated disease may contribute to pathologic expression 
of  other inflammatory mediators. A detailed analysis of  the epigenomic landscape at multiple gene loci in 
viremic and suppressed HIV-1 infection may offer insight into both the mechanisms of  pathology in treated 
disease and the etiologic drivers of  inflammatory markers including CRP, D-dimer, and IL-6.

In conclusion, these studies identify epigenetic modifications at the TNFA promoter in monocytes that 
are linked to altered functional capacity in the setting of  HIV-1 viremia. This mechanism for impaired 
innate immunity in untreated HIV-1 infection may also contribute to dysregulated responses after initiation 
of  ART and points to potential new targets for intervention.

Methods
Study subjects. HIV-1–infected individuals were enrolled in the study and were followed with serial visits 
for phlebotomy and collection of  clinical parameters. The first group of  8 subjects included patients with 
clinical information, cryopreserved PBMCs, and plasma from visits both before and after the initiation 
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of  ART, within a time frame of  8 to 24 months of  clinical follow-up. Variable durations of  time elapsed 
between visits, ranging from 1.5 weeks to more than 6 months after suppression, with closer sampling done 
during the time of  viral load decline upon ART initiation. The second group included patients diagnosed 
with HIV infection who were not started on therapy, but had 3–4 serial samples with clinical data, along 
with cryopreserved PBMCs and plasma. Clinical data including plasma HIV viral load and CD4+ T cell 
counts were assessed using standard clinical assays. Subjects without HIV-1 infection were enrolled from 2 
cohorts. The first was a cohort of  healthy volunteers who underwent intermittent blood sampling, and the 
second was a group of  men self-identified as being at high risk for HIV-1 infection, who were not taking 
preexposure prophylaxis. Frozen PBMCs from these 2 cohorts were used to establish a baseline monocyte 
response to LPS stimulation in the absence of  HIV-1 infection.

T cell and monocyte characterization. CD4 and CD8 T cell activation was measured by flow cytome-
try on a 4-laser LSR II (BD Biosciences). T cell populations were defined as CD14– CD3+ and either 
CD4+ or CD8+. Activation was quantified on the basis of  the percentage of  CD4+ or CD8+ cells that 
were double positive for CD38 and HLA-DR. The T cell activation panel included the following Abs: 
CD14 APC-Cy7, HLA-DR–PerCP, CD4 Pacific Blue, CD3 Alexa Fluor 700, CD8 PE-Cy7, and CD38 
PE (all from BD Biosciences). The monocyte panel consisted of  CD3, CD19, and CD56 — all on 
FITC (BD) and CD14 BUV 395, CD16 BV510, CCR2 PE, CX3CR1 APC, CD11c PEcf594, CD80 
BV421, CD86 BV605, HLA-DR BV785, CD123 PECy7, and eFluor 780 fixable viability dye (BioLe-
gend). Data were acquired on a 4 laser LSR II and analyzed with FlowJo software. Additional details 
are provided in Supplemental Table 2.

Bulk PBMC stimulation. Bulk PBMC responses to innate immune stimuli were assessed by culturing 
thawed PBMCs with innate stimuli including LPS, a TLR4 agonist; HKLM, a TLR2 agonist; and N-muramyl 
glycopeptide, a NOD pathway agonist (all from Invivogen); or curdlan, a dectin 1 agonist (Sigma-Aldrich). 
After a 24-hour culture, supernatants were harvested and stored at –80 degrees for batched analysis. Culture 
supernatants were assessed for cytokine production by multiplex assay using Luminex technology (granu-
locyte-macrophage–CSF, MIP-3α, IFN-γ, IL-10, IL-6, IL-1β, and TNF-α) and kits from EMD Millipore.

Intracellular cytokine staining. To assess the functional capacity of  individual cell types for the produc-
tion of  cytokines after a stimulus, cultures of  the patient-derived PBMCs with each stimulant were treated 
with addition of  a protein export inhibitor at time zero (brefeldin A from Sigma-Aldrich, 5 μg/ml). Sam-
ples were harvested after a 20-hour culture and assessed for cytokine production by intracellular cytokine 
staining. Cell populations were defined as follows: all populations were gated on singlet events in the live 
cell gate, were negative for lineage markers (CD3, CD19, CD56), and were positive for HLA-DR. From 
this cell population, monocytes were identified as the CD14+ cell population, and mDCs were CD11c+. 
Intracellular staining for IL-1β and TNF-α was performed and the results quantified as a percentage of  cells 
positive for cytokine production (gating strategy is shown in Supplemental Figure 4). The following Abs 
were used: CD3, CD19, and CD56, all on Alexa Fluor 700; CD123 PE-Cy5, CD14 APC-Cy7, and TNF-α 
PE-Cy7(all from BD); HLA-DR Pacific Blue and CD11c APC (Biolegend); and IL-1β PE (eBioscience). 
Additional details in are provided in Supplemental Table 2.

Plasma markers of  innate immune activation. Plasma samples matched to the selected PBMCs were assessed 
for cytokine patterns by multiplex assay using the Luminex technology. IL-1β, IFN-γ, IL-10, IL-6, and IL-7 
were measured by a high-sensitivity assay, and MCP-1, IP-10, IFN-α2, MIP-1β, and TNF-α were measured 
with regular-sensitivity assays. All kits were from EMD Millipore, and the data were acquired on a Bio-Rad 
instrument. ELISA was used to determine sCD163 (Trillium Diagnostica) and sCD14 (R&D Systems) levels, 
and the limulus amebocyte lysate (LAL) assay (Pierce Biotechnology/Thermo Scientific) was used to assess 
plasma levels of  LPS.

ImageStream. NF-κB localization was assessed using ImageStream X technology (Amnis, EMD 
Millipore). Cryopreserved PBMCs were thawed, rested, and analyzed as either untreated or following 
a 1-hour stimulation with 100 ng/ml LPS. Samples were surface stained with CD14 PE (BioLegend) 
and fixed and permeabilized with the Foxp3/Transcription Factor Staining Buffer Set (eBioscience) for 
intracellular staining of  NF-κB p65. Abs used included rabbit polyclonal NF-κB/p65 with secondary 
detection by goat anti-rabbit IgG FITC (Santa Cruz Biotechnology Inc.). DAPI (1 μg/ml) was added to 
each sample immediately prior to use for nuclear staining. Images were acquired from single, focused, 
DAPI+CD14+ cells hierarchically gated on an ImageStream X Mark II. NF-κB nuclear translocation was 
measured by similarity score, a log-transformed Pearson’s correlation coefficient comparing pixel values 
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of  the DAPI and NF-κB stains, using IDEAS software (Amnis, EMD Millipore).
ChIP. Epigenetic modifications at the TNFA promoter were assessed by ChIP. Cryopreserved PBMCs 

were thawed from 1 viremic and 1 suppressed time point for each patient and enriched for monocytes using 
an AutoMACS Monocyte Isolation Kit (Miltenyi Biotec). Equal numbers of  monocytes from each patient 
were pooled into viremic and suppressed samples. ChIP was performed using a Magna ChIP HiSens 
Chromatin Immunoprecipitation Kit (EMD Millipore) with the following Abs: H3K4me3, H3K9me1, 
H3K27me3, H4Ac, and IgG (EMD Millipore). The Ab clones are listed in Supplemental Table 3. qPCR 
was performed using primers for 4 regions of  the TNFA promoter that have been previously described 
(60). Enrichment was calculated by comparison of  IP samples with input DNA, and background IP was 
subtracted out on the basis of  enrichment of  nonspecific IgG. Fold change in histone occupancy was calcu-
lated between viremic and suppressed samples.

Statistics. Univariate analysis of  relationships between individual cytokines and viral load was per-
formed using Spearman’s nonparametric correlations, estimated by a resampling procedure appropriate 
for repeated measurements of  individuals (70); with this method, a randomly chosen value from each 
subject was analyzed as an independent data set. This approach was repeated several times, generating 
an average of  the associated values as a point estimate. Statistical significance was assessed by a gener-
alized estimating equations model applied to the corresponding ranks of  the data, with a P value of  less 
than 0.05 considered significant. Multivariate modeling was performed using PLSDA to identify patterns 
of  cytokines produced after stimulation with innate agonists. Samples were designated as being from 
a viremic or suppressed (viral load <400) time point, and a canonical variable composed of  weighted 
measures of  cytokines was used to discriminate between the different viral load conditions. All input 
variables were mean centered and variance scaled to reduce bias introduced by measures with higher 
absolute values or greater variance. The misclassification rate was used as the measure of  model accu-
racy. Robustness was assessed by testing performance on sets of  data after iterative exclusion of  random 
subsets of  measures. PLSR was used to identify multivariate patterns of  plasma analytes in relation to 
the continuous variable of  monocyte TNF-α production. Again, values were mean centered and variance 
scaled. Model performance is reflected in the percentage of  variance accounted for by the model, and 
the contribution of  individual components to the model prediction is reflected in the VIP score. Model 
validation was performed with K-fold assessment; data were partitioned into K folds (subsets of  data, 
here K = 7), and each subset was used to validate the model fit to the overall data set, fitting a total of  7 
models. All analysis was done with JMP Pro software (SAS Institute).

Study approval. Study subjects were enrolled in protocols approved by the IRB of  Massachusetts Gen-
eral Hospital, and all subjects provided written informed consent prior to their participation in the study.
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