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Abstract

Background—Previous studies have described increased innate immune activation in HIV-1 

exposed, sero-negative intra-venous drug users (HESN-IDU), but have not addressed the 

independent role of injected drugs and/or repeated injections in driving immune activation.

Methods—Here, we investigated innate (NK cells and dendritic cells) and adaptive (HIV-

specific antibody and CD8+ T cell) immune parameters among a high-risk cohort of needle-

sharing HESN-IDU subjects and compared them to low-risk non-sharing IDU subjects (NS-IDU) 

and non drug-user controls.

Results—We observed that HIV-specific antibody and CD8+ T cell responses were not detected 

in HESN-IDU subjects, yet innate immune cell activation was found to be significantly increased 

on NK cells (CD69 and CD107a upregulation) and MDCs (CD40 and CD83 upregulation) when 

compared to NS-IDU subjects or non drug-user controls (p<0.01, and p<0.05, respectively). 

HESN-IDU subjects maintained strong NK cell CD107a degranulation and cytokine (IFN-gamma, 

TNF-alpha and MIP-1 beta) production following target cell-incubation suggesting that 

constitutive innate activation does not induce functional exhaustion of innate cells in HESN-IDU 

subjects. NK activation in HESN-IDU subjects was independent of drug use patterns but was 

durable over time and correlated with plasma levels of IP-10 by Luminex analysis (rho=0.5073, 

p=0.0059, n=28).
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Conclusions—Our results indicate that heightened innate immune cell activation in HESN-IDU 

subjects is not the result of the IV-drugs and repeated injection practice itself, but to repeated 

exposure to factors intrinsic to sharing needles (i.e., exposure to pathogens or heterologous cells 

among donor blood).
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Introduction

The description of HIV-1 exposed individuals that remain sero-negative (HESN) despite 

repeated high-risk exposure has heightened interest in identifying potential immune-

mediated mechanisms of protection from HIV-1. HIV-specific humoral and T cell mediated 

responses were originally identified in a subset of HESN subjects [1–6], although the 

magnitude was significantly lower than comparable responses observed in HIV-1 infected 

individuals [7, 8] and apparently not protective in persistently exposed HESN subjects that 

later sero-convert [9–11]. Decreased CD4+ T cell activation has been suggested as another 

correlate of protection from infection [12–14] as have soluble cytokines and anti-HIV 

peptides [15–19]. In support of the innate cell response as another potential barrier to HIV-1 

infection, increased Natural Killer (NK) cell activation has been identified in several high-

risk cohorts of HESN subjects exposed through IV-drug use [20–22]. Genotypic data has 

revealed an enrichment of protective NK receptor alleles in HESN subjects [23, 24] while 

functional data on NK cells suggests that increased cytokine secretion capacity is another 

hallmark of high-risk groups that remain uninfected [21, 25, 26]. Together, these results 

suggest that multiple mechanisms may contribute to the barrier to HIV-1 acquisition, and 

innate immune cells such as NK cells may further bolster the threshold to HIV-1 infection.

NK cells represent a critical component of the host innate immune response against acute 

viral infection and serve as a front-line defense against a diverse array of pathogens. Unlike 

antigen specific T cells, NK cells use the coordinated interaction of both inhibitory and 

activating receptors to recognize target cells that exhibit signs of stress and display absent or 

mis-matched MHC Class I (MHC-I) proteins. NK activity is also regulated by accessory 

cells such as myeloid and plasmacytoid dendritic cells that secrete NK-stimulatory cytokines 

such as IFN-alpha, IL-12 and IL-15 [27]. This accessory function of dendritic cells is critical 

for NK cytotoxicity against HIV-1 infected targets [28], and dendritic cell cross-talk with 

NK cells has been postulated to be important for protection in some cohorts of HESN 

subjects [29, 30]. Recently, we confirmed previous reports of increased NK activation in 

HESN-IDU subjects and showed for the first time that DC maturation is also associated with 

high-risk needle-sharing in IV-drug users from Philadelphia [22]. Nevertheless, it remains 

unknown if the heightened innate immune activation observed in HESN-IDU subjects is 

related to the injected drugs and repeated injections or added exposure to innate activating 

factors directly associated with high-risk needle-sharing activity. Here, we measured 

phenotypic and functional innate cell parameters that correlated with protection from HIV-1 

by comparing high-risk needle-sharing HESN-IDU subjects with low-risk needle exchange 

IDU program participants.
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Materials and Methods

Subject Criteria and Clinical Assessment

30 HIV-1 exposed, sero-negative injection drug users (HESN-IDU) were enrolled from the 

city of Philadelphia via community-based street outreach in specific neighborhoods 

previously identified as “risk pockets” [31]. Risk pockets are defined as locations within 

neighborhoods with a high HIV-1 prevalence where injectable drugs are sold, used, and at 

times exchanged for sex (Figure 1). In agreement with previous reports [22, 32], we estimate 

the HIV-1 and HCV sero-prevalence among high-risk needle-sharing HESN-IDU subjects in 

risk pockets within Philadelphia to be approximately 20% and 70%, respectively. We 

utilized the “Prognostic Model for Sero-conversion Among Injection Drug Users” [33] to 

identify high-risk HESN-IDU subjects for our study based upon their frequency of injection 

and needle sharing behavior. Briefly, subjects from known risk pockets were identified as 

HESN-IDU if they remained HIV-1 IgG sero-negative despite a history of greater than 2 

years of daily injection and frequent (weekly or greater) needle sharing with partners of 

unknown HIV status.

To control for the independent role of injected drugs and/or repeated injections in driving 

innate immune activation, 15 low-risk, non-sharing injection drug user subjects (NS-IDU) 

were recruited from local needle exchange centers based upon their high rate of heroin use, 

which was similar in magnitude to high-risk HESN-IDU subjects (Table 1). 20 no-risk non-

drug user controls from the greater Philadelphia area were also recruited as an additional 

control group. Samples from HESN-IDU subjects, NS-IDU subjects and non-drug user 

controls were all run contemporaneously throughout the study to reduce the risk of batch-

effect. Blood was drawn from all subjects according to Institutional Review Board approval 

following written informed consent. All HESN-IDU subjects, NS-IDU subjects and HIV-1 

infected (sero-positive) subjects screened for the study were referred to drug cessation 

programs, counseled to enter the local needle-exchange programs to reduce their risk of 

exposure to blood borne pathogens and offered additional health services as needed.

Flow Cytometry

All cell surface antibodies and isotype controls used at the recommended dilution of 0.25 μg 

antibody per million cells. Peripheral Blood Mono-nuclear Cells (PBMC) were stained with 

antibodies to phenotypic and functional markers for 15 minutes at room temperature in the 

dark, washed twice and fixed with Cytofix Buffer (BD Cytometry Systems, San Jose, CA). 

The following surface antibodies (with clones shown in parentheses) and their appropriate 

isotype controls were obtained from BD Biosciences or Miletyni Biotech: CD69 FITC 

(FN50), CD107a PE (H4A3), CD56 PERCP Cy5.5 (B159), CD3 APC or v450 (UCHT1), 

CD16 APC-H7 (3G8), CD4 FITC (RPA-T4), CD8 PE (RPA-T8), CD38 APC (HIT2), 

CD11c v450 (B-ly6), Lineage FITC (BD), CD83 PE (HB15e), HLA-DR PERCP Cy5.5 

(L243), BDCA-4 APC (REA380), and CD40 APC-H7 (5C3). Intra-cellular staining for IFN-

gamma FITC (B27), TNF-alpha v450 (MAB11) and MIP-1 beta APC-H7 (D21–1351) was 

carried out in 1× Perm/Wash Buffer (BD) as described by the manufacturer. A minimum of 

one hundred thousand events were collected on a BD LSR-II Flow Cytometer and samples 

were subsequently analyzed with FlowJo software (Tree Star Incorporated, Ashland OR).
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Target Cell-induced NK Degranulation and Cytokine Production Assay

Following an overnight incubation, 5×106 PBMC per condition were washed and incubated 

in the presence or absence of K562 cells at a 10:1 effector/target ratio in the presence of 10 

μl anti-CD107a monoclonal antibody, 0.133 μl of a 3mM stock of Golgi-stop (BD) and 5 

μg/mL Brefeldin A (BD) in a 200 μl volume for four hours. PBMC were stained with 

antibodies to NK cell phenotypic markers and intra-cellularly stained for cytokine 

expression with antibodies to IFN-gamma, TNF-alpha and MIP-1 beta. The percentage of 

CD56+/CD3− gated NK cells staining positive for CD107a degranulation and/or cytokine 

production following incubation with K562 cells was determined after subtraction of 

background levels of staining in the absence of target cells (No Target Control).

HIV-specific CD8+ T Cell Peptide Stimulation

0.5×106 PBMC were co-cultured with a 1 μg/mL mixture of overlapping 15-mer peptides 

spanning the HIV-1 Consensus Clade B Gag or Pol proteins (AIDS Research and Reference 

Reagent Repository, NIH) in the presence of 2.5 μl CD28/CD49d co-stimulation (BD) and 5 

μg/mL Brefeldin A for 18 hours in a 200 μl volume. Alternatively, PBMC were stimulated 

with a 1 μg/mL mixture of a CEF peptide pool comprising 23 peptides consisting of 

sequences derived from the human Cytomegalovirus, Epstein-Barr and Influenza Viruses 

(AIDS Research and Reference Reagent Repository, NIH) as a positive control while 

unstimulated PBMC were used as a negative control. PBMC were washed, stained with 

antibodies to T Cell phenotypic markers and intra-cellular staining for IFN-gamma was 

carried out as described above. CD8+ T cells were gated by CD8+/CD3+ staining and the 

percentage of cells staining positive for CD107a and/or IFN-gamma was determined after 

subtraction of background levels of staining in unstimulated control cells. Reference PBMC 

from HIV-1 infected subjects with detectable viremia in the absence of anti-retroviral 

therapy were used as positive controls for the HIV-specific peptide assay.

HIV-specific Binding Antibody Multiplex Assay (BAMA)

Plasma samples from 28 high-risk HESN-IDU subjects and 14 low-risk non-sharing IDU 

control subjects were analyzed for HIV-1 specific IgG and IgA responses utilizing a custom 

HIV-1 binding antibody multiplex assay as previously described [34–37]. Carboxylated 

fluorescent beads (Luminex Corp, Austin, TX) were covalently coupled to a panel of eight 

HIV-1 specific antigens: Clade B gp41 Immunodominant epitope (gp41 ID) provided by Dr. 

M.A. Moody, Duke University), gp41 MN (ImmunoDX, Woburn, MA), A1.con.env03 

gp140 CF (consensus clade A envelope gp140 with deletions in the gp41 cleavage site and 

fusion domain [CF]), B.con.env03 gp140 (Consensus Clade B Env gp140), C.con.env03 

gp140 CF (Consensus Clade C Env gp140), Con 6 gp120/B Consensus gp120 Env) and Con 

S gp140 (Group M Consensus gp140 Env) [38–40]. Samples were incubated with beads 

conjugated to HIV-1 specific antigens, and HIV-specific IgG and IgA responses were 

detected with goat anti-human IgA-PE (Jackson Immunoresearch, West Grove, PA) or 

mouse anti-human IgG-PE (Southern Biotech, Birmingham, AL). Beads were then washed 

and acquired on a Bio-Plex 200 instrument (Bio-Rad, Hercules, CA) and binding was 

measured as Mean Fluorescence Intensity (MFI). All experiments were carried out in 

accordance with Good Clinical Laboratory Practice (GCLP) guidelines. Positive controls 
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included titrated HIV-IG and the following HIV-specific monoclonal antibodies: 7B2 mAb 

(provided by Drs. James Robinson, Tulane and Barton Haynes, Duke), 4e10 mAb (Polymun 

Scientific), 2F5 mAb (Polymun Scientific) and b12 IgA mAb (kindly provided by Dr. 

Dennis Burton). Sample binding to the controls was tracked via Levey-Jennings plots. Each 

sample was analyzed in two independent BAMA assays. HESN-IDU samples were defined 

as reactive for a specific antigen if the sample MFI was greater than the average MFI plus 5 

standard deviations of a panel of at least 30 seronegative plasma samples. Samples were 

considered positive for HIV-1 specific antibody if they met the above preset criteria for 

positivity and had positive binding antibody responses to ≥ 2 HIV antigens.

Cytokine Measurements

Plasma samples we analyzed by the University of Pennsylvania Immunology Core Facility 

utilizing the Millipore 29-Plex Human Cytokie/Chemokine Magentic Bead Panel according 

to the manufacture’s recommendations.

Statistical Analysis

All graphic presentations were performed with Prism software (GraphPad Software, La 

Jolla, CA) and displayed as median with interquartile range. Statistical analysis of two 

groups was carried out using a Wilcoxon-Mann-Whitney test for two independent groups or 

a Wilcoxon signed-rank test for paired data. Comparisons of three or more groups was 

carried out using a Kruskal-Wallis test with a post-hoc Dunn test. Correlations between two 

variables were carried out using Spearman Correlation of untransformed data with a 95% 

confidence interval. No data was purposefully excluded from the analysis. All missing data 

from any subjects is due to technical issues with the assay. In all cases, significant results 

have two-sided p values of p<0.05, p<0.01, p<0.001 denoted with a single, double or triple 

asterisk in graphs, respectively. Due to limited sample size, reported p-values are unadjusted 

for multiple testing.

Results

Increased innate immune NK and MDC activation is associated with high-risk needle-
sharing activity among HESN-IDU subjects

We have previously shown that NK activation is increased in HIV-1 exposed, sero-negative 

injection drug users (HESN-IDU) that share needles in areas of high HIV-1 prevalence 

compared to control donors that were not injection drug-users [22] (see Figure 1 for risk 

pocket approach). Here, we addressed the independent role of injected drugs and/or repeated 

injections in driving innate cell activation by comparing HESN-IDU subjects with non-

sharing IDU donors (NS-IDU) who inject opioids at a similar frequency but participate in 

local needle exchange programs (see Table 1 for subject characteristics and drug use 

history). We observed that NK cells from high-risk needle-sharing HESN-IDU subjects 

exhibited increased constitutive CD69 activation and CD107a degranulation compared to 

both control donors that were not injection drug-users and low-risk NS-IDU subjects that do 

not share needles (see representative staining in Figure 2A). CD69 activation and CD107a 

degranulation were both independently increased in HESN-IDU subjects (Supplementary 

Figure 1B and C) and together were significantly increased in HESN-IDU subjects 
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compared to both non drug-user controls (p<0.001) and low-risk NS-IDU subjects (p<0.01) 

(Figure 2B). When NK activation was re-tested in a subset of HESN-IDU subjects upon a 

second blood draw at least three months later, we observed that the heightened NK 

activation phenotype was durable over time (Figure 2C). Next we measured CD40 and 

CD83 upregulation on myeloid dendritic cells (MDC) and plasmacytoid dendritic cells 

(PDC) as a marker for activation and maturation, respectively. We observed that MDC 

(Figure 2D), but not PDC (Figure 2E), activation/maturation was significantly increased in 

HESN-IDU subjects compared to both non drug-user controls (p<0.05) and low-risk NS-

IDU subjects (p<0.05). We correlated NK activation directly with MDC activation and 

observed that these two parameters were not associated within the groups in our cohort 

(Figure 2F–G). However, when comparing innate immune activation between the groups, 

we observed that the parameters of NK activation (x-axis) and/or MDC activation (y-axis) 

could be used to identify the majority of HESN-IDU subjects (69%), whereas only a small 

minority of low-risk NS-IDU subjects (20%) or non drug-user controls (15%) (data not 

shown) exhibited similar innate immune activation (Figure 2F–G). Together, these results 

indicate that heightened innate immune cell activation in HESN-IDU subjects is not the 

result of the IV-drugs and repeated injection practice itself, but to repeated exposure to 

factors intrinsic to sharing needles (i.e., exposure to donor blood pathogens or heterologous 

cells).

High-risk Needle-sharing Activity by HESN-IDU Subjects is Not Associated with Detectable 
HIV-specific CD8+ T cell or Antibody Responses

After having confirmed increased innate immune activation among high-risk HESN-IDU 

subjects from our cohort, we next investigated if HIV-specific humoral or cellular immune 

responses were detectable among HESN-IDU subjects. Despite previous evidence of 

detectable HIV-specific CD8+ T cell responses in some cohorts of HESN subjects [1–4, 6], 

we observed that none of the HESN-IDU subjects from our cohort possessed detectable 

CD8+ T cell responses to HIV-1 peptides (Figure 3A). HIV-1 infected subjects with 

detectable viremia in the absence of anti-retroviral therapy were used as positive controls for 

the HIV-specific peptide assay (Figure 3A, blue dots). Likewise, peptides specific for CMV, 

EBV and Flu (CEF) were used to show that CD8+ T cells from HESN-IDU subjects could 

respond to peptide stimulation from other endemic pathogens (Figure 3B).

We next investigated if HIV-specific IgA or IgG antibody responses could be identified in 

the plasma samples from high-risk HESN-IDU subjects or low-risk non-sharing IDU 

controls from our cohort. As shown in Figure 3C and D, there were no detectable levels of 

HIV-specific IgA or IgG responses to gp41, Consensus gp120 or Consensus gp140 from any 

of the high-risk HESN-IDU subjects or low-risk non-sharing IDU controls. Additionally, 

there were no HIV-1 specific IgA or IgG responses when these samples were tested against 

a panel of gp120 and gp140 envelope sequence from consensus HIV-1 clade A, B, C and M 

envelope proteins (data not shown). Responses to the Immunodominant epitope in gp41 

from Clade B viruses, which represent the predominant HIV-1 viral strain in North America, 

were also negative (data not shown). Overall, our results indicate that the high-risk needle-

sharing activity observed in HESN-IDU subjects from our cohort is associated with innate 
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immune activation in the absence of detectable HIV-specific CD8+ T cell or antibody 

responses.

Constitutive NK activation in HESN-IDU subjects is not associated with exhaustion of 
innate cell function but correlated with plasma levels of IP-10

We next attempted to identify if any functional correlates or plasma cytokines were 

associated with the increased constitutive NK and MDC activation we observed in HESN-

IDU subjects. We investigated NK function directly by incubating PBMC with K562 cells 

and measuring CD107a degranulation and/or cytokine production on CD56+/CD3− gated 

NK cells (see representative staining in Figure 4A and B). We observed that after PBMC 

incubation with K562 cells, NK cells from HESN-IDU subjects maintained strong CD107a 

degranulation and comparable IFN-gamma production when compared to low-risk NS-IDU 

subjects or no-risk non drug-user controls (Variables shown individually in Supplementary 

Figure 1D and E or together in Figure 4C). NK cells from HESN-IDU subjects also 

exhibited comparable MIP-1 beta and/or TNF-alpha production following PBMC incubation 

with K562 cells when compared to low-risk NS-IDU subjects or no-risk non drug-user 

controls (Figure 4D). When the variables were combined together as shown in Figure 4A 

and B, IFN-gamma production and/or CD107a degranulation by NK cells from HESN-IDU 

subjects was strongly correlated (rho=0.8308, p=0.0004, n=13) with the production of 

MIP-1 beta and/or TNF-alpha following K562-stimulation (Figure 4E).

Finally, we investigated if plasma cytokines changes could be detected in relation to NK and 

MDC activation levels in HESN-IDU subjects when compared to low-risk non-sharing-IDU 

subjects. Using a comprehensive inflammatory luminex array, we did not detect significant 

differences between both groups among the 29 cytokines and chemokines tested including 

IP-10 (Figure 4F). This finding is in agreement with recent work showing a limited 

correlation of systemic cytokine levels with risk of HIV-1 acquisition [41]. However, when 

plasma samples from high-risk HESN-IDU subjects alone were correlated with the 

phenotypic and functional markers tested in the study, we observed that IP-10 was positively 

associated with NK activation (rho=0.5073, p=0.0059, n=28) (Figure 4G). In contrast, 

plasma levels of IP-10 were not associated with MDC activation in HESN-IDU subjects 

(Figure 4H). Together, these results suggest that constitutive NK cell activation in HESN-

IDU subjects is not associated with exhaustion of innate immune cell function but is 

correlated with increased plasma levels of IP-10.

Discussion

Here we confirm previous reports of increased innate cell activation in HIV-1 exposed, sero-

negative intra-venous drug users (HESN-IDU), and address for the first time the 

independent role of injected drugs and/or repeated injections in driving innate cell 

activation. Utilizing a high-risk cohort of needle-sharing HESN-IDU subjects and a low-risk 

cohort of non-sharing IDU controls from local needle exchange programs (NS-IDU), we 

establish that both NK cell and MDC activation were significantly increased in HESN-IDU 

subjects compared to NS-IDU controls. NK activation in HESN-IDU subjects was 

independent of drug use patterns but was durable over time and correlated with plasma 
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levels of IP-10 by Luminex analysis. No detectable CD8+ T cell responses against HIV-1 

peptides or antibody responses to HIV-1 envelope proteins were detected among HESN-

IDU subjects suggesting that the adaptive immune response to HIV-1 is not associated with 

the lack of HIV-1 acquisition despite high-risk activity in our cohort of HESN-IDU subjects. 

Overall, our results indicate that heightened innate cell activation in HESN-IDU subjects is 

not a result of the IV-drugs and repeated injection practice itself, but to factors intrinsic to 

sharing needles.

We interpret that repeated exposure to microbial pathogens or other stimulation from 

contaminated injection equipment rather than an active co-infection at site of injection may 

contribute to innate immune activation in HESN-IDU subjects. The low level of innate 

immune cell activation among non-sharing NS-IDU subjects as well as the absence of high 

pro-inflammatory cytokines in plasma of HESN-IDU subjects argues against a sustained 

inflammation by an active infection at injection site. In contrast, we speculate that temporal 

yet repeated exposure to blood-borne viruses during needle-sharing such as Hepatitis C 

Virus, Hepatitis B Virus and HIV-1 may be contributing to innate immune activation. We 

have previously determined that the increased innate immune activation profile we observed 

among HESN-IDU subjects was independent of HCV status [22]. However, the high 

frequency of HCV sero-positivity among HESN-IDU subjects in our cohort (23/27 85%) 

suggests that persistent exposure to multiple viruses is likely encountered during prolonged 

needle sharing. Alternatively, NK activation may be driven by a direct response against 

heterologous donor cells exchanged via needle sharing. The MHC-I mis-match between 

injected cells from needle-sharing partners could act to sustain NK activation and be a 

reason for heightened CD107a degranulation observed on NK cells from HESN-IDU 

donors. Indeed, our previous work as shown that NK cells exhibit retained degranulation 

over extended periods of time following multiple target cell interactions with MHC-I mis-

matched cells [42]. Alternatively, innate immune activation observed in high-risk HESN-

IDU subjects from our cohort may be driven by unknown variables such a drug use patterns 

or risky sexual behavior. We undertook a comprehensive analysis of demographic info 

among low-risk NS-IDU subjects and high-risk HESN-IDU subjects as shown in Table 1. 

We observed that variables such as age, gender, ethnicity and frequency of Heroin usage 

were similar among the two groups. However, we did observe that the frequency of multiple 

drug use (cocaine/crack with heroin) was higher among HESN-IDU subjects (17/27 63%) 

than NS-IDU subjects (6/13 46%). We tested if the use of multiple drugs could stratify 

HESN-IDU subjects that exhibited high innate immune activation from those that had a low 

activation profile and observed no difference among the groups (Supplementary Figure 1F). 

Similarly, we observed that the frequency of unprotected sexual encounters could not 

distinguish HESN-IDU subjects that exhibited high innate immune activation from those 

with a low activation profile (Supplementary Figure 1G).

We have previously shown that in addition to NK activation, CD83 maturation of 

plasmacytoid dendritic cells (PDC) was increased in HESN-IDU subjects as compared to 

control donors that did not use IV drugs [22]. Here, we observed that MDC activation, but 

not PDC activation, was significantly increased in HESN-IDU subjects as compared to low-

risk NS-IDU subjects or non drug-user controls. We interpret this discrepancy due to our 

more stringent definition of activation by inclusion of CD40 activation marker into our 
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staining panel in addition to CD83 as well as our usage of additional phenotypic stains to 

further separate MDC (LIN−/HLA-DR+/CD11c+/BDCA-4−) from PDC (LIN−/HLA-DR+/

CD11c−/BDCA-4+) when comparing methods between reports.

Recently, increased NK cell activation was found to be associated with increased HIV-1 

acquisition in women receiving tenofovir microbicide gel in the CAPRISA-004 trial [43]. 

The CAPRISA-004 trial targeted at risk women practicing unprotected sexual intercourse in 

endemic areas of HIV-1 infection as opposed to our study where we investigated high-risk 

IV-drug users that shared needles in risk-pockets with high HIV prevalence. Differences in 

the route of HIV-1 exposure among our two studies may be particularly important with 

regard to the exposure of needle-sharing IV-drug users to heterologous cells which may 

drive NK activation. Importantly, the increased NK activation observed in HESN-IDU 

subjects was documented in multiple time points at least three months apart, indicating that 

the state of innate cell activation is a durable phenotype associated with high-risk needle-

sharing. In spite of this sustained activation state, our data does not support the possibility of 

a loss of function by exhaustion state as normal innate immune cell functionality was 

documented in HESN-IDU subjects by NK degranulation/cytokine production assay. While 

we did not observe an anergic state among NK cells or MDCs in high-risk HESN-IDU 

subjects, we also did not observe an increase in activity as expected by the observed 

heightened innate immune activation among HESN-IDU subjects compared to low-risk non-

sharing IDU or no-risk non drug-user controls. As our functional assays require overnight 

incubation of PBMC, it remains possible that short-term functional assays may show 

differences not detected in this study. Nevertheless, our findings here suggest that increased 

innate immune activation in conjunction with retained functionality are associated with a 

lack of HIV-1 acquisition despite high-risk activity in HESN-IDU subjects and highlights 

NK cells and MDCs as candidate cell types that may contribute to resistance from infection 

upon HIV-1 exposure.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. “Risk pocket” approach to HESN-IDU subject recruitment in the city of Philadelphia
High-risk HIV-1 exposed, sero-negative injection drug users (HESN-IDU) were enrolled 

from the city of Philadelphia via community-based street outreach in specific neighborhoods 

previously identified as “risk pockets.” Risk pockets are defined as specific neighborhoods 

with a high HIV-1 incidence where intra-venous drugs are sold, used, and exchanged for 

sex. Subjects from known risk pockets were identified as HESN-IDU if they reported a 

history of greater than 2 years of daily injection and frequent (weekly or greater) needle 

sharing with partners of unknown HIV status. Low-risk non-sharing IDU (NS-IDU) drug-

matched subjects were recruited from local needle exchange centers while no-risk 

unexposed, non drug-users were recruited from the greater Philadelphia area.
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Figure 2. NK and MDC activation is increased in HESN-IDU subjects and associated with high-
risk needle-sharing activity
(A) PBMCs from a representative no-risk (control) donor, a low-risk non-sharing IDU (NS-

IDU) subject and high-risk needle-sharing HESN-IDU subject were stained with 

fluorescently conjugated antibodies to NK phenotypic and activation markers. The 

frequency of constitutive CD107a (x-axis) and CD69 (y-axis) staining is shown on 

CD56+/CD3− gated lymphocytes with quadrant gates set based upon isotype control 

antibodies. (B) Composite graph of the constitutive CD69 activation and/or CD107a 
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degranulation on CD56+/CD3− gated NK cells from no-risk control, low-risk NS-IDU and 

high-risk HESN-IDU subjects as depicted in panel A. (C) Constitutive NK CD69 activation 

and/or CD107a degranulation was measured longitudinally in 8 high-risk needle-sharing 

HESN-IDU subjects at multiple visits at least three months apart. (D–E) Composite graph of 

the constitutive CD40 activation and CD83 maturation on LIN−/HLA-DR+/CD11c+/

BDCA-4− MDC cells (D) and LIN−/HLA-DR+/CD11c−/BDCA-4+ PDC cells (E) from no-

risk control, low-risk NS-IDU and high-risk HESN-IDU subjects. (F–G) Composite graph 

of the constitutive NK cell activation (x-axis) and MDC activation (y-axis) in (F) low-risk 

NS-IDU subjects and (G) high-risk HESN-IDU subjects as described above. Frequency of 

individuals from each group staining positive for either NK or MDC activation is shown in 

red and gates were set based upon the 10th percentile of NK or MDC activation from control 

donors. Comparisons between three or more groups were performed using an unpaired, non-

parametric Kruskal-Wallace ANOVA with a Dunn post-test. Statistical analysis of two 

groups was carried out using a Wilcoxon-Mann-Whitney test for two independent groups. 

Correlations between two variables were carried out using Spearman Correlation of 

untransformed data with a 95% confidence interval. In all cases, significant results have 

two-sided p values of p<0.05, p<0.01, p<0.001 denoted with a single, double or triple 

asterisk in graphs, respectively.
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Figure 3. High-risk Needle-sharing Activity by HESN-IDU Subjects is Not Associated with 
Detectable HIV-specific CD8+ T cell or Antibody Responses
(A–B) Composite graphs from controls, NS-IDU subjects, HESN-IDU subjects, and HIV-1 

infected reference subjects showing the (A) HIV-specific CD8+ T cell response to peptide 

pools from the HIV-1 Gag protein or the (B) non-HIV-specific CD8+ T cell response to 

combined peptide pools from Cytomegalovirus, Epstein-Barr and Influenza Viruses (CEF). 

(C–D) Plasma samples from 28 high-risk HESN-IDU subjects and 14 low-risk non-sharing 

IDU control subjects were analyzed for HIV-1 specific responses utilizing a custom HIV-1 

binding antibody multiplex assay (BAMA). HIV-1 specific IgA (C) and IgG (D) plasma 

antibodies to gp41 and Consensus gp120 and gp140 envelope antigens are shown as 

representative data. HIV-specific monoclonal antibodies 7B2 mAb (1 μg/ml), 4e10 mAb (50 

μg/ml), 2F5 mAb (16 μg/ml) and b12 mAb (20 μg/ml) were used as positive controls in 

addition to a HIV-IG titration curve (500 μg/ml titrated 6-fold, 10 places). Each sample was 

analyzed in two independent BAMA assays and HESN-IDU samples were defined as 

positive for a specific antigen if the sample MFI was greater than the average mean 

fluorescent intensity (MFI) plus 5 standard deviations of the panel of non needle-sharing 

IDU control subjects. Statistical analysis carried out as described in Figure 2.

Tomescu et al. Page 16

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Constitutive NK activation in HESN-IDU subjects is not associated with functional 
exhaustion of innate immune cells but is correlated with plasma levels of IP-10
(A–B) PBMCs from a representative high-risk needle-sharing HESN-IDU subject were 

stained with fluorescently conjugated antibodies to NK phenotypic and functional markers 

following a four-hour incubation in the presence or absence of K562 tumor cells. The 

frequency of K562-target cell induced (A) CD107a degranulation (x-axis) or IFN-gamma 

production (y-axis) staining and (B) MIP-1 Beta (x-axis) or TNF-alpha production (y-axis) 

staining is shown on CD56+/CD3− gated lymphocytes with quadrant gates set based upon 

“no target” control cells incubated in the absence of target cells. (C–D) Composite graph of 

the K562-target cell induced (C) CD107a degranulation or IFN-gamma production and (D) 
MIP-1 Beta or TNF-alpha production on CD56+/CD3− gated NK cells from no-risk control, 

low-risk NS-IDU and high-risk HESN-IDU subjects as depicted in panel A. (E) Spearman 

correlation of K562-target cell induced CD107a degranulation or IFN-gamma production 

with K562-target cell induced MIP-1 Beta or TNF-alpha production. (F) Composite graph of 

plasma IP-10 levels as measured by Luminex analyisis for low-risk NS-IDU and high-risk 

HESN-IDU subjects. (G–H) Spearman correlation of plasma IP-10 levels (y-axis) with the 
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percentage of activated (G) NK cells or (H) MDC cells (x-axis) in all HESN-IDU subjects. 

Statistical analysis carried out as described in Figure 2.
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