
Immune profiling in Puerto Rican injection drug users with and 
without HIV-1 infection

Sydney J. Bennett1,2, Carmen Ana Davila3, Zahiraliz Reyes4, Aníbal Valentín-Acevedo4, Kim 
Gocchi Carrasco3, Roberto Abadie3, M. Caleb Marlin5, Marci Beel5, Andrew G. Chapple2, 
Samodha Fernando6, Joel M. Guthridge5,7, Kathy S. Chiou8, Kirk Dombrowski9, John T. 
West2, Charles Wood2,*

1School of Biological Sciences, University of Nebraska–Lincoln, 1104 T St, Lincoln, NE 68588, 
United States

2Department of Interdisciplinary Oncology, Louisiana State University Health Sciences Center, 
Louisiana Cancer Research Center, 1700 Tulane Ave, New Orleans, LA 70112, United States

3Department of Sociology, University of Nebraska–Lincoln, 660 N 12th St, Lincoln, NE 68588, 
United States

4Department of Microbiology and Immunology, Universidad Central del Caribe, PO Box 60327, 
Bayamón, Puerto Rico 00960, United States

5Arthritis & Clinical Immunology, Oklahoma Medical Research Foundation, 825 NE 13th St, 
Oklahoma City, OK 73104, United States

6Department of Animal Science, University of Nebraska–Lincoln, 3940 Fair St, Lincoln, NE 68503, 
United States

7Department of Pathology, University of Oklahoma Health Sciences Center, 940 Stanton L. Young 
Blvd, Oklahoma City, OK 73104, United States

8Department of Psychology, University of Nebraska–Lincoln, 1220 T St, Lincoln, NE 68588, 
United States

9University of Vermont, 5 South Prospect St, Burlington, VT 05405, United States

Abstract

Antiretroviral therapy has been effective in suppressing HIV viral load and enabling people living 

with HIV to experience longer, more conventional lives. However, as people living with HIV are 
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living longer, they are developing aging-related diseases prematurely and are more susceptible 

to comorbidities that have been linked to chronic inflammation. Coincident with HIV infection 

and aging, drug abuse has also been independently associated with gut dysbiosis, microbial 

translocation, and inflammation. Here, we hypothesized that injection drug use would exacerbate 

HIV-induced immune activation and inflammation, thereby intensifying immune dysfunction. We 

recruited 50 individuals not using injection drugs (36/50 HIV+) and 47 people who inject drugs 

(PWID, 12/47 HIV+). All but 3 of the HIV+ subjects were on antiretroviral therapy. Plasma 

immune profiles were characterized by immunoproteomics, and cellular immunophenotypes 

were assessed using mass cytometry. The immune profiles of HIV+/PWID−, HIV−/PWID+, 

and HIV+/PWID+ were each significantly different from controls; however, few differences 

between these groups were detected, and only 3 inflammatory mediators and 2 immune cell 

populations demonstrated a combinatorial effect of injection drug use and HIV infection. In 

conclusion, a comprehensive analysis of inflammatory mediators and cell immunophenotypes 

revealed remarkably similar patterns of immune dysfunction in HIV-infected individuals and in 

people who inject drugs with and without HIV-1 infection.
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1 Introduction

Injection drug use (IDU) of opioids and synthetic opioids (i.e. fentanyl) has become an 

ongoing epidemic in the United States and its territories. In the US territory of Puerto Rico, 

people who inject drugs (PWID) primarily use speedball, a mixture of cocaine and heroin or 

its derivatives.1,2 Moreover, speedball is often laced with fentanyl, which remains unknown 

to the majority of Puerto Rican PWID.3 This group also experiences high rates of infection 

with HIV and hepatitis C virus (HCV) that have been predicted to manifest in other regions 

of the United States with high incidences of IDU.4–6 The distinctive feature of untreated 

HIV infection is the depletion of CD4+ T cells, resulting in immune suppression. In addition, 

the depletion of CD4+ T cells in the gut lining reduces barrier integrity between the gut and 

the circulatory system, enabling microbes and microbial products to enter the bloodstream, 

where they may induce systemic inflammation.7–9 Further, HIV infection is known to 

induce dysbiosis of the gut microbiome, which could enhance microbial translocation and 

inflammation even in the virally suppressed.10,11

Antiretroviral therapy (ART) has effectively suppressed HIV viral load, allowing people 

living with HIV (PLWH), including those in Puerto Rico, to live longer, more typical 

lives.12,13 However, addiction and IDU among PLWH may counteract the effectiveness 

of ART. Moreover, chronic diseases such as diabetes, cardiovascular diseases, premature 

aging, and neurologic diseases seen in PLWH could further be enhanced due to IDU, 

coinfection, dysbiosis, and chronic inflammation.14,15 For example, methamphetamine 

injectors displayed moderate elevation in lipopolysaccharide (LPS)–binding protein, soluble 

CD163 (sCD163), IL-6, and soluble tumor necrosis factor–alpha receptor 1 (sTNF-αR1) 

compared to methamphetamine noninjectors.16 Additionally, individuals with cocaine 
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addiction had higher levels of IL-6 than healthy controls,17 and cocaine use has also 

been implicated in accelerating HIV disease progression.17 Nevertheless, detoxification of 

cocaine users led to cytokine levels realigning with levels detected in healthy individuals.18 

Likewise, opioids have been linked to reduced gut motility, increased gut permeability, and 

potentially dysbiosis.11,19,20 PLWH with opioid use disorder displayed increased levels of 

sCD163, intermediate monocytes, and nonclassical monocytes compared to PLWH who did 

not use opioids.21 Further, PLWH with opioid use disorder showed a diminished ability to 

produce cytokines upon LPS stimulation ex vivo.21 Similarly, HCV-infected speedball users 

exhibited higher plasma cytokine levels than healthy controls but decreased lymphocyte 

proliferation.22 Therefore, IDU may demonstrate an additive or synergistic effect in inducing 

microbial translocation and persistent inflammation in PLWH, whether ART-treated or not.

Even though both IDU and HIV infection are individually associated with dysbiosis and 

inflammation, there has been limited information on comparative immune profiling in 

PWID with and without HIV infection. In this cross-sectional study, we investigated the 

potential synergistic impacts of chronic HIV infection and IDU on immune functions 

by comprehensively analyzing the inflammatory cytokines and mediators, as well as the 

immune cell population profiles between PLWH and PWID. From our analysis, we found 

remarkably similar patterns of immune dysfunction in individuals with HIV infection alone 

and PWID with and without HIV infection.

2 Materials and methods

2.1 Ethics statement

This study was approved by the institutional review boards of the University of Nebraska–

Lincoln, Universidad Central del Caribe, and Louisiana State University Health Sciences 

Center–New Orleans. Written informed consent was obtained from all study participants, 

and all study data were deidentified before analysis and publication.

2.2 Patient recruitment and sample collection

Respondent-driven sampling (RDS) was used to recruit PWID and controls who do not 

inject drugs in San Juan, Puerto Rico, for this cross-sectional study.6,23 RDS, a type of chain 

referral recruitment, begins by selecting a small number of participants to take a survey. 

After completion, each participant is given recruitment coupons that they can pass out to 

people they know who qualify for the study. Those who are recruited through coupons are 

then given more coupons and recruitment spreads through the local community. Participants 

were eligible for an incentive for completing the survey and for each recruitment coupon 

that resulted in a new participant. Overall, most eligible participants who responded 

to solicitation (i.e. had an RDS coupon) did participate by attempting to schedule an 

appointment and enroll in the study. We were unable to estimate the proportion of coupons 

that were not passed on to potential new participants (i.e. the current participant is discreet 

about their status, the homeless participants may lose coupons, etc.), and thus the response 

rate could not be evaluated. At the study site after obtaining written informed consent and 

conducting the survey, we performed HIV rapid antibody tests (cat. 90-1019; BioLytical) 

to confirm each participant’s self-reported HIV status and collected urine samples for rapid 
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drug use tests (CLIA-IDTC-14-BUPa; CLIAwaved, Inc.). Whole blood was collected in 

EDTA tubes and transferred to Universidad Central del Caribe (UCC) for processing. The 

plasma was separated by centrifugation (545 × g for 15 min), aliquoted, and stored at −80 

°C. A portion of whole blood was reserved for mass cytometry staining.

2.3 Mass cytometry

The Maxpar Direct Immune Profiling Assay (MDIPA; cat. 201325; Fluidigm) was used 

per the manufacturer’s guidelines to quantify the levels of immune cell populations 

in whole blood (Fig. 1). Fresh whole blood was stained prior to stabilization and 

storage at −80 °C as recommended by the manufacturer. The Cytodelics whole-blood 

preservation kit was used to stabilize the stained whole blood for storage and shipping (cat. 

hC001-1000; Cytodelics) per the manufacturer’s guidelines. The processing of the sample 

was performed per manufacturer recommendations and Fluidigm’s application note, “Impact 

of Cryopreservation on Performance of the Maxpar Direct Immune Profiling System.” This 

is the recommended protocol by both manufacturers when sample collection, processing, 

and analysis are performed at separate study sites. Importantly, our study performed the 

staining of fresh whole blood prior to stabilization, freezing, and shipping in order to avoid 

any negative staining effects.

Briefly, at UCC, 300 μL of whole blood was mixed with 3 μL of 10 kU/mL heparin solution 

and incubated at room temperature for 20 min to reduce nonspecific antibody binding. Next, 

270 μL of heparin-blocked whole blood was transferred to 1 MDIPA tube. MDIPA contains 

a standard panel of 30 antibodies that can identify 37 immune cell populations. Then, 3 

μL of each antibody in the T-cell expansion pack 1 (cat. 201405; Fluidigm) was added to 

the heparin-blocked whole blood in the MDIPA tube. Adding the T-cell expansion pack 1 

allows further characterization of T-cell activation and exhaustion. The MDIPA tube was 

gently vortexed and incubated at room temperature for 30 min. Cytodelics Stabilizer was 

added to 2-mL cryovials (1:1 ratio with whole blood) and equilibrated to room temperature 

for 5 to 10 min. Finally, the stained whole blood was transferred from the MDIPA tube to 

the cryovials containing the Cytodelics Stabilizer, mixed by inverting 10 to 15 times, and 

incubated at room temperature for 10 min. The stabilized, stained whole blood was stored at 

−80 °C until shipment to the University of Nebraska–Lincoln (UNL).

At UNL, the ≈630 μL of stabilized, stained whole blood was thawed and mixed with 3 mL 

of 1× Cytodelics Fixation Buffer and incubated at room temperature for 15 min (vortexed 

multiple times throughout). Then, 12 mL of 1× Cytodelics Lysis Buffer was added and 

incubated for 15 to 20 min. Once the solution was crystal clear red, the cells were pelleted 

by centrifugation (300 × g for 5 min), and the supernatant was aspirated. The cells were 

fixed with fresh 1.6% formaldehyde for 10 min at room temperature. Finally, the cells were 

stained with Cell-ID Intercalater-Ir in Fix Perm Buffer overnight at 4 °C before storing at 

−80 °C until shipment to the Oklahoma Medical Research Foundation (OMRF) for analysis.

On the day of acquisition at OMRF, the samples were thawed, washed with Maxpar Cell 

Staining Buffer, counted, and resuspended in Maxpar Cell Acquisition Solution at 1.0 

× 106 cells/mL with 0.1× EQ beads. Data were acquired on a Helios mass cytometer 
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and normalized using CyTOF Software v6.7. The normalized FCS files were used for 

downstream analyses.

The normalized FCS files were imported into FlowJo v10.8 Software (BD). The immune 

cell populations were gated as described in Fluidigm’s technical note, “Approach to 

Bivariate Analysis of Data Acquired Using the Maxpar Direct Immune Profiling Assay,” 

and Maffei et al.24 The gating strategy (Supplementary Table 1 and Fig. 1), the antibody 

clone, mass isotope label, and catalog number (Supplementary Table 2) and the cell counts 

in the final gates (Supplementary Data 2) are provided in the supplementary materials. Cell 

populations containing fewer than 100 cells in the final gate for >20% of individuals were 

excluded from downstream analysis. The percentage of lineage parent was calculated for 

each cell population and used for downstream analysis (i.e. CD4+ T cells/total T cells). 

GraphPad Prism v9.3.1 was used to analyze and graph the cell populations. Additionally, 

the live, singlet population was exported from FlowJo Software into FCS files and analyzed 

further using the ImmunoCluster program (https://github.com/kordastilab/ImmunoCluster)25 

in RStudio v2021.9.2.382 (R v4.1.2). Uniform manifold approximation and projection 

(UMAP) was used as a dimensionality reduction algorithm, and self-organizing maps 

followed by consensus clustering were used to identify k = 8 clusters of cells based on 

the 30 markers included in MDIPA.

2.4 Olink immunoproteomics

Inflammatory mediators were quantified using the Olink Target 96 Inflammation Panel, 

which quantifies 92 inflammation-related proteins simultaneously using Olink’s proximity 

extension assay technology (Olink) (Fig. 1). Samples were randomized, and 50 μL of 

plasma was added to each well of a fully skirted 96-well plate. The 96-well plate 

was sealed, frozen, and shipped to Olink on dry ice. The output of Olink’s proximity 

extension assay is a relative quantification, referred to as a normalized expression value 

(NPX), for each protein in the panel. Per the manufacturer’s guidelines, 8 “bridge” 

samples were run on both plates and used to combine the data from the 2 plates. The 

NPXs from each plate of samples were bridge normalized using the 8 bridge samples 

and the Olink Analyze R package (https://github.com/Olink-Proteomics/OlinkRPackage) in 

RStudio v2021.9.2.382 (R v4.1.2). GraphPad Prism v9.3.1 was used to analyze and graph 

the bridged NPX values. Gene Ontology (GO) Enrichment Analysis was performed on 

subsets of inflammatory mediators (http://geneontology.org) with the following conditions: 

analysis type—PANTHER Overrepresentation Test (released 20221013), annotation version

—PANTHER version 17.0 (released 2022-02-22), reference list—Homo sapiens (all genes 

in database), annotation data set—PANTHER GO-slim Biological Process, test type—

Fisher’s exact, and correction—false discovery rate.26–28 The most specific subclass of 

the hierarchically sorted results table was recorded. The Bridged NPXs are provided in the 

supplementary materials (Supplementary Data 2).

2.5 HIV-1 plasma viral load

HIV-1 plasma viral load was quantified as described previously.29 Briefly, viral RNA was 

extracted using the QIAamp viral RNA mini kit with on-column DNase I treatment (cat. 

52904; Qiagen). Quantitative PCR for HIV-1 LTR was performed using AcroMetrix HIV-1 
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High Control samples (cat. 964001; Thermo Scientific). QuantStudio Design and Analysis 

Software (ThermoFisher) calculated HIV-1 copies/mL from the standard curve. Statistical 

analysis was performed in GraphPad Prism v9.3.1.

2.6 Additional statistical analysis

Demographics, drug use characteristics, and HIV characteristics were compared between 

groups using the Mann–Whitney test for continuous variables and Fisher’s exact test for 

categorical variables where appropriate. Principal component analysis (PCA) was performed 

in GraphPad Prism v9.3.1 with the default parameters (standardized data, select PCs based 

on Monte Carlo simulations with auto seed, 1,000 simulations, and 95% percentile).

Next, the inflammatory mediators and immune cell populations were compared among the 3 

IDU/HIV groups and controls (HIV−/PWID−, HIV+/PWID−, HIV−/PWID+, HIV+/PWID+). 

Adjusted pairwise comparisons were performed by fitting a multivariable linear regression 

with dummy variables for the 3 of the 4 IDU/HIV groups (1 baseline) and inclusion of the 

following patient potential confounding variables: age, homeless in 12 mo or now, male 

identity, married, employed, and some college experience. This is an adjusted ANOVA (i.e. 

ANCOVA). Bonferroni adjusted P values were computed for testing each pair of IDU/HIV 

groups through Wald-based P values, using the estimated difference in postadjusted group 

means and the estimated differential standard error. These analyses were performed in R, 

and results are provided in tabular format in the supplemental materials (Supplementary 

Table 3).

Finally, multivariable linear regression with main effects for HIV status, IDU status, and 

their interaction was performed with adjustment for the potential confounding variables 

discussed above. This is an adjusted 2-factor factorial ANOVA. Due to the use of all 

observations in the study for these comparisons, the assumption of residual normality is 

more likely to hold due to the central limit theorem, whereas this was not the case in 

unadjusted pairwise comparisons. We did not correct the P values here for studying multiple 

outcomes since this analysis was exploratory in nature, which may limit the power to detect 

observed differences in outcomes as was done in previous studies.30–33 Instead, we adjusted 

our P values due to multiple comparisons within a given outcome. These analyses were 

performed in R, and results are provided in tabular format in the supplemental materials 

(Supplementary Table 3).

3 Results

3.1 Cohort summary and drug use characteristics

To compare the immune profiles in people with and without HIV who are either using 

injection drugs or not, we recruited 97 individuals spread across 4 groups: HIV−/PWID− 

(controls; 14), HIV+/PWID− (36), HIV−/PWID+ (35), and HIV+/PWID+ (12) (Table 1). 

Most participants were born in Puerto Rico and reported residence in the Rio Piedras, 

Santurce, Puerto Nuevo, and Hato Rey “barrios” of metro San Juan, Puerto Rico. The gender 

of non-injectors was 38% male, while the injectors were primarily male (89%); the age of 

injectors was not significantly different from non-injectors (Table 1). Notably, there were 
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more PLWH in the non-injector group compared to the injector group; however, all but 3 of 

the PLWH were currently taking ART, resulting in comparable viral loads across the relevant 

groups (Table 1). Empirical HIV-1 plasma viral load quantities confirmed self-reported ART 

adherence. Previous work has established that the prevalence of HCV in Puerto Rican PWID 

is >75%, and infection is rapidly acquired upon initiation of IDU.34 Therefore, it was not 

surprising that injectors self-reported having previously tested positive for HCV more than 

non-injectors (Table 1).

The self-reported non-injection drug use (NIDU) characteristics, treatment program history, 

and the results of urine toxicology tests performed at the time of blood sample collection 

were also compared between the groups (Table 2). Injectors were more likely to have 

engaged in NIDU in the past 12 mo and to have participated in drug treatment programs 

than non-injectors (Table 2). While HIV+ non-injectors were more likely to test positive for 

drug use in their urine samples than controls, injectors were more prone to polysubstance 

abuse (testing positive for >1 drug) than non-injectors (Table 2). However, there were no 

significant differences in self-reported IDU characteristics (age at first injection, injection 

frequency, types of drugs injected, number of drugs injected, and frequency of sterile needle 

use) between the HIV− and HIV+ injectors (Table 3).

Finally, the self-reported use of multiple non-injection and injection drugs was analyzed 

for common combinations of drugs and visualized using heatmaps of the row percentages 

(Supplementary Fig. 2). For example, 1 of 38 speedball injectors (2.6%) reported also 

injecting xylazine (Supplementary Fig. 2B, see row 1), whereas the single xylazine injector 

also reported injecting speedball (100%; Supplementary Fig. 2B, see row 3). The most 

frequently reported non-injection drug was alcohol (Supplementary Fig. 2A), while the most 

frequently reported injection drug was “speedball,” a combination of cocaine and heroin 

(Supplementary Fig. 2B). Buprenorphine and alcohol were the most frequently co-occurring 

substances; of the 22 individuals who reported using buprenorphine through non-injection 

routes, 95.5% reported also drinking alcohol within the past 12 mo (Supplementary Fig. 

2A).

3.2 Exploratory analysis of high-throughput immunoproteomics and immunophenotyping

Drug abuse has been shown to affect the levels of isolated cytokines in various 

studies,16–18,21,22 but no study in humans has comprehensively investigated the extent 

to which IDU affects peripheral immune soluble inflammatory mediators. To evaluate 

differentials in plasma inflammatory profiles between injectors and non-injectors, we 

employed an established Olink proximity extension assay (Target 96 Inflammation Panel; 

Olink Bioscience AB) (Fig. 1). Consistent with anticipated assay performance, 74 of 92 

target proteins were detected in >90% of study subjects. PCA was performed to identify any 

outlier samples in the data set and discover any underlying patterns or linear segregation of 

the 4 groups (HIV−/PWID−, HIV+/PWID−, HIV−/PWID+, and HIV+/PWID+). PCA revealed 

slight segregation of the controls (highlighted by the purple ellipse) from the 3 HIV/IDU 

groups; however, the 3 HIV/IDU groups were inseparable (Fig. 2A). Finally, outlier samples 

were not detected.
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Studies to define the impact of IDU on the immune cell populations have focused on 

limited cell lineages. To develop a more comprehensive appreciation of how IDU alters 

peripheral immune cell phenotypes, we employed a mass cytometry panel of 36 isotopically 

defined mass markers to detect 47 immune cell populations, including granulocytes, in a 

single assay (MDIPA; Fluidigm) (Fig. 1). Of the 97 individuals included in inflammatory 

mediator analyses, cell phenotypes were analyzed in parallel for the 59 individuals as 

follows: 13 controls, 12 HIV+/PWID−, 28 HIV−/PWID+, and 6 HIV+/PWID+. We collected 

an average of 214,174 events/sample (range: 73,273 to 500,000), where each group average 

was between 199,505 and 224,565 events/sample. Nine of 47 immune cell populations did 

not meet the detection threshold in >80% of participants (>100 cells in the final gate), and 

those populations were excluded from downstream analyses (see Materials and Methods 

and Supplementary Table 1). Surprisingly, this group included the exhausted T-cell subsets. 

Notably, 2 of the excluded populations, exhausted CD8+ T cells and activated, senescent 

CD8+ T cells, were detectable in 89% of HIV+ participants yet were only detectable in 49% 

of the HIV− participants, which rendered them excluded from downstream analyses. This 

HIV association was not observed in the remaining excluded populations. We calculated 

the percentage of lineage parent (i.e. CD4 T cells/total T cells * 100) for each of 

the 37 detectable immune cell populations with detectable lineage parent populations 

(Supplementary Table 1). Then, we applied PCA, and outliers were not detected (Fig. 2B). 

The highlighted cluster of controls overlapped with the 3 HIV/IDU groups to a greater 

extent than did the inflammatory mediators (Fig. 2B).

Data sets for both inflammatory mediators and cellular immunophenotypes were merged 

for 59 participants, and PCA was applied (Fig. 2C). This merged analysis revealed the best 

segregation of the control group (highlighted) from the 3 HIV/IDU groups that, in turn, 

were indistinguishable. Since the merged data set provided the best group segregation, we 

projected the PCA results in 3 dimensions (Supplementary Fig. 3). In the 3-dimensional 

projection, the controls were more demonstrably separable from the HIV+/PWID+ group by 

a hyperplane, and the 3 HIV/IDU groups mostly overlapped (Supplementary Fig. 3).

Overall, PCA suggested that the control group was more distinguishable from the 3 

HIV/IDU groups than the 3 HIV/IDU groups from each other. High variation between 

samples within groups and lack of tight clustering highlight the heterogeneity intrinsic 

to hard-to-reach human populations in a non-clinical setting. To ensure that potentially 

confounding demographic differences between groups (Table 1) were not immunologically 

confounding factors, adjustment for age, homelessness, gender, marital status, employment 

status, and education was performed as described in the Materials and Methods and applied 

to all downstream analyses. The lack of clear separation between the 3 HIV/IDU groups 

suggests that the overall inflammatory mediator and cellular immunophenotype profiles 

are not able to discriminate the groups. Nevertheless, pairwise comparisons are needed 

to elucidate finer resolution differences between the groups and identify any potential 

additivity or synergy between HIV infection and IDU.
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3.3 Similar inflammatory mediator profiles among the PLWH, PWID, and HIV+ PWID

To determine if specific inflammatory mediators are affected by IDU, HIV infection, or the 

combination of the two, we stratified the participants by HIV/IDU statuses and conducted 

pairwise comparisons of the inflammatory profiles between all 4 groups. In this confounder-

adjusted analysis, 34 of 74 detectable inflammatory mediators were significant in at least 

1 comparison. Of the 34 mediators, 18, 9, and 24 were elevated in HIV+/PWID−, HIV−/

PWID+, and HIV+/PWID+ compared to controls (HIV−/PWID−), respectively (Fig. 3A). 

Differences were readily detected between each of the 3 IDU/HIV groups and controls, but 

very few significant differences were found between the mono- and dual-affected individuals 

(Fig. 3A). These results suggest limited, if any, additivity or synergy between HIV infection 

and IDU.

To further gauge whether HIV infection and IDU synergistically affected the immune 

system, we tested for the interaction effect between the two using 2-way ANOVA (Fig. 

3B). Twenty inflammatory mediators were significantly associated with HIV infection 

(see row HIV, Fig. 3B), 15 were significantly associated with IDU (see row IDU, Fig. 

3B), and 9 were shared between HIV infection and IDU. However, none of these 26 

upregulated inflammatory mediators evinced significant synergistic effects, meaning they 

were not more elevated in the HIV+ injectors than would be predicted by adding up 

the effects of HIV infection or IDU alone (see row Interaction, Fig. 3B). Interestingly, 3 

unique inflammatory mediators—CXCL5, MCP-4, and CD40—did demonstrate significant 

synergy between HIV infection and IDU (see row Interaction, Fig. 3B). To investigate 

the functional roles of these cytokines, we performed GO enrichment analysis (Fig. 3C). 

While CXCL5, MCP-4, and CD40 are components of similar biological processes as 

the cytokines significantly associated with HIV infection or IDU alone, they are also 

components of B-cell processes (Fig. 3C). While these GO enrichments and interaction 

effects are significant, they have small coefficient estimates (i.e. effect sizes), reinforcing the 

subtlety of these synergistic effects. We would therefore caution against overinterpretation. 

In summary, plasma inflammatory profiling revealed differentiation between HIV+/PWID−, 

HIV−/PWID+, and HIV+/PWID+ from controls. The unanticipated similarities between the 

plasma inflammatory profiles of PLWH and PWID resulted in limited evidence of additivity 

or synergy between HIV infection and IDU.

Because it was anticipated that different types of drugs abused and the frequency of use 

could differentially affect inflammatory profiles, we also investigated the associations of 

inflammatory mediators with drug use parameters collected during the study surveys (Table 

2, Table 3). Nine inflammatory mediators correlated with the extent of polysubstance abuse 

evident in the urine test (Supplementary Fig. 4A). These results indicate that the number of 

drugs abused can additionally influence plasma inflammatory mediator profiles.

3.4 The peripheral immune cell profiles of HIV+ PWID resemble those of PLWH and PWID

To examine the potential additive effects of HIV infection and IDU on the immune cell 

populations, we again stratified our cohort into 4 groups based on HIV and IDU status. First, 

we compared HIV+/PWID−, HIV−/PWID+, and HIV+/PWID+ to controls post-adjustment 

for age, homelessness, gender, marital status, employment status, and education (Fig. 4). As 

Bennett et al. Page 9

J Leukoc Biol. Author manuscript; available in PMC 2024 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expected in HIV infection, the CD4 T cell population was depleted, resulting in a larger 

proportion of CD8 T cells compared to controls (see row HIV-CON, Fig. 4A). Although 

our PLWH have been treated, ART does not always lead to rapid or full reconstitution of 

the CD4+ T-cell population. Additionally, mucosal-associated invariant T or natural killer T 

(MAIT/NKT) cells were reduced compared to controls, and natural killer (NK) cells shifted 

toward a late phenotype (CD57+) (see row HIV-CON, Fig. 4A). Notably, none of these 5 

cell populations were significantly different between HIV−/PWID+ and controls (see row 

IDU-CON, Fig. 4A), reinforcing that these effects are unique to HIV infection and are not 

associated with IDU. Only 2 cell populations were significantly elevated in HIV− injectors 

compared to controls, CD4+ terminal effectors, and IgD-negative memory B cells (see row 

IDU-CON, Fig. 4A).

Surprisingly, significant differences in the neutrophil and monocyte populations were not 

detected, contrary to what was expected since injectors would likely have increased exposure 

to pathogens. Thus, we employed an unbiased clustering algorithm of our live, singlet 

population. We performed UMAP dimensionality reduction with FlowSOM clustering (k 
= 8). No global cell population differences were detected between our cohorts using this 

strategy (Supplementary Fig. 5), validating the results of our bivariate gating strategy. 

Further, no cell populations had a statistically significant correlation with the number of 

positive drugs in urine tests (Supplementary Fig. 4B).

While differences in immune cell populations between HIV+/PWID−, HIV−/PWID+, and 

HIV+/PWID+ compared to controls were evident, few differences between HIV+/PWID+ 

and HIV+/PWID− or HIV−/PWID+ were detected, indicating that there is not a notable 

additive effect of HIV infection and IDU on peripheral immune cell populations. To ensure 

subtle changes were not overlooked, we tested for significant effects associated with HIV 

infection, IDU, and the interaction between them using 2-way ANOVA (Fig. 4B). Consistent 

with the pairwise comparisons, HIV had a significant effect on the ratios of CD4/CD8 T 

cells and early/late NK cells, as well as MAIT/NKT cells (see row HIV, Fig. 4B), and IDU 

had a significant effect on CD4+ terminal effector T cells and IgD-negative memory B cells 

(see row IDU, Fig. 4B). While synergistic effects were not evident from the analysis of the 

aforementioned immune cell populations, significant synergy of HIV infection and IDU on 

CD8+ effector memory (elevated) and naive T cells (reduced) was detected, indicating these 

CD8+ T cell populations were more altered in the HIV+/PWID+ than would be predicted by 

summing the effects of HIV infection or IDU alone (see row Interaction, Fig. 4B). Like the 

soluble mediators, there were significant interaction effects, but the coefficient estimates (i.e. 

effect sizes) were extremely small. Thus, the biological significance of these subtle synergies 

is unclear. Overall, these data suggest that HIV has a larger effect on the peripheral immune 

cell populations than IDU but only a marginal synergistic effect in the context of IDU.

4 Discussion

Although previous studies have analyzed aspects of the effects of HIV and IDU on the 

immune system, this study, to our knowledge, provides the most comprehensive peripheral 

immune profiling data set available on PWID. Furthermore, this study focused on a unique 

population of Puerto Rican PWID and PLWH for whom the potential impacts of both insults 
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on immune dysfunction have not been previously analyzed. Our results revealed similar 

inflammation and immune dysfunction patterns in PLWH, PWID, and HIV+ PWID. There 

was limited evidence for a pattern of cytokines that could differentiate PLWH from PWID, 

suggesting that both HIV infection and IDU dysregulate the immune system, resulting in 

similar cytokine and immune cell profiles.

Furthermore, only signs of subtle synergy between HIV infection and IDU were evident. 

Twenty-six inflammatory mediators and 7 immune cell populations were significantly 

associated with HIV infection and/or IDU, while 3 distinct inflammatory mediators and 

2 immune cell populations exhibited significant synergy between HIV infection and IDU 

(Fig. 5). Despite their significance, these interaction effects were accompanied by weak 

coefficient estimates, reinforcing the subtlety of any potential synergy. Moreover, the 

considerable differences in inflammatory mediators between PLWH and PWID vs controls 

did not translate into notable changes in cell phenotypes, and only weak to moderate 

correlations were noted between cell phenotypes and their associated inflammatory 

mediators (Supplementary Fig. 6), suggesting a disconnect between the cytokine signaling 

and cell phenotypes in the blood. This is further reinforced by the lack of concordance 

between inflammatory mediators and cell populations with significant HIV, IDU, or 

interaction effects (Fig. 5). The inflammatory mediators may be originating from tissue-

resident cells (i.e. gut epithelium), but further studies are needed to understand this 

relationship.

Albeit through potentially different mechanisms, both drug abuse and HIV infection have 

been associated with gut dysbiosis and microbial translocation. Such translocation could 

explain the similarity in peripheral immune profiles. Microbial translocation can result from 

gut dysbiosis, weakening of the mucosal barrier, or an immune deficiency35 and has been 

implicated in systemic inflammation.36 HIV-associated microbial translocation is generally 

thought to result from gut dysbiosis induced by HIV infection and depletion of the CD4+ 

Th17 cells in the gut-associated lymphoid tissue.37–39 Additionally, opioid use has been 

associated with decreased gut motility through interaction with the enteric nervous system 

and gut dysbiosis,40,41 while cocaine has been associated with changes in the gut barrier, gut 

microbiome, and production of short-chain fatty acids,42 and Tomescu et al.33 demonstrated 

elevations in plasma levels of both sCD14 and sCD163 in PWID. Thus, both IDU and HIV 

infection have the potential to induce microbial translocation, resulting in the similarity in 

detected patterns of systemic inflammation in PWID and PLWH.

To our knowledge, this study is the first to apply Olink technology and mass cytometry 

to the study of immune dysfunction in PWID. The results are concordant with published 

studies using other assays in the context of drug abuse. In a study of speedball users, TNF, 

IL-6, IFN-γ, IL-2, IL-4, IL-10, and IL-12 were increased compared to healthy controls.22 

Further, when PBMCs were stimulated with a pan-T-cell activator or biological response 

modifier, TNF, IL-6, and IFN-γ were consistently detected at higher levels in speedball 

users than in healthy controls upon stimulation.22 Additionally, Tomescu et al.33 reported 

increased activation of NK and CD4+ T cells in PWID compared to controls. Importantly, 

this did not translate into any functional innate or adaptive differences,32 suggesting that 

although we detect differential cell population numbers, these are unlikely to translate into 
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functional changes in the immune response. Further, in the study of abstinent cocaine users 

seeking treatment, Araos et al.43 found TNF-α to be reduced in abstinent cocaine users 

compared to controls. These findings support our study identifying TNF as associated with 

HIV infection and IDU because the participants were actively using various drugs of abuse.

Given the anticipation of high HCV prevalence and the aforementioned rates of self-reported 

HCV infection, we were unable to control for HCV infection status in our study and 

therefore did not seek to quantify HCV viral load. Additionally, other studies have found 

HCV co-infection in PLWH not to be a factor confounding cytokine or cell phenotypes.44,45 

For example, in a study of HIV+/HBV+/HCV+ PWID, the authors found CD4+ T cells 

were reduced and CD8+ T cells were elevated compared to HIV−/HBV+/HCV+ and 

HIV−/HBV−/HCV− PWID.44 These findings support our results that both HIV infection 

and IDU alter T-cell populations and suggest that HCV and hepatitis B virus (HBV) are 

unlikely to further affect the immunophenotypes. Similarly for cytokines, IL-18, CXCL10, 

IFN-γ, and IL-15 were significantly elevated in HIV/HCV co-infection compared to mono-

infection.45 We also found elevations of these cytokines in our HIV/IDU groups compared 

to controls. This supports the notion that our PWID have already been infected by HCV, 

which was likely not a confounding factor in the cytokine dysregulation detected in our 

study.

This cross-sectional study has described the most comprehensive and contemporary data set 

on comparative immune profiling of PWID with and without HIV infection. While cause 

and effect cannot be established, this study has generated preliminary results using novel 

contemporary approaches upon which future studies can build. Importantly, the results also 

support those from several other studies focused on HIV and the changes in various cellular 

factors associated with infection,46–49 and our mass cytometry data demonstrated a depletion 

of CD4 T cells and an increased proportion of CD8 T cells, along with a decrease in 

MAIT/NKT cells in our HIV+ groups compared to HIV− groups, all of which are hallmarks 

of HIV infection.50 Studies of cocaine use in PLWH have demonstrated more severe HIV 

disease in cocaine users compared to non-users but also found a small number of cytokines 

that are associated with cocaine use in PLWH.51 Importantly, our cohort predominantly 

consisted of aviremic PLWH who self-reported always adhering to their ART, which may 

differ from other cohorts. Finally, other recent studies have reported minimal and complex 

synergistic effects between HIV infection and heroin use.30,31 This comprehensive study 

bolsters those findings and highlights the intricate relationship between HIV and IDU.

As a function of non-targeted recruitment, this study had uneven and small sample sizes 

between the subcohorts, with controls and HIV+/PWID+ being about half the size of the 

HIV+/PWID− and HIV−/PWID+ groups. However, the disproportionality is representative of 

the natural populations. Puerto Rican PLWH tend to move to the continental United States 

in search of HIV treatment, and the remaining HIV+/PWID+ population is hard to reach due 

to social stigmas and lack of contact information.52 We employed RDS, which our team has 

demonstrated to be effective in past studies.6 However, the HIV+/PWID+ population proved 

especially hard to reach and was heterogeneous, as expected. Additionally, it is important 

to note that the demographics of San Juan are not necessarily representative of the rest 

of Puerto Rico or the continental United States. It would be important for future studies 
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to obtain a large sample from diverse regions and poverty levels, allowing the study to 

be more generalizable and evaluate the subtle differences between groups that may prove 

biologically or therapeutically relevant. There was also a higher proportion of males in our 

injectors group than non-injectors. Again, this is representative of the natural populations6 

and was accounted for in the confounder-adjusted analyses. Last, we had a diverse drug 

user population, and 31% of our non-injector population self-reported NIDU (excluding 

prescriptions, alcohol, and marijuana). However, when we removed the non-injectors with 

evidence of NIDU, our results remained largely the same.

In summary, we report that the inflammation and immune cell profiles of HIV+ PWID 

resemble those of HIV+ non-injectors and HIV− PWID. While many inflammatory 

mediators were significantly different between the mono- and dual-affected individuals and 

controls, there were very few differences between the mono- and dual-affected individuals 

themselves. We also identified subtle synergistic effects between HIV infection and IDU, 

but these effects may not be biologically relevant and did not translate into differences in 

peripheral immune cell phenotypes. Future studies with larger sample sizes and a focus on 

single drug-using populations would better elucidate how each drug of abuse affects the 

peripheral immune profile, and analysis of the gut microbiome, microbial translocation, and 

functional analysis of immune cells would paint a complete picture of how IDU and HIV 

infection, in combination, affect the immune system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors thank all the study participants for their generosity and participation; Anjelica Rivera and Gabriel 
Cruz Rodriguez for their roles in patient recruitment and collection of samples; Danielle Shea for her indispensable 
support of the study and training on laboratory techniques; and the Arthritis & Clinical Immunology Human 
Phenotyping Core at the OMRF for CyTOF data acquisition and initial data analysis. This work was supported by 
National Institutes of Health (NIH) grants (R01 DA047823, T32 AI125207). The group at OMRF was supported 
by NIH grants (P30 AR073750, U54 GM104938), Presbyterian Health Foundation, and Oklahoma Center for Adult 
Stem Cell Research funds (JMG) for this work.

Abbreviations:

ART antiretroviral therapy

GO Gene Ontology

HCV hepatitis C virus

IDU injection drug use

LPS lipopolysaccharide

MAIT/NKT mucosal-associated invariant T or natural killer T cells

MDIPA Maxpar Direct Immune Profiling Assay
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NPX normalized expression unit

PBMC peripheral blood mononuclear cell
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Fig. 1. 
Graphical representation of study design and methodology. Whole-blood samples were 

collected and partitioned into plasma while reserving some whole blood. The plasma was 

subjected to the Olink proximity extension assay with the Olink Target 96 inflammation 

panel. The reserved whole blood was heparin blocked and isotope labeled before 

stabilization, fixation, washing, and quantification on the mass cytometer at OMRF. Created 

with BioRender.com. Abbreviations: RBCs, red blood cells; WBC, white blood cells.
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Fig. 2. 
Exploratory PCA of inflammatory mediators and cellular immunophenotypes. A) Bridge 

normalized NPX values from Olink Target 96 Inflammation Panel, B) percentage of lineage 

parent population for each of 37 immune cell types, or C) the combined data sets were the 

inputs for PCA. In each case, the input data were standardized and centered. The individuals 

are colored by group (HIV: HIV+/PWID−, IDU: HIV−/PWID+, DP: HIV+/PWID+), and the 

control group (CON: HIV−/PWID−) was circled.
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Fig. 3. 
Pairwise comparison of the inflammatory mediators in HIV+/PWID−, HIV−/PWID+, and 

HIV+/PWID+. Bridge normalized NPX values from Olink Target 96 Inflammation Panel 

were used to compare levels of 74 inflammatory mediators between HIV−/PWID− (controls; 

CON), HIV+/PWID− (HIV), HIV−/PWID+ (IDU), and HIV+/PWID+ (DP) A) post-adjusting 

for age, homeless in the past year or now, male identity, married, employed, and some 

college experience (ANCOVA). B) The adjusted data were also subjected to 2-way 

ANOVA to identify HIV infection, injection drug use, and interaction (synergy) effects. 

C) GO enrichment analysis was performed for the inflammatory mediators with significant 

interaction effects in B, and the most specific subclass of the hierarchical ontology cluster is 

shown. The estimate difference (adjusted mean difference) (A), coefficient estimates (effect 

size) (B), and −log(false discovery rate) (C) are shown when significant (P < 0.05).
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Fig. 4. 
Pairwise comparison of the cellular immunophenotypes in HIV+/PWID−, HIV−/PWID+, 

and HIV+/PWID+. Percentage of lineage parent population was calculated for each of 37 

immune cell types and compared between HIV−/PWID− (controls; CON), HIV+/PWID− 

(HIV), HIV−/PWID+ (IDU), and HIV+/PWID+ (DP) A) post-adjusting for age, homeless 

in the past year or now, male identity, married, employed, and some college experience 

(ANCOVA). B) The adjusted data were also subjected to 2-way ANOVA to identify HIV 

infection, injection drug use, and interaction effects. The estimate difference (adjusted mean 

difference) (A) and coefficient estimates (effect size) (B) are shown when significant (P < 

0.05). EM, effector memory; TE, terminal effector.
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Fig. 5. 
The effects of HIV infection and injection drug use on the peripheral immune repertoire. 

The upregulated cytokines are shown in the cloud Venn diagram for HIV infection, injection 

drug use, and those that are in common. The dysregulated immune cell populations are 

also displayed with arrows indicating an increasing effect (“up” arrow) or decreasing 

effect (“down” arrow). The upregulated cytokines and dysregulated cell populations with 

significant interaction effects (synergy) between HIV infection and injection drug use are 

shown. The smaller text size indicates a less significant effect, while the larger text size 

indicates a more significant effect. Created with BioRender.com.
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Table 3.

Self-reported injection drug use characteristics (n = 47).

Self-Reported IDU HIV− Injectors (n = 35) HIV+ Injectors (n = 11a) P

Age at first injection 24 (12.75) 19 (8) 0.2048

Injecting daily 27 (77%) 6 (55%) 0.2479

Drugs used in past year

 Speedball 30 (86%) 8 (73%) 0.3744

 Heroin alone 17 (49%) 6 (55%) >0.9999

 Cocaine alone 10 (29%) 2 (18%) 0.7006

 Xylazine alone 1 (3%) 0 (0%) >0.9999

 Crystal meth 1 (3%) 0 (0%) >0.9999

 Prescription opioids 0 (0%) 2 (18%) 0.0531

 Buprenorphine 2 (6%) 1 (9%) >0.9999

# injection drugs used 1 (1) 1 (1) 0.9285

Rarely used sterile needles 13 (37%) 1 (9%) 0.1331

Continuous variables are shown as median with interquartile range and compared using Mann-Whitney tests. Categorical data are shown as counts 
with percentages (%) and compared using Fisher’s exact tests. The P values are italicized and significant P values are bolded.

a
The 12th HIV+ injector did not participate in the IDU portion of the suwey.
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