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Despite advances in antiretroviral therapy, chronic immune activation continues to be observed among individuals with well-controlled HIV viral loads, and is associated with non-AIDS defining morbidities among people living with HIV. Alcohol use disorder impacts a significant proportion of individuals living with HIV, and alcohol exposure is known to damage the intestinal epithelium which may increase translocation of pathogens and their molecular products, driving systemic immune activation and dysregulation. The aim of this study was to determine if adults living with HIV with well-controlled viral loads, who also suffer from alcohol use disorder with and without hepatitis C virus co-infection (n=23), exhibit evidence of advanced systemic immune activation, intestinal damage, and microbial translocation, as compared to adults living with HIV who are not exposed to chronic alcohol or other substances of abuse (n=29). The impact of a 1-month intervention to treat alcohol-use disorder was also examined. Alcohol-use disorder was associated with evidence of advanced innate immune activation, alterations in monocyte phenotype including increased expression of Toll-like receptor 4, increased burden of stimulatory ligands for Toll-like receptor 4, and alterations in plasma cytokine signature, most notably elevations in soluble CD40 ligand and transforming growth factor beta. Alcohol-associated immune activation was more pronounced among individuals with hepatitis C virus co-infection. Although the 1-month intervention to treat alcohol use disorder did not result in significant reductions in the interrogated indicators of immune activation, our findings suggest that chronic alcohol exposure is a major modifiable risk factor for chronic immune activation and dysregulation among people-living with HIV.
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Introduction

Chronic alcohol use resulting in alcohol-use disorder (AUD) is estimated to impact 14.5 million American adults and adolescents (1) who are at risk for adverse alcohol-related health effects. People living with HIV (PLWH) are particularly vulnerable to negative impacts of alcohol use, as heavy drinking is associated with reductions in HIV-treatment compliance and poor virologic control (2–4). A survey of over 7000 adult PLWH in the United States identified at-risk alcohol use among 16% of the population (5), emphasizing the importance of identifying AUD among PLWH and ensuring access to effective treatment to reduce alcohol-associated morbidities (6, 7).

Acute and chronic alcohol exposure compromises host defenses through mechanisms that place PLWH at increased risk for both acute infection and chronic inflammation (8). Both alcohol and HIV have long-term effects on the intestinal mucosa that impact systemic immunity and inflammation. Alcohol and acute HIV-infection independently damage the intestinal epithelium, increasing the translocation of bacterial products such as lipopolysaccharide (LPS) and other pathogen-associated molecular products (PAMPs) from the intestinal lumen into systemic circulation (9). PAMP translocation is a major driver of chronic immune activation, and is associated with non-AIDS co-morbidities and death among PLWH (10). Chronic systemic inflammation is further escalated among HIV/hepatitis C virus (HCV) co-infected individuals suffering from AUD (11–13).

Innate immune cells, such as monocytes, sense LPS and other microbial products using pattern-recognition receptors (PRRs), including Toll-like receptors (TLRs). Chronic alcohol exposure sensitizes the innate immune system to LPS and has been shown to alter phenotypic and functional characteristics of human monocytes (14, 15), resulting in a dysregulated pro-inflammatory immune response that may contribute to long term morbidities such as alcoholic liver disease (ALD), cardiovascular disease, neurocognitive decline, and malignancies (16). Alcohol also drives release of sterile danger signals from host cells in various tissues resulting in activation of immune cells via PRRs (17). Chronic alcohol exposure and HIV both independently alter the gut microbiome leading to an intestinal dysbiosis that may impact host immune homeostasis, increase CD8+ T-cell exhaustion, and drive chronic inflammation (18–20).

Chronic alcohol consumption may be a modifiable risk factor for immune dysregulation and chronic inflammation among PLWH with well controlled viral loads. We sought to investigate the impact of AUD and a 1-month pharmacologic intervention to treat AUD (21), on innate and adaptive immune phenotypes, plasma cytokine signature, systemic immune activation, intestinal damage, and microbial translocation among PLWH with and without HCV co-infection, as compared to PLWH without AUD or other substance-use disorder (SUD).



Methods


Participant Recruitment and Ethics Statement

PLWH with AUD (AUD+) were recruited through CTN-0055 CHOICES study from 2014 to 2015 (clinicaltrials.gov NCT01908062); an open-label, randomized, pilot trial of extended-release naltrexone (XR-NTX) versus treatment-as-usual (TAU) for treatment of opioid-use disorder (OUD), AUD, and mixed OUD/AUD in PLWH. Pre-intervention (week zero/W0) and 1-month post-intervention (week four/W4) blood samples from CTN-0055 participants with AUD were used for this analysis. TAU therapies for AUD included: oral naltrexone, gabapentin, acamprosate, or disulfiram. Of the 23 PLWH with AUD included in this analysis, all met DSM-V criteria for untreated, moderate-to-severe AUD. The mean pre-intervention addiction severity (ASI) alcohol score for individuals randomized to TAU was 0.33 (SD=0.32), versus ASI alcohol score of 0.41 (SD=0.32) among those randomized to XR-NTX (21). Median time since HIV-diagnosis among CTN-055 participants included in this analysis was 13 years (range 1-23 years; IQR 13 years). CTN-0055 was conducted by the National Institute on Drug Abuse (NIDA) Clinical Trials Network (CTN) and approved by Institutional Review Boards (IRB) at Oregon Health & Science University (OHSU) and pilot sites. PLWH without AUD or HCV co-infection (AUD-/HCV-; PLWH ref.) were recruited from OHSU HIV primary care clinic (2014–2016) through an independent, OHSU-approved IRB protocol. To be eligible for PLWH ref. cohort, individuals had confirmed HIV-infection, were 18–65 years of age, not pregnant, and denied current or recent (past 12 months) use of: opioids (including opioid-containing medications), cocaine, methamphetamines, daily cannabis, and daily alcohol. Relevant demographic and medical information including age, sex, race, tobacco use, CD4+ T-cell count, HIV viral load, hepatitis B virus and HCV serostatus, HCV PCR testing, use of ART, and diagnosis of OUD, SUD, or AUD in past 12 months, was obtained from participant medical records. Final HCV status was determined by HCV PCR test result. All study participants provided written, informed consent.



PBMC and Plasma Processing and Storage

Up to 32 ml of peripheral blood was collected into CPT Vacutainer tubes (BD Biosciences, Franklin Lakes, New Jersey, USA). Samples were centrifuged within 2 h of collection, and PBMC and plasma mixed by inversion. Samples from CTN-0055 CHOICES participants were shipped at room temperature to a single laboratory, and plasma and PBMC processing completed within 24 h of collection. PBMC were cryopreserved at -150°C in 10% DMSO (Sigma-Aldrich, St Louis, Missouri, USA) in fetal bovine serum with 0.1% Gentamicin; undiluted plasma was stored at -80°C. Plasma and PBMC from PLWH ref. participants were collected, processed, and stored following an identical protocol, including a 24 h delay following centrifugation to replicate conditions for CTN-0055 CHOICES samples. The number of participants included in each assay are shown in figure legends and Supplemental Tables 2, 3, 5, 7.



Flow Cytometry

The following reagents were utilized for T-cell phenotyping: cell viability (Live/Dead Fixable Blue, Invitrogen, Thermo-Fisher Scientific, Waltham, Massachusetts, USA), anti-CD14 (PE-Cy5, Invitrogen, Thermo-Fisher Scientific, clone M5E2), anti-CD19 (PE-Cy5, BD Biosciences, San Jose, California, USA, clone HIB19), anti-CD56 (PE-Cy5, BioLegend, San Diego, California, USA, clone HCD56), anti-CD3 (BUV737, BD Biosciences, clone UCHT2), anti-CD4 (APC-R700, BD Biosciences, clone SK3), anti-CD8 (BUV496, BD Biosciences, clone RPA-T8), anti-CD27 (BB700, BD Biosciences, clone M-T271), anti-CD45RA (APC, BD Biosciences, clone HI100), anti-CCR7 (BV650, BD Biosciences, clone 2L1A), anti-CD28 (BV786, BD Biosciences, clone 28.2), anti-CD38 (BV480, BD Biosciences, clone HIT2), anti-HLA-DR (BV421, BioLegend, clone L243), anti-CD57 (BB515, BD Biosciences, clone HNK1), anti-CCR5 (PE-CF594, BD Biosciences, clone 2D7), anti-PD-1 (PE-Cy7, BD Biosciences, clone EH12.1), anti-Lag-3 (PE, BD Biosciences, clone T47-530). For monocyte phenotyping only, to prevent non-specific binding, PBMC were incubated with Human Fc Block (BD Biosciences, clone Fc1.3216) following manufacturer’s instructions prior to antibody stain. The following reagents were utilized for monocyte phenotyping: cell viability (Live/Dead Fixable Blue, Invitrogen, Thermo-Fisher Scientific), anti-CD19 (PerCP, BioLegend, clone SJ25C1), anti-CD3 (PerCP, BioLegend, clone UCHT1), anti-CD56 (PerCP, BioLegend, clone HCD56), anti-CD14 (BUV737, BD Biosciences, clone M5E2), anti-CD16 (APC, BioLegend, clone 3G8), anti-CD15 (PE-CF594, BD Biosciences, clone W6D3), anti-CD11b (BV480, BD Biosciences, clone ICRF44), anti-HLA-DR (BUV395, BD Biosciences, clone G46-6), anti-TLR4 (BV421, BioLegend, clone HTA125), anti-PD-1 (BV650, BD Biosciences, clone EH12.1), anti-CD274 [(PD-L1) BB515, BD Biosciences, clone MIH1], anti-CCR2 (BV711, BD Biosciences, clone LS132.1D9), anti-CD163 (PE, IQ Products, Rozenburglaan, Groningen, Netherlands, clone MAC2-153). For all cellular phenotyping by flow cytometry, isotypes assessed for nonspecific binding; fluorescence minus one (FMO) controls were used to set gates for positive and negative staining. Cells were acquired using a BD Symphony, cytometer settings were checked using rainbow calibration particles (BD Biosciences) and a compensation matrix was prepared by using anti-mouse compensation particles that were stained with each corresponding antibody (BD Biosciences). Data was analyzed using FlowJo (v 10). Boolean gating calculated co-expression of markers. Cell-surface markers utilized to define monocyte and T-cell phenotypes are shown in Supplemental Tables 3, 5.



Plasma ELISA

Plasma protein quantifications were performed using commercial kits according to the manufacturers’ instructions: soluble CD14 (R&D Systems, Minneapolis, Minnesota, USA), soluble CD163 (Invitrogen, Thermo-Fisher Scientific), Intestinal-fatty acid binding protein (I-FABP, R&D Systems), LPS-binding protein (LBP, R&D Systems), and soluble CD40L (Invitrogen, Thermo-Fisher Scientific). Experimental duplicates were performed for each sample.



Plasma TLR-4 Ligands

HEK-Blue™ hTLR4 reporter cells with an inducible secreted alkaline phosphatase (SEAP) under the control of an IL-12 p40 minimal promoter fused to five NF-kB and AP-1 binding sites (InvivoGen, San Diego, California, USA, cat # hkb-htlr4) were used to determine concentration of stimulatory TLR-4 ligands in participant plasma according to manufacturer’s instructions. Briefly, early passage reporter cells were grown and maintained in DMEM, 4.5 g/l glucose, 10% (v/v) fetal bovine serum, 100 U/ml penicillin, 100 ug/ml streptomycin, 100 ug/ml Normocin™, and 2 mM L-glutamine, supplemented with 1X HEK-Blue™ Selection. Cells were grown to ~70-80% confluency, detached from flasks using a cell scraper and counted using a hemacytometer with trypan blue to discriminate dead cells. Cell suspensions were prepared at ~280,000 cells/ml in HEK-Blue™ Detection medium, and 50,000 cells added per well to a 96-well plate containing 20 μl of undiluted plasma samples or maintenance media (background) in duplicate. In addition, a standard curve was developed using known concentrations of lipopolysaccharide (LPS-EK ultrapure, E. coli K12; InvivoGen cat # tlrl-peklps) prepared in triplicate with sterile ultrapure Ambion™ DEPC-treated water (Invitrogen) using a top concentration of 20,000 pg/ml and diluted five-fold. Plates were incubated for 18 hours at 37°C + 5% CO2 and SEAP determined using a spectrophotometer at 630nm. This assay is subsequently referred to as HEK-Blue hTLR4 assay.



Plasma Cytokine/Chemokine Assay

Plasma cytokines were quantified using the commercially available U-PLEX assay (Meso Scale MULTI-ARRAY technology; Meso Scale Discovery; Rockville, MD, USA). Using this platform, plasma IFN-γ, IL-8, IP-10, Fractalkine, GM-CSF, IL-12p70, IL-17A, IL-18, IL-1β, IL-2, TGF-β1, TGF-β2, TGF-β3, IFN-α2a, IFN-β, TNF-α, IL-10, IL-6, IL-9, IL-15, IL-21, IL-22, IL-23, IL-27, IL-33, IL-4, IL-7, ITAC, MCP-3, MIP1-α, MIP3-α, SDF1-α, and IL-29, were quantified. Duplicate samples using 25 μL of plasma from each donor were assessed following the manufacturer’s instructions. Electrochemiluminescence was detected using MESO QuickPlex SQ 120 (Meso Scale Discovery Rockville, MD, United States). The results were extrapolated from the standard curve from each specific analyte and plotted in pg/mL using the DISCOVERY WORKBENCH v4.0 software (Meso Scale Discovery, Rockville, MD, United States).



Statistical Analysis

Participant demographic and clinical characteristics were presented as medians with interquartile range (IQR) for continuous variables and compared using t-tests; chi-squared or Fisher’s exact testing was applied to compare dichotomous outcomes (Table 1). Prior to application of normal distribution-based statistical models, distribution of data for all immunologic variables was examined for normality; log2 transformation was performed for outcomes of IFABP, LBP, plasma TLR-4 ligands as quantified by HEK-Blue hTLR4 assay, sCD14, and sCD163 to achieve normal distribution. Factorial Analysis of Variance (ANOVA) was used to compare cohorts on immunologic and flow cytometry outcomes detailing monocyte and T-cell phenotypes. Tukey-Cramer adjustment was employed to control family wise error rate. For plasma cytokines, non-parametric approaches were applied (Kruskal Wallis) due to the skewed nature of distribution and occurrence of undetectable (zero) values for some analytes. The Dwass, Steel, Critchlow-Fligner (DSCF) multiple comparison analysis, which is based on pairwise two-sample Wilcoxon comparisons (22–24), was used to control overall type I error rate at 0.05. To determine if HCV co-infection had a significant interaction with each immunologic outcome, we first compared each immunologic outcome between individuals with and without HCV co-infection using either Kruskal-Wallis or factorial ANOVA model. If a significant interaction (p< 0.05) with HCV was observed for an outcome, subsequent comparisons between AUD+ CTN-055 and PLWH ref. cohort was performed with AUD+/HCV- and AUD+/HCV+ considered as separate populations. If no significant interactions with HCV status were detected, comparisons between AUD+ CTN-055 and PLWH ref. cohort was performed without further consideration for HCV status. Comparisons among study cohorts that remained significant following correction for multiple comparisons are shown in Tables 3, 5 when no significant interactions with HCV status were identified, and Tables 2, 4 if an interaction with HCV was found. Spearman correlation analysis was performed to investigate relationships between selected immunologic variables (see Supplemental Tables 4, 6). All descriptive statistics, and unadjusted and adjusted cohort comparisons, can be found in Supplemental Tables 1, 2, 3, 5, 7.


Table 1 | Participant demographic and clinical characteristics.




Table 2 | Significant differences in soluble mediators of inflammation between PLWH with and without AUD by HCV co-infection.






Results


Participant Characteristics

Twenty-three PLWH with AUD enrolled in CTN-055 CHOICES (21), and a reference population of 29 PLWH without AUD or other self-reported SUD (AUD-/HCV-; PLWH ref.), were included. HCV co-infection was common among CTN-055 participants, whom were also more likely to be female and report tobacco use, as compared to PLWH ref. cohort (Table 1). Data regarding racial composition also identified differences between cohorts. Within CTN-055, 39.1% of participants identified as Black or African American, 30.4% as white, and 30.4% as American Indian, Alaska Native, Native Hawaiian or Pacific Islander. Within the PLWH ref. cohort, 86.2% of individuals identified as white; 4 individuals within this group declined to provide self-identified racial information. HIV viral load, age, and CD4 count were similar between populations, and all individuals were prescribed ART. CTN-055 participants were randomized to receive AUD treatment with either XR-NTX versus TAU (n=10 and n=13, respectively); given limitations in sample size, treatment arms were combined for further analysis. Using a 30-day Timeline Follow-back method capturing median number of self-reported days of drinking, we identified a significant decrease in drinking days from study entry (W0; 17 days) to week 4 (W4; 4 days; p<0.001, Wilcoxon signed-rank) among CTN-055 participants.



Elevated Cell-Surface and Soluble CD163 Among PLWH with Alcohol-Use Disorder

CD163 is a cell-surface receptor shed from the surface of activated monocytes and macrophages, that is reflective of chronic innate immune activation and disease activity among PLWH (25). Soluble CD163 (sCD163) values were significantly elevated between AUD+/HCV- and AUD+/HCV+ CTN-055 as compared to PLWH ref. participants, at both W0 (Adj. p=0.0379 and Adj. p<0.001, respectively) and W4 timepoints (Adj. p=0.0081 and Adj. p<0.001, respectively; Figure 1 and Table 2). Soluble CD163 values were higher among AUD+/HCV+ as compared to AUD+/HCV- CTN-055 participants at both timepoints (W0 Unadj. p=0.0356; W4 Adj. p=0.0154; Figure 1 and Table 2). Monocyte surface CD163 expression was quantified by flow cytometry, and found to be significantly elevated on the total CD14+ monocyte population among CTN-055 participants regardless of HCV co-infection, as compared to PLWH ref. at both W0 (Adj. p=0.0263) and W4 (Adj. p=0.0350; Figure 1 and Table 3). Additional details available in Supplemental Tables 1–3.




Figure 1 | Alcohol-use disorder is associated with alterations in cell-surface and soluble CD163 Among PLWH. Soluble CD163 was quantified by ELISA in plasma collected from CTN-055 participants at W0 (A; n = 23) and W4 (B; n = 23) timepoints, and PLWH ref. population (n = 29) at study enrollment. Shown are log2 transformed data, with means and SD. CD163 expression was analyzed on CD14+ monocytes using flow cytometry among CTN-055 participants at W0 (n = 21) and W4 (n = 20), and PLWH ref. population (n = 22) at study enrollment; shown are means with SD of total CD14+CD163+ monocytes (C). *indicates unadjusted p-value.




Table 3 | Significant differences in cellular phenotypes between PLWH with and without AUD.





AUD is Associated with Increased Monocyte Expression of TLR-4

TLR-4 is a PRR utilized by monocytes and other innate immune cells to detect LPS present on gram-negative bacteria, as well as endogenous danger signals produced by injured tissues (26). TLR-4 activation triggers two pro-inflammatory signaling cascades using distinct adaptor proteins; a plasma membrane cascade involving TIRAP and MyD88, and an endosomal cascade involving TRAM and TRIF. TLR-4-initiated inflammation is regulated through multiple mechanisms; however, the rate of TLR-4 endocytosis is reported to be a major regulator of LPS-induced inflammation, and exaggerated activation of TLR-4 is associated with multiple human diseases (27). Here we noted marked increase in monocyte TLR-4 surface expression among both AUD+/HCV- and AUD+/HCV+ CTN-055 participants as compared to PLWH ref. participants at W0 (Adj. p=0.0058 and Adj. p ≤0.0001, respectively) and W4 (Adj. p=0.0123 and Adj. p=0.0026, respectively; Figure 2 and Table 4). Surface expression of TLR-4 was also significantly higher among AUD+/HCV+ as compared to AUD+/HCV- individuals at W0 (Adj. p=0.0325; Figure 2; Table 4; Supplemental Figure 1). Notably, expression of TLR-4 was correlated with sCD163 plasma levels (rs=0.37; p=0.0028). Additional details available in Supplemental Tables 1, 3, 4.




Figure 2 | Alcohol-use disorder Among PLWH is associated with increased monocyte TLR-4 cell-surface expression. TLR-4 expression was analyzed on the total CD14+ monocyte population using flow cytometry. Representative data are shown in CTN-055 HCV- (A), HCV+ (B) and PLWH reference participants (C). Means with SD of total CD14+TLR-4+ monocytes from all participants are shown at W0 (D; n = 21) and W4 (E; n = 20), and PLWH ref. population (n = 22) at study enrollment.




Table 4 | Significant differences in cellular phenotypes between PLWH with and without AUD by HCV co-infection.





Evidence Supporting Increased Systemic Burden of LPS Among Individuals with Alcohol-Use Disorder

The capacity of LPS to elicit TLR-4-mediated immune activation is dependent on several factors, including the biochemical composition of its lipid A moiety that varies among gram negative bacteria (28). To estimate the burden of stimulatory TLR-4 ligands in participant plasma, two methods were applied: the HEK-Blue hTLR4 assay, and quantification of LBP, which serves as an indirect reflection of heightened plasma LPS. Here we noted increased plasma TLR-4 stimulatory activity using the HEK-Blue hTLR4 assay among AUD+/HCV+ and AUD+/HCV-versus PLWH ref. participants at W0 (Adj. p<0.0001 and Adj. p=0.0036, respectively; Figure 3 and Table 2). At the W0 timepoint, there was also a trend towards higher HEK-Blue hTLR4 results between AUD+/HCV+ and AUD+/HCV- participants (Unadj. p=0.029). At W4, the burden of TLR-4 ligands remained significantly elevated in AUD+/HCV+ as compared to PLWH ref. participants (Adj. p=0.0149), with a trend towards a higher burden observed between AUD+/HCV- and PLWH ref. participants (Unadj. p=0.012). LBP values were higher among AUD+/HCV- and AUD+/HCV+ CTN-055 versus PLWH ref. participants at both W0 (Unadj. p=0.0095 and Adj. p=0.0243, respectively) and W4 (Adj. p=0.0206 and Unadj. p=0.0109 respectively; Figure 3 and Table 2). Among all participants, the burden of plasma TLR-4-activating ligands was correlated with plasma LBP (rs=0.43; p=0.0003) and sCD163 (rs=0.37; p=0.0028). A trend towards increased plasma I-FABP values, reflective of damage to the intestinal epithelium, was noted among AUD+/HCV+ CTN-055 versus PLWH ref. participants at W0 only (Unadj. p=0.019). Additional details available in Supplemental Tables 1, 2, 4.




Figure 3 | Alcohol-use disorder Among PLWH is associated with increased levels of plasma TLR-4-activating ligands and LPS-binding protein. Plasma concentrations of stimulatory TLR-4 ligands were estimated using commercially available human TLR-4 transfected-HEK reporter cells (HEK-Blue hTLR4) and a standard curve generated using known quantities of ultrapure LPS, at W0 (A; n = 23) and W4 (B; n = 23) timepoints, and PLWH ref. population (n = 20) at study enrollment. LPS-binding protein (LBP) was quantified by ELISA in plasma collected from CTN-055 participants at W0 (C; n = 23), W4 (D; n = 23) and PLWH ref. population (n = 29). Shown are means with SD. *indicates unadjusted p-value.





Expansion of CD16+ Monocytes Among PLWH with Alcohol-Use Disorder

CD16 is a cell-surface Fcγ receptor that facilitates antibody-dependent cellular cytotoxicity among non-classical and intermediate monocytes. Monocytes that express CD16 are recognized to have heightened pro-inflammatory responses, to have increased susceptibility to HIV-infection, and to promote viral replication in vitro (29–31). To determine if AUD was associated with altered monocyte phenotype among PLWH, monocytes were identified in PBMC by flow cytometry based on light scatter properties and expression of CD14+ and CD16+, and classified as exhibiting classical (CD14++CD16-), intermediate (CD14++CD16+), and nonclassical (CD14dimCD16+) phenotypes as previously reported (Figure 4 and Supplemental Figure 1) (31). Here we found a trend towards a declining frequency of classical monocytes among CTN-055 participants from W0 to W4 (Unadj. p=0.0437), with the frequency of classical monocytes significantly lower among CTN-055 at W4 as compared to PLWH ref. participants (Adj. p=0.0004; Figure 4 and Table 3). There was a significant increase in CD16+ intermediate monocytes at W4 among CTN-055 as compared to PLWH ref. participants (Adj. p=0.0005; Figure 4 and Table 3). These findings did not vary by HCV co-infection. The frequency of CD16+ non-classical monocytes did vary by HCV co-infection, with expansion of non-classical monocytes among AUD+/HCV- CTN-055 compared to PLWH ref. participants at both time points (W0 Unadj. p=0.017; W4 Adj. p < 0.0001), and expansion of non-classical monocytes among HCV- CTN-055 as compared to HCV+ participants at W4 (Unadj. P=0.0227; Figure 4 and Table 4). Variable expression of several other surface receptors, specifically CCR2, PD-1L, and HLA-DR, was noted across different monocyte subtypes based on both AUD and HCV exposure (Tables 3, 4). Additional details available in Supplemental Tables 1, 3 and Supplemental Figure 1.




Figure 4 | Alcohol-use disorder Among PLWH is associated with altered monocyte phenotype. Boolean gating was applied to total live, CD3-/CD56-/CD19-/CD14+ cells to calculate frequencies of classical, intermediate, and non-classical monocytes (A) among CTN-055 participants at W0 (n = 21) and W4 (n = 20), and PLWH ref. population (n = 22). Means with SD are shown for each monocyte phenotype from all participants (B–E). See Supplemental Figure 1 for complete gating strategy. *indicates unadjusted p-value.





Increased CD4+ and CD8+ T Cell Expression of CD27 Among PLWH with Alcohol-Use Disorder

CD4+ and CD8+ T-cell phenotypes indicating maturation stage, activation and exhaustion status, and immunosenescence, were examined in detail by flow cytometry. Overall, T-cell phenotypes (including overall percentages of total CD3+CD4+ and CD3+CD8+ T cells, see Supplemental Tables 1, 5) were similar between CTN-055 and PLWH ref. participants, with the exception of CD27 expression. As shown in Table 2, we identified increased expression of CD27 (as quantified by geometric mean fluorescence) on CD4+ and CD8+ naïve (CD45RA+CCR7+) T-cells from CTN-055 as compared to PLWH ref. participants at both W0 (CD4+, Adj. p=0.0227; CD8+, Adj. p=0.0006) and W4 (CD4+, Adj. p=0.0335; CD8+, Adj. p=0.0004). Increased expression of CD27 was also noted on central memory CD4+ and CD8+ (CD45RA-CCR7+) T-cells from CTN-055 as compared to PLWH ref. participants at both W0 (CD4+, Adj. p=0.0114; CD8+, Adj. p=0.0408) and W4 (CD4+, Adj. p=0.0232; CD8+, Unadj. p=0.0474).



Alcohol-Use Disorder is Associated with Increased Plasma sCD40L and TGF-β

CD40L, or CD154, is a membrane glycoprotein expressed by a variety of cell types, including activated T- and B-cells, monocytes, macrophages, endothelial cells, and platelets (32). Soluble CD40L (sCD40L) is shed from the surface of activated platelets and T-cells. Activated platelets are the primary source of sCD40L in human plasma (33), and sCD40L levels are associated with sequelae of chronic HIV-infection (34–36). TGF-beta (TGF-β) is a large family of pleiotropic cytokines involved in development, wound healing, cellular differentiation and proliferation, as well as immune regulation; three isoforms of TGF-β have been well-studied in humans (37). Notably, TGF-β has been linked to the pathogenesis of a broad range of liver disorders, including ALD (38). Soluble CD40L, TGF-β1 and TGF-β2 were quantified by ELISA and plasma cytokine U-PLEX assay, respectively. Soluble CD40L and TGF-β2 levels were significantly higher among CTN-055 as compared to PLWH ref. participants at both W0 (Adj. p=0.0008 and Adj. p=0.0144, respectively) and W4 (Adj. p=0.0003 and Adj. p=0.0016, respectively; Figure 5 and Table 5). Significant elevations in TGF-β1 were noted at W4 among CTN-055 participants (Adj. p=0.0348; Figure 5 and Table 5); these findings did not vary by HCV co-infection. Notably, plasma levels of TGF-β1 were highly correlated with the number of self-reported drinking days at both week 0 (rs=0.555; p-value 0.006) and week 4 (rs= 0.698; p-value 0.0002) among CTN-055 participants. Additional details available in Supplemental Tables 1, 2, 7.




Figure 5 | Alcohol-use disorder Among PLWH is associated with an increased level of soluble CD40L, TGF-β1 and TGF-β2. Plasma levels of soluble CD40L (A), and TGF-β1 (B) and TGF-β2 (C) were quantified by standard ELISA and cytokine U-PLEX assay, respectively, among CTN-055 participants at W0 (n = 23) and W4 (n = 23), and PLWH ref. population (n = 22) at study enrollment. Shown are means with SD (A) or medians with IQR (B, C). When soluble CD40L, TGF-β1, and TGF-β2 were examined simultaneously, distinct clustering of study participants based on exposure to AUD and HCV was noted (D).




Table 5 | Significant differences in plasma cytokines between PLWH with and without AUD.



Spearman correlation analysis between plasma sCD40L, TGF-β1, and TGF-β2 identified significant direct correlations between sCD40L and TGF-β1 among all cohorts, and a significant correlation between sCD40L and TGF-β2 among AUD+/HCV- participants specifically. When plasma values of sCD40L, TGF-β1 and TGF-β2 were examined simultaneously, clustering based on AUD and HCV exposure was observed (Figure 5). Further correlation analysis between TGF-β1, TGF-β2 and all quantified plasma cytokines revealed additional significant, direct relationships. Additional details available in Supplemental Tables 6, 7.

Regarding additional plasma cytokine values (see Table 5), IL-1β was significantly elevated among CTN-055 as compared to PLWH ref. participants at W0 (Adj. p=0.0244), and fractalkine and IL-12p70 were noted to be significantly elevated at W4 (Adj. p=0.0115 and Adj. p=0.0194, respectively). Plasma IL-29 was significantly higher among AUD+/HCV+ compared to AUD+/HCV- participants at both timepoints (W0 Adj. p=0.0117 and W4 Adj. p=0.0426). Additional details available in Supplemental Tables 1, 7.




Discussion

Chronic alcohol exposure is recognized to impair host defenses. Both animal model and human studies have demonstrated that alcohol-induced damage to the intestinal epithelium leads to increases in gut permeability, with systemic translocation of microbes and their by-products that drive intestinal dysbiosis and systemic innate immune activation (14, 17, 19, 39–45). Here, we performed a comprehensive evaluation of the impact of chronic alcohol exposure on innate and adaptive immune activation and exhaustion among PLWH specifically, as these individuals are especially vulnerable to chronic immune dysregulation mediated through intestinal translocation and dysbiosis even when HIV viral loads are well-controlled (9, 18, 46). Utilizing samples obtained from virally-suppressed PLWH with AUD (21), and a reference population of virally-suppressed PLWH without AUD or other SUD, we found a strong association between chronic alcohol exposure and systemic indicators of immune activation. Our significant findings included alcohol-associated elevations in soluble and cell-surface CD163, monocyte TLR-4 expression, sCD40L, and plasma TLR-4 stimulatory ligands and LBP. Additional alterations in monocyte phenotype, including expansion of CD16+ subsets, were noted among PLWH with AUD, as was increased expression of CD27 among naïve and memory CD4+ and CD8+ T-cells. Chronic alcohol exposure among PLWH was also associated with alterations in plasma cytokines, most notably increases in TGF-β1 and TGF-β2. These data suggest that chronic alcohol exposure is a major modifiable risk factor for chronic immune activation and dysregulation among PLWH.

Given the damaging impacts of HIV-infection and chronic alcohol exposure on intestinal permeability, our investigations focused on identifying indicators of chronic immune activation and dysregulation among CTN-055 participants with AUD. We hypothesized that monocytes among PLWH with AUD would be impacted by LPS-induced immune activation, a finding supported by our investigations of increased soluble and monocyte cell-surface CD163 expression among CTN-055 participants. CD163 is a cell-surface receptor for hemoglobin-haptoglobin complexes that is highly expressed on monocytes and tissue macrophages; upon detection of LPS through cell-surface TLR-4, monocytes and macrophages shed CD163 into plasma (47). Among PLWH, plasma sCD163 levels is considered an indicator of monocyte/macrophage activation, and to reflect underlying intestinal damage (25). Soluble CD163 is also considered a biomarker for liver inflammation and fibrosis among patients with acute and chronic liver disease, particularly individuals with ALD or HCV (48–50). Our study demonstrated increased cell-surface and sCD163 among individuals with AUD both with and without HCV co-infection, and supports findings reported by Monning et al., where alcohol use was also associated with elevated plasma sCD163 among PLWH (51).

Chronic alcohol exposure alters inflammatory responses mediated by TLR-4 through several mechanisms, including alteration in the structure of membrane lipid rafts that support signal transduction through the receptor complex, and in regulatory miRNAs that normally suppress LPS-induced pro-inflammatory immune responses (15, 16, 52). Functionally, chronic alcohol exposure leads to exaggerated pro-inflammatory cytokine responses from monocytes exposed to LPS by altering expression of a key regulatory molecule in the TLR-4 signaling pathway (15). In the current study, although functional responses to LPS were not investigated, cell-surface expression of TLR-4, the receptor essential for innate immune cells to sense LPS from gram-negative bacteria (26), was quantified on host monocytes and found to be more highly expressed among PLWH with AUD. The burden of plasma stimulatory TLR-4 ligands, and LBP, were also significantly increased among individuals with AUD. Paired with our observation of increased soluble and cell-surface CD163 among participants with AUD, and a significant correlation between TLR-4 expression and plasma sCD163 values, our findings suggest that chronic alcohol exposure impacts innate immune activation through TLR-4-mediated pathways.

Our study population allowed insights into interactions between chronic alcohol exposure and HIV/HCV co-infection. Participants with AUD exhibited significantly elevated levels of LBP as compared to PLWH ref. population, confirming a prior report of a significant correlation between liquor consumption and plasma LBP values among PLWH with well controlled viral load (53). HIV/HCV co-infected individuals were noted to have the highest plasma levels of LBP at both study timepoints, however. LBP is acute phase reactant secreted by enterocytes in response to inflammatory stimuli that stimulates the innate inflammatory response by delivering LPS to the TLR-4 receptor complex when present at low concentrations. At high concentrations, however, LBP acts to neutralize LPS and limit potentially harmful inflammatory responses (54, 55). The observed high concentrations of LBP among HIV/HCV co-infected individuals, and significant correlations between plasma LBP and TLR-4 stimulatory activity, offers additional evidence to support a higher LPS burden in this population. Individuals with HIV/HCV co-infection also had higher sCD163 and monocyte TLR-4 expression as compared to HCV- PLWH with and without AUD, as well as a trend towards increased I-FABP values at study enrollment reflecting damaged intestinal epithelium at that timepoint (56). Our findings suggestive of increased gut translocation driving innate immune activation among HIV+/HCV+ as compared to HIV+/HCV- individuals who drink heavily is similar to those reported by Monning et al. Although the plasma metabolome was not assessed as part of the current investigations, an increase in gut translocation among HIV/HCV participants may lead to changes in plasma metabolome, such as altered bile acid profiles, that have subsequent long-term negative impacts on immune homeostasis (57). Our findings of increased immune activation among HIV/HCV co-infected individuals are concerning given that biomarkers of innate immune activation have been linked to progression of liver fibrosis (11–13, 48–50, 58–61). Although overall there was a reduction in the number of self-reported drinking days during the 1-month study intervention, we did not observe any significant changes in the measured indicators of intestinal damage, microbial translocation, or systemic immune activation among CTN-055 participants. Long term studies investigating the impact of alcohol-withdraw among PLWH with and without HCV co-infection are needed to understand if reductions in gut intestinal damage translate to sustained reductions in innate immune activation.

Soluble CD40L is a marker of platelet and immune activation, and has several immunomodulatory effects. CD40L binds to CD40 on the surface of antigen presenting cells such as dendritic cells, to drive activation and subsequent enhancement of the adaptive immune response including T-cell expansion and B-cell immunoglobulin class switching (62). Although elevation in plasma sCD40L during HIV infection has been well documented (34–36, 63), this is the first report of an association between chronic alcohol exposure and elevations in sCD40L among PLWH. We also found that chronic alcohol exposure among PLWH was associated with increases in some plasma cytokines, most notably increased TGF-β1 and TGF-β2, and that there were significant correlations between sCD40L and TGF-β levels. It has been established within the context of HIV-infection that sCD40L can drive differentiation of regulatory T-cells (Tregs) by altering the response of dendritic cells to TLR-mediated priming (35, 36). Although we did not quantify Tregs in this current study, the increase in plasma TGF-β suggests expansion of TGF-β-producing Tregs among PLWH with AUD. Expansion of Tregs could contribute to an imbalance in the ratio between T helper type 17 (Th17) and Tregs, and if this imbalance is maintained within the intestinal lymphoid population, could serve as a mechanism driving microbial translocation and subsequent systemic immune activation (64). It is notable that our analysis illustrated numerous positive correlations between plasma levels of TGF-β1 and TGF-β2, with pro-inflammatory mediators including IL18, IL6, IL9, MCP3, and TNF-α, suggesting a regulatory response to systemic inflammation. Elevation of TGF-β has negative implications for liver health, however, as it plays a role as a profibrogenic mediator known to drive liver fibrosis through activation of hepatic stellate cells (HSCs). TGF-β1 has been shown to modify the extracellular matrix remodeling effects of HSCs through alterations in miRNAs, and also interacts with other cells within the liver, including hepatocytes and hepatic progenitor cells, to drive liver fibrosis (38, 65). Future studies that examine peripheral and mucosal T-cell differentiation, intestinal damage and microbial translocation, and quantify the burden of liver disease within the context of plasma sCD40L and TGF-β, among PLWH with AUD should be prioritized.

Prior publications have suggested that chronic alcohol exposure is associated with expansion of T-cells exhibiting makers of immunosenescence, as well as CD16+ non-classical and intermediate populations of monocytes (14, 20, 43). Thus, monocyte and CD4+ and CD8+ T-cell cellular phenotypes were intensively examined in the current study. Although significant differences in monocyte populations were not noted at study entry, we observed expansion of CD16+ non-classical and intermediate monocyte populations at the week 4 timepoint among CTN-055 participants. Classical, CD14++CD16- monocytes are critical to the initial immune response to infection, as they are recruited to sites of infection and inflammation to recognize and phagocytose pathogens, secrete pro-inflammatory mediators, and recruit other immune cells (66). CD16+ monocytes can be separated into intermediate and non-classical phenotypes based on high versus dim expression of CD14, respectively (31). Although the role of intermediate monocytes remains controversial, non-classical monocytes have been consistently found to provide anti-inflammatory and tissue repair functions due to their capacity to patrol the vascular endothelium and remove microparticles and apoptotic cells. Animal models have suggested that non-classical monocytes are critical to limit infection-induced inflammation (67). Non-classical monocytes have lower level expression of the chemokine receptor CCR2, and are also distinguished by their high expression levels of CX3CR1, the receptor for fractalkine, an essential chemokine that both recruits monocytes and promotes survival (68). It is notable that among participants with AUD, plasma levels of fractalkine were also significantly increased at the week 4 timepoint as compared to our reference population. These findings suggest that the 1-month AUD-intervention was associated with expansion of non-classical monocytes. Given the role of non-classical monocytes in promoting anti-inflammatory responses and tissue repair, expansion of this subset could reduce systemic inflammatory responses among PLWH.

We found that T-cell phenotypes were remarkably similar among all populations and timepoints, likely reflective of well controlled HIV-viremia across all participants. No significant changes in cell-surface markers reflective of CD8+ or CD4+ T-cell immunosenescence (defined by CD28-CD57+ T cells), or activation (defined by CD38 and/or HLA-DR expression) were identified. Our findings differ from those of Maffei et al., who reported that alcohol use was associated with expansion of activated-senescent, exhausted, and terminal effector memory CD8+ cells among a large cohort of PLWH (20). We did consistently observe increased expression of CD27 among naïve (CD45RA+CCR7+) and central memory (CD45RA-CCR7+) CD4+ and CD8+ T-cells among PLWH with AUD. To our knowledge, there are no prior reports associating chronic alcohol exposure with T-cell CD27 expression. CD27 is a member of the TNF-receptor family expressed by naïve T-cells that serves as a co-stimulatory receptor, and is required to support antigen-specific T-cell expansion as well as long term T-cell memory. CD27 mediated co-stimulation increases both primary, secondary, and memory T-cell responses, and loss of CD27 expression normally occurs after prolonged stimulation as T-cells develop into fully differentiated effector cells. CD27 is believed to be required for efficient survival of virus-specific CD8+ T-cells, and to optimize antigen specific CD8+ T-cell memory responses by promoting T-cell expression of IL-7Rα (69). In the context of HIV-infection, it has been recognized that HIV-specific CD8+ effector T-cells continue to express CD27, with prior reports attributing this finding to a failure of normal T-cell differentiation in the context of HIV-infection (70, 71). However, HIV-specific CD8+CD27+ T-cells have subsequently been shown to be less prone to apoptosis, generate more IL-2, and to exhibit enhanced proliferative capacity as compared to CD27- HIV-specific CD8+ T-cells (72). In the context of CD4+ T-cells, data from murine models suggests that CD27 signaling inhibits the induction of Th17 cells and their functional capacity, specifically (73). Although functional studies were not performed here, our findings suggest that there may be underlying differences in antigen-specific CD8+ T-cell responses among PLWH with AUD who have well controlled viral loads that should be a priority for future investigations.

Our study has several strengths including inclusion of PLWH with and without HCV co-infection, low-to-undetectable HIV viral loads among study participants that permitted the impact of chronic alcohol exposure to be studied without the potentially confounding effects of HIV-viremia, and the comprehensive nature of the investigations performed. Although the sample size was limited, our statistical approach identified many differences between study cohorts that remained statistically robust after correcting for multiple comparisons. We noted several significant differences in the demographic characteristics between our study cohorts that could potential confound the reported immunologic and inflammatory profiles. Tobacco use, and cigarette smoking specifically, has been associated with HIV progression and non-AIDS morbidities among PLWH (74). Although the impact of nicotine and other components of cigarette smoke on tissue (specifically lung) inflammatory responses has been extensively reported, the impact of cigarette smoking and other methods of nicotine consumption on systemic inflammation and immune responses are more controversial with studies demonstrating both pro- and anti-inflammatory immune effects (75). A recent meta-analysis not specific to PLWH did confirm, however, that tobacco use is independently associated with a small but significance increase in C-reactive protein levels, suggesting that tobacco use is a risk factor for systemic inflammation (76). Tobacco smoke has also been shown to increase systemic levels of LPS (75). Immune cells from PLWH who smoke cigarettes have been shown to exhibit increased evidence for immune senescence as compared to those who do not smoke (77); and among individuals with underlying liver disease, smoking cigarettes has been shown to be an independent risk factor for liver fibrosis (78).

Regarding technical limitations of our investigations, functional responses to LPS were not examined, and we are unable to conclude if AUD is associated with a change in innate responses to TLR-4 stimulation, as we recently reported among PLWH with opioid-use disorder (61). Indirect methods of LPS quantification were utilized, given well-established limitations in accurate direct LPS measurement in plasma (28). Moreover, the reporter cells utilized in the HEK-Blue hTLR4 assay express low levels of endogenous innate receptors (specifically TLR-3 and -5, as well as nucleotide binding oligomerization domain-1 receptor), and therefore some of the observed activation of NF-kB and AP-1 may have been due to plasma ligands specific to these alternative receptors. Assays that more specifically classify microbial translocation (such as plasma 16S rRNA PCR), and examination of the gut microbiome, were not performed. Despite extensive cell-surface phenotyping of participant T-cells, we did not examine T-cell functional responses or expression of transcription factors associated with T-cell differentiation pathways. Therefore, we cannot conclude if the high levels of sCD40L and TGF-β observed among participants with AUD were associated with alterations in the balance of regulatory and Th-17 CD4+ T cells. Although longitudinal samples were collected among PLWH with AUD participating in CTN-055 trial, only a 1-month AUD treatment intervention was studied. Studies of prolonged alcohol-detoxification may be necessary to determine if the immunologic changes observed among PLWH and AUD are reversible. Moreover, our investigations should be extended to HIV-uninfected individuals suffering from AUD to determine if our findings are specific to PLWH or generalizable.

In summary, among PLWH, chronic alcohol exposure presents a major modifiable risk factor for chronic immune activation that is well-recognized to predispose individuals to morbidities such as coronary heart disease, stroke, and dementia (79, 80). Long-term studies examining the impact of AUD-treatment on systemic and cellular markers of immune activation, intestinal damage and translocation, and comprehensive immune function should be prioritized among PLWH including those with HCV co-infection.
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WO0-W4: AUD+ only
WO0: AUD+ vs PLWH Ref.
W4: AUD+ vs PLWH Ref.
WO-W4: AUD+ only

Lower 95% CI (adjusted)

0.8403

0.9974

-1.7266
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*

Upper 95% CI (adjusted)

3.7789

3.9542

1.3941
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*
N/A*

p-value (adjusted)

0.0008
0.0003
0.9655
0.1324
0.0115
0.9711
0.8476
0.0194
0.1686
0.0244
0.2837
0.3490
0.0171
0.1044
0.7409
0.5840
0.0291
0.8377
0.4474
0.0348
0.4096
0.0144
0.0016
1.0000

*Not applicable (N/A): confidence intervals not reported for nonparametric analyses.
Bold values identify statistically significant comparisons.
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