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Abstract

Objectives.—The prevalence of obesity is rising among people living with HIV, which may 

synergistically increase inflammation and the risk of associated diseases. Disruption of gut 

bacterial communities may be one of the key drivers of this inflammation; however, the combined 

effects of HIV and obesity on the microbiome have not been explored.

Methods.—This study included 381 men who have sex with men. Thirty-nine were HIV+ and 

obese (H+O+), 143 were HIV+ and non-obese, 64 were HIV- and obese, and 135 were HIV- and 

non-obese. Microbiome composition was assessed by targeted sequencing of the V4 region of the 

16S rRNA gene using rectal swab samples. Inverse probability of treatment-weighted marginal 
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structural models were used to investigate differences in microbial composition between groups 

while controlling for numerous clinical and behavioral confounders.

Results.—Significant variability in microbial composition was explained by the combination of 

HIV and obesity, over and above each condition alone (R2 for the marginal contribution of the H

+/O+ group = .008, p = .001). H+O+ participants had the highest ratios of Prevotella to 

Bacteroides, a pro-inflammatory enterotype that has been described in HIV and obesity 

independently. H+O+ participants had lower levels of Bacteroides and Veillonella than all other 

groups, suggesting a synergistic effect of HIV and obesity on these genera.

Conclusions.—Our findings support the hypothesis that HIV and obesity act together to disrupt 

gut microbial communities, which may help explain higher levels of generalized inflammation 

among people living with both HIV and obesity.

Keywords

HIV; Microbiome; Obesity; Inverse probability of treatment weighting; Men who have sex with 
men

Introduction

Surveillance data from 2015–2016 shows that 40 percent of United States adults are obese 

and at high risk of heart disease, stroke, diabetes, and cancer(1). The obesity epidemic is a 

worsening public health crisis, projected to affect 50% of U.S. adults by the year 2030(2). 

The prevalence of obesity among people living with HIV (PLWH) is similar to the general 

population and rates are rising rapidly(3, 4), partially because of improved life expectancy 

due to antiretroviral therapy (ART) and partially as a side effect of the drugs themselves(5). 

HIV and obesity disproportionately affect racial and ethnic minorities in the United States; 

the highest age-adjusted prevalences of obesity are found among Hispanics (47.0%) and 

non-Hispanic blacks (46.8%)(1), and the highest rates of HIV are among non-Hispanic 

Blacks (43.6 per 100,000) and Hispanics (17 per 100,000)(6).

Studies suggest that obesity plays a role in HIV pathogenesis and the development of 

comorbid illnesses(4). Higher levels of generalized inflammation and monocyte activation 

have been observed in PLWH who are obese as compared to non-obese(7), and these 

immune parameters have been correlated with weight gain following ART initiation(8). The 

consequences of combined inflammatory effects may be severe; one study found the 

prevalence of multimorbidity was nearly 80% in PLWH and obesity(9), and inflammatory 

biomarkers are associated with mortality in PLWH(10).

Numerous studies have shown that HIV disrupts the composition and function of the 

gastrointestinal (GI) microbiome(11–15). This disruption, termed “dysbiosis,” is generally 

characterized by a shift from commensals to pro-inflammatory and potentially pathogenic 

bacteria. Dysbiosis has also been found in obese individuals(16–19) and a number of 

commonalities between HIV-associated and obesity-associated dysbiosis have been 

observed. Reduced overall bacterial diversity has been described in both HIV and 

obesity(11, 12, 16). Animal models and some human studies have found an elevated 

Firmicutes to Bacteroidetes ratio associated with obesity(17, 18, 20), but several re-analyses 
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and meta-analyses have failed to establish this as a robust phenomenon(16, 21, 22). 

However, as an elevated ratio has also been observed in cohorts of PLWH(23), it is plausible 

that there may be a synergistic effect of HIV and obesity together. Within Bacteroidetes, 

increased relative abundance of Prevotella and decreased Bacteroides is one of the most 

common enterotypes associated with HIV infection(12), and similar findings have been 

described in obese individuals(19). Receptive anal intercourse has been strongly linked with 

Prevotella enrichment(24, 25) and inflammation of the rectal mucosa(26), which may 

increase susceptibility to HIV infection. HIV and obesity have independently been shown to 

disrupt barrier function of the mucosal epithelium, allowing translocation of microbes and 

microbial products into the GI tract(27, 28). This process is highly inflammatory and may 

exacerbate dysbiosis, significantly contributing to chronic inflammation observed in both 

HIV and obesity(11, 13, 29–31).

Despite the role of the microbiome in mediating inflammation and data showing that HIV 

and obesity may synergistically contribute to immune dysfunction and ultimately increase 

the risk of non-AIDS related morbidity and mortality(7, 32, 33), the joint effect of HIV and 

obesity on microbial dysbiosis has not been described. Therefore, we examined the 

combined effects of HIV and obesity on dysbiosis in a cohort of young, mostly racial/ethnic 

minority men who have sex with men (MSM). We hypothesized that HIV and obesity would 

act synergistically to decrease overall bacterial diversity and increase the abundance of pro-

inflammatory bacterial taxa while simultaneously decreasing those with anti-inflammatory 

properties.

Methods

Study population.

Specimens were obtained from an ongoing cohort, the Minority Men who have Sex with 

Men Cohort at UCLA Linking Infections Noting Effects (MASCULINE, or mSTUDY, 

NIDA U01 DA036267). Both the current study and the mSTUDY were approved by a 

UCLA Institutional Review Board and all study procedures were done in accordance with 

ethical standards for research involving human subjects. Sample selection procedures have 

been previously described(34).

Specimen collection and DNA preparation.

Included specimens were rectal swabs (FLOQSwabs, Copan Diagnostics, Murrieta, CA), the 

majority (76%) of which were collected via anoscopy under direct mucosal visualization and 

without preparatory enema at approximately 8 cm from the anal verge. Due to an mSTUDY 

protocol change, others (24%) were participant self-collected at approximately 4–5 cm from 

the anal verge. Collection method was taken into account in the analysis (Tables 1 and S1). 

Swabs were immediately frozen neat at −80°C until processing in bulk. For DNA processing 

the samples were transferred to Lysing Matrix E tubes (MP Biomedicals, Burlingame, CA) 

containing RLT lysis buffer (Qiagen, Hilden, Germany) and bead-beated on a TissueLyser 

(Qiagen). DNA was then extracted using the AllPrep DNA/RNA/Protein kit (Qiagen) per 

manufacturer’s protocol.
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16S rRNA gene sequencing and data processing.

Microbiome profiling was performed by sequencing of the V4 region of the 16S rRNA gene 

as previously described(34–36). Briefly, the V4 region was amplified in triplicate reactions 

using Golay-barcoded primers 515F/806R. PCR products were then pooled and sequenced 

on the Illumina MiSeq platform using 2×150bp v2 chemistry. The sequences were 

demultiplexed with Golay error correction using QIIME v1.9.1(37), and Divisive Amplicon 

Denoising Algorithm (DADA2) version 1.8 was used for error correction, exact sequence 

inference, read merging, and chimera removal(38). Likely due to the use of rectal swabs(39), 

several amplicon sequence variants (ASVs) commonly associated with skin bacteria were 

removed prior to analyses. Skin contaminants were identified in an aggregated ASV table by 

the authors, guided by previously published literature on the skin metagenome (e.g., 40, 41). 

The ASV table utilized in the analyses comprised 17,968,147 total merged read pairs (mean 

per sample = 47,160; range 5,429 to 122,693). Taxonomic assignment was performed using 

RDP trainset 16(https://doi.org/10.5281/zenodo.810827). Rarefaction was performed at a 

depth of 10,906 reads for alpha diversity analyses. To normalize all other analyses, estimates 

of relative library sizes (“size factors”) were obtained by calculating geometric means of 

pairwise read count ratios(42). All sequencing data has been deposited into BioProject with 

the accession number PRJNA422134.

HIV serostatus, obesity, and covariates.

HIV testing was conducted using the OraQuick Advance® HIV 1/2 (OraSure Technologies, 

Bethlehem, PA) and plasma HIV RNA was quantified using a standard clinical laboratory 

assay (Cobas® AmpliPrep/Cobas® TaqMan® HIV-1 Test, Version 2.0). Anthropometrics 

including height, weight, and waist circumference were gathered by trained clinical staff, 

and participants were classified as obese if they had BMI > 30 or waist circumference > 40 

inches. Measurement of waist circumference is recommended by the National Heart, Lung, 

and Blood Institute as part of an obesity-related risk assessment(43); for men, a waist 

circumference > 40 inches indicates high risk for the development of obesity-related health 

conditions.

Demographic and behavioral covariates included in the analyses were age, race/ethnicity, 

country of origin, a dichotomous variable for homelessness in past six months, number of 

receptive anal intercourse (RAI) acts in past month, number of sex partners in the past 6 

months, positive PCR test for STI (rectal gonorrhea, rectal chlamydia, or syphilis), positive 

test for hepatitis C, frequency of methamphetamine and marijuana use in the past 6 months, 

tobacco smoking, and binge drinking. All demographic and behavioral data were self-

reported by participants using a computer-aided self-interview; measures have been 

previously described(34). Antibiotic use in the past month as well as drugs currently used 

for ART were also controlled in the analyses. These data were collected by trained clinic 

staff.

Statistical analyses.

To explore the combined effects of HIV and obesity on the microbiome, most analyses in 

this study compare the “index” group of HIV+ obese (H+O+) participants with three 

reference groups of HIV+ non-obese (H+O-), HIV- obese (H-O+), and HIV- non-obese (H-
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O-) participants. We also compare obese to non-obese participants within strata of HIV 

status. As we examined the effects of HIV on the microbiome in detail in a previous 

study(34), we do not make this comparison here. Analyses utilize inverse probability of 

treatment weighting (IPTW) to control for confounding. In an IPTW analysis, the study 

sample is re-weighted to balance treatment/exposure groups with respect to covariates used 

to calculate the weights, creating a “pseudo-population” where these covariates no longer act 

as confounders. See Tables 1 and S1 for a list of covariates included in the IPTW models. 

IPTW were estimated using generalized boosted models (R package ‘twang’) and robust 

standard errors for IPTW-adjusted analyses were obtained using the sandwich estimator (R 

package ‘sandwich’). See Supplemental Content for a description of the IPTW calculation 

process.

Prior to analysis, differences in clinical and behavioral covariates between the four HIV and 

obesity groups were described using standardized mean differences and tested for 

significance using Chi-square, Kruskal-Wallis, or multinomial logistic regression models. 

The R package ‘phyloseq’ (version 1.24.2) was used to calculate alpha diversity statistics, 

distance matrices, and to create ordination plots. Permutational multivariate ANOVA 

(PERMANOVA) was used to test for overall differences in microbial composition between 

groups (R package ‘vegan’). IPTW-adjusted linear regression analyses were utilized to test 

for mean differences in alpha diversity, Firmicutes/Bacteroidetes and Prevotella/Bacteroides 
ratios between HIV and obesity groups. These analyses utilized a threshold of p < .05 to 

determine statistical significance and Wald-type 95% confidence intervals are displayed 

where appropriate.

Zero-inflated negative binomial models (ZINB) with IPTW adjustment were used to test for 

differential abundance of specific genera; see Supplemental Content for an overview of the 

ZINB model selection and analytic procedures. A pre-filtering step excluded genera 

appearing in less than 10% of samples as well as those with less than 100 total reads across 

all samples, resulting in 73 genera included in ZINB analyses. Because ZINB models may 

be sensitive to the effects of outliers, differential abundance testing was repeated using 

nonparametric alternatives (Wilcoxon and Kruskal-Wallis tests). In order to account for the 

large amount of tests, p values obtained from differential abundance analyses were corrected 

using Benjamini & Hochberg’s False Discovery Rate (FDR) method(44). FDR-adjusted p 
values are labelled as q values, and q < .1 was used as a threshold to determine statistical 

significance. Accordingly, we display 90% false coverage rate (FCR)-adjusted confidence 

intervals(45) to accompany these analyses. All statistical analyses were performed using R 

v.3.5.1.

Results

Demographics and clinical characteristics.

Three hundred eighty-one participants were included; 39 were H+O+, 143 were H+O-, 64 

were H-O+, and 135 were H-O-. All participants were MSM, their average age was 31, and 

most were Hispanic (49%) or non-Hispanic Black (39%). Among the obese participants, the 

mean BMI was 34.8 and waist circumference was 43.7 inches. Obese participants had less 

frequent RAI, fewer sex partners, and were less likely to test positive for a rectal STI than 
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their non-obese peers. Ninety percent of HIV+ participants reported current ART, their mean 

(log 10) plasma RNA level was 2.0 and CD4 cell count was 626 cells/mm3. As compared to 

HIV- participants, HIV+ men were older, more likely to have hepatitis C infection, and more 

likely to report using methamphetamine and binge drinking in the past 6 months (Tables 1 

and S1).

Effects of HIV and obesity on overall microbial composition.

Figure 1A displays the average microbial composition within each group defined by HIV 

and obesity status after adjustment with IPTW; individual-level compositions are shown in 

Figures S1 and S2. We calculated Bray-Curtis, Jaccard, and Jensen-Shannon dissimilarity 

statistics to quantitatively examine differences in overall composition between the HIV and 

obesity groups. Figure 1B displays ordination of the Bray-Curtis distance by principal 

coordinates analysis, which suggests similarity of H+O+ subjects. PERMANOVA models 

suggest that HIV and obesity combined explain a significant amount of between-subject 

variation in the microbiome, over and above each factor alone (Using Bray-Curtis distance, 

R2 for the marginal contribution of H+/O+ = .008, p = .001; additional results in Table S2 

and Figure S3). In addition, we estimated the effects of obesity stratified by HIV status. The 

effect of obesity on overall microbiome composition was larger in the HIV+ stratum as 

compared to the HIV- stratum [Bray-Curtis R2 for the effect of obesity in HIV+ = .02 (p 
= .001), in HIV- = .01 (p = .01); additional results in Table S2].

We also calculated and compared measures of alpha diversity between groups. Figure 1C 

displays boxplots of Chao1 index values, split by HIV and obesity status. HIV+ individuals 

generally showed higher diversity than HIV-, with little difference by obesity. Results of a 

linear regression analysis provide support for these observations. Mean Chao1 diversity 

among the H+O+ group was higher than the H-O+ group (mean difference = 17.7, p = .036) 

and the H-O- group (mean difference = 15.8, p = .054), while the difference between H+O+ 

and H+O- participants was smaller (mean difference = 7.9, p = .3). In metrics that account 

for evenness (e.g. Shannon index), H+O+ remained significantly different from H-O-, but 

were not statistically distinguishable from H-O+ or H+O-; additional results are presented in 

Table S3 and Figure S4.

Differences in Firmicutes/Bacteroidetes and Prevotella/Bacteroides ratios.

Figure 2A displays boxplots of the (natural log) Firmicutes to Bacteroidetes ratios within 

each HIV and obesity group. No significant differences were seen on a regression analysis 

between the H+O+ group and any other group (Figure 2B; Table S4). Boxplots of Prevotella 
to Bacteroides ratios are shown in Figure 2C, which show H+O+ participants with the 

highest values of this ratio. H-O+ and H+O- groups appear to have similar values, and the 

Prevotella to Bacteroides ratio is lowest among H-O- participants. A regression analysis 

confirms that the Prevotella to Bacteroides ratio was significantly higher among H+O+ 

participants compared to H-O- (mean difference in log ratio = 1.94, p < .001); however, the 

H+O+ group was not different than the H-O+ or H+O- groups (Figure 2D; Table S4).
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Differences in specific genera associated with obesity, stratified by HIV status.

In the absence of HIV, there were few significant differences in relative abundance due to 

obesity (Figure 3). Obese participants showed enrichment in Allisonella and Succinivibrio 
and depletion in Arcanobacterium and Mannheimia relative to non-obese participants (all q 
< .1). However, within the HIV+ stratum, the microbial signature of obese participants was 

more distinct, showing enrichment in Bifidobacterium, Butyricicoccus, and 

Faecalibacterium and depletion in Bacteroides, Escherichia/Shigella and Gardnerella, among 

others, relative to those without obesity (q < .1; Figure 3; Table S5). Analyses were repeated 

using nonparametric tests; generally, this strategy identified additional genera altered by 

obesity in both the HIV+ and HIV- strata (Figure S5; Table S6).

Effects of HIV and obesity together on microbial abundance.

Finally, we compared the abundance of each taxa between the H+O+ group and H+O-, H-O

+, and H-O- groups. We first conducted a joint test of the three comparisons, which 

indicated that there was at least one significant difference (q <.1) between H+O+ and the 

others in 18 genera including Bacteroides, Bifidobacterium, Brachyspira, Escherichia/
Shigella, Faecalibacterium, Porphyromonas, and Prevotella, among others (Table S7). We 

then examined individual comparisons for those genera, and as can be seen in Figure 4, 

different interactions are evident. H+O+ participants had lower levels of Bacteroides and 

Veillonella and higher levels of Bifidobacterium than all other groups, suggesting a 

synergistic effect of HIV and obesity on these genera. Dietzia was reduced and 

Faecalibacterium was enriched in H+O+ compared to H+O- and H-O+, but not compared to 

H-O- controls. This suggests that HIV and obesity may have antagonistic effects on these 

genera, e.g., perhaps both conditions alter the relative abundance of other taxa enough to 

“normalize” levels of Dietzia and Faecalibacterium. Finally, Barnesiella, was altered by 

obesity only in the HIV+ stratum, Porphyromonas was altered by HIV only in the obese 

stratum, and Prevotella was only enriched in H+O+ compared to H-O- participants. 

Analyses were repeated using nonparametric tests, which identified many of the same 

alterations when comparing H+O+ to H+O- and H-O-, but no differences between H+O+ 

and H-O+ (Figure S5; Table S8)

Discussion

In this study, we explored the combined effects of HIV and obesity on the gastrointestinal 

microbiome of young, mostly racial/ethnic minority MSM. Analyses of overall microbial 

composition revealed significant differences between H+O+ participants and those without 

HIV and/or obesity. Findings were supported by PERMANOVA models showing significant 

variability in microbial composition explained by the combination of HIV and obesity, over 

and above the contribution of each condition alone. The effect size we observed (R2 = .008) 

is small on an absolute scale, likely because of the huge between-person variability in gut 

microbiome composition, but larger than or comparable to previously published estimates of 

the effects of BMI(46), diet(47), and HIV itself(25, 34). HIV and obesity did not jointly alter 

the Firmicutes/Bacteroidetes ratio, but H+O+ subjects did have the highest Prevotella/
Bacteroides ratios. We found that obesity was associated with altered abundance of several 

genera only in the presence of HIV (i.e., only in the HIV+ stratum). Finally, we also noted 
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that HIV and obesity were associated with synergistically decreased levels of Bacteroides 
and Veillonella and increased levels of Bifidobacterium. In general, these findings support 

the hypothesis that microbial composition may be synergistically altered by HIV and 

obesity.

Contrary to our hypothesis, neither HIV nor obesity was associated with reduced alpha 

diversity; in fact, PLWH appeared to have greater diversity than HIV-uninfected individuals. 

Although many studies have previously reported a decrease in richness and diversity due to 

HIV(48), others have shown that ART may normalize this difference(49, 50) and 90% of 

PLWH in our study were taking ART and had high CD4 counts. Generally, a healthy rectal 

microbiome should be highly diverse(51), and our findings may reflect a return to health 

following successful treatment. In addition, although a recent meta-analysis found reduced 

diversity in PLWH overall, the difference was no longer evident when the analysis was 

restricted to MSM(48). With regards to obesity, our results are consistent with most of the 

studies included in a pooled analysis by Sze and Schloss(16). Although a significant 

difference in diversity was noted in only two of ten individual studies, Sze and Schloss 

showed that obesity did in fact reduce richness and evenness when pooling data from 

multiple cohorts. They concluded that obesity likely has a significant, but small effect size 

that is unlikely to be detected in moderately-sized studies.

We also hypothesized that HIV and obesity together may be associated with an increased 

ratio of Firmicutes to Bacteroidetes, which was not supported by our data. As previously 

discussed, several re-analyses and meta-analyses have found that this ratio is not elevated by 

obesity(16, 21, 22), and our findings suggest that the addition of HIV does not change these 

results. Furthermore, we were able to control for a number of clinical and behavioral 

confounders such as sexual behavior, which may have exaggerated or spuriously generated 

previously described differences. On the other hand, we found a significantly higher 

Prevotella to Bacteroides ratio among H+O+ individuals compared to H-O- controls. 

Bacteroides species have immune-regulatory properties(52) and, in the context of MSM and 

HIV, Prevotella are considered pro-inflammatory(24). Therefore, this finding is consistent 

with the theory that HIV and obesity may act synergistically to increase inflammation. 

Dominance of either Prevotella or Bacteroides constitutes a microbial enterotype that may 

be useful in predicting susceptibility to HIV infection(53) as well as response to diabetes 

medications(54) and weight-loss diets(55), making this ratio highly important to individuals 

living with HIV and obesity. Although some studies have linked Prevotella dominance to 

sexual behavior(24, 25), all participants in our study were MSM and we controlled for 

multiple measures of sexual behavior, making it unlikely to explain the increases in 

Prevotella we observed in the H+O+ group. Although our data are observational and it is not 

possible to rule out residual confounding, our study provides substantial evidence for 

alterations to the Prevotella/Bacteroides ratio by HIV and obesity independent of sexual 

behavior.

We found that Bifidobacterium was increased in H+O+ individuals relative to all other 

groups, a surprising finding, as Bifidobacterium is thought to be protective against obesity 

based on observed associations with weight loss, better glycemic control, reduced adiposity 

and ability to counteract leptin resistance(56). Interestingly, there may be some interaction 
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between the shift from Bacteroides to Prevotella associated with HIV and obesity and the 

protective effects of Bifidobacterium: One study showed that increasing Bifidobacterium 
resulted in improved metabolic parameters in Bacteroides but not Prevotella-rich 

subjects(54) and another found a negative association between obesity and Bifidobacterium, 
but only among study subjects of the Bacteroides-dominant microbial enterotype(57). 

Therefore, it is possible that the joint effects of HIV and obesity on the Prevotella/

Bacteroides ratio inhibit the potential metabolic benefits of increased Bifidobacterium. We 

also found that Faecalibacterium was increased in H+O+ relative to H+O- and H-O+, but 

unchanged relative to H-O- controls, a pattern suggesting antagonism between HIV and 

obesity on the relative abundance of Faecalibacterium. A randomized study of 6 weeks of 

prebiotic therapy among PLWH found a compositional shift in favor of Faecalibacterium, 
which correlated strongly with butyrate production and reduction in inflammatory 

biomarkers(58). However, if HIV and obesity are truly antagonistic with respect to 

increasing Faecalibacterium, PLWH who are also obese may fail to benefit from such 

therapy. Validating these suppositions would require an experimental study, but these 

interactions are examples of insights that may be gained by studying the simultaneous 

effects of multiple diseases on the microbiome.

Our study is subject to a number of limitations. Primarily, diet information was not available 

for this cohort. Diet has been shown to have little impact on the microbiome relative to HIV 

and other confounding factors (e.g. sexual behavior)(25); however, diet is undoubtedly a 

major determinant of obesity status. We adjusted our analyses for race/ethnicity, country of 

origin, and homelessness in order to mitigate this limitation; however, diet remains an 

important omitted confounder. Although most of our behavioral data were self-reports of 

sensitive topics (e.g. substance use, sexual behavior), we utilized a computer-aided self-

interview to reduce social desirability bias. Additionally, IPTW adjustment does not achieve 

perfect covariate balance between exposure groups in most real-world research applications, 

and residual confounding is possible. However, our IPTW achieved excellent balance on 

many of the most important covariates (e.g. antibiotic use, alcohol drinking, sexual 

behavior), increasing the likelihood that our findings are truly attributable to HIV and 

obesity. The ability to integrate a large amount of clinical and behavioral data into our 

analyses using IPTW is a significant strength of this study. Because they rely on 

assumptions that generally fit microbiome data(59), we used ZINB models to carry out our 

primary differential abundance analyses. However, because these models have been shown 

to be sensitive to outliers(60), we repeated our analyses with nonparametric statistics. As 

expected, results were not fully consistent between strategies. In addition to reducing the 

influence of unusual observations, a likely reason for the disagreement is that standard 

nonparametric analyses are not able to adjust for covariates and may be confounded by the 

variables that we were able to include in our ZINB models. Finally, our study was conducted 

exclusively in young MSM. Restricting to this group increases internal validity by 

preventing the influence of some confounders (e.g. gender differences, sexual preferences) 

but may limit the generalizability of our findings to women or other HIV risk groups. 

Despite this, our large cohort included adequate numbers of PLWH and obese participants to 

examine the joint effects of both exposures. Although it is widely accepted that many factors 

simultaneously impact microbial composition, there have been few studies examining the 
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combined effects of multiple exposures or behaviors on the microbiome. Finally, our 

sampling strategy (rectal swabs) likely resulted in stochastic sampling of skin 

communities(39). Although we removed these bacteria to the best of our ability, we cannot 

fully rule out the inclusion of skin containments in our samples.

In conclusion, this study of a diverse group of young MSM identified numerous alterations 

to the gastrointestinal microbiome among H+O+ individuals relative to those with only one 

or neither conditions. Although this study was observational, research linking dysbiosis with 

coronary heart disease in obese individuals(61) and PLWH(62) provides an example of the 

potential clinical implications of dysbosis in this population. We found that the alterations 

could be synergistic, antagonistic or have no effect, demonstrating the importance of taking 

bacteria-specific interactions into account when evaluating interventions to address dysbiosis 

and ameliorate its inflammatory consequences. Finally, HIV and obesity disproportionally 

affect racial and ethnic minorities(1, 6, 63) and their joint inflammatory effects may partially 

explain why minorities who are living with HIV experience higher rates of non-AIDS 

related chronic diseases than Whites(64). Therefore, interventions to reduce microbial 

dysbiosis in this vulnerable population could have added benefit.
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Figure 1. Rectal microbial composition, ordination of Bray-Curtis distances, and Chao1 diversity 
of study participants, N = 381.
A) Average microbial composition within each HIV and obesity category, adjusted for 

behavioral and clinical confounders using inverse probability of treatment weighting. 

Groups are HIV-/Non-obese (H-O-), HIV-/Obese (H-O+), HIV+/Non-obese (H+O-), and 

HIV+/Obese (H+O+). Bacterial genera representing less than 1% of the overall relative 

composition or present in less than 20% of the samples were grouped into “Other.” (B) 

Ordination of Bray-Curtis distances between samples using principal coordinates analysis. 

PCoA = Principal coordinate axis. Ellipses are 95% confidence regions for each group 

assuming points follow a multivariate t distribution. (C) Boxplots of Chao1 index vales. 

Boxes represent the lower, median, and upper quartile of the data and whiskers are 

1.5*interquartile range.
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Figure 2. Ratios of Firmicutes to Bacteroidetes and Prevotella to Bacteroides.
(A) Boxplots of log Firmicutes to Bacteroidetes ratios. Boxes represent the lower, median, 

and upper quartile of the data and whiskers are 1.5*interquartile range. (B) Mean differences 

in ratios and Wald 95% confidence intervals, adjusted for behavioral and clinical 

confounders using inverse probability of treatment weighting (IPTW). The HIV+/Obese (H

+O+) group is compared to the HIV-/Non-obese (H-O-), HIV-/Obese (H-O+), and HIV+/

Non-obese groups (H+O-). (C) Boxplots of log Prevotella to Bacteroides ratios. (D) IPTW-

adjusted mean differences in ratios and 95% confidence intervals. p values for comparisons 

are presented in table S4.
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Figure 3. Effects of obesity on individual bacterial genera, stratified by HIV status.
Forest plots of results of zero-inflated negative binomial models comparing genus-level 

bacterial counts between obese and non-obese participants, stratified by HIV status. Inverse 

probability of treatment-weighted effect sizes and false coverage rate (FCR)-adjusted 90% 

confidence intervals (truncated at −6, 6) are plotted, with statistical significance (q < 0.1) 

indicated in red. Effect sizes are log ratios of normalized genera counts. Genera without 

significant differences in either strata are not shown; p and q values for all genera are 

presented in table S5.
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Figure 4. Combined effects of HIV and obesity on individual bacterial genera.
Heatmap of results of zero-inflated negative binomial models comparing genus-level 

bacterial counts between HIV+/Obese (H+O+) and HIV-/Non-obese (H-O-), HIV-/Obese 

(H-O+), and HIV+/Non-obese (H+O-) participants. Statistically significant results (q < .1) 

are colored with intensity proportional to effect size; “no effect” indicates q > .1. Genera 

with joint test q > .1 are not shown; p and q values for all comparisons are presented in table 

S7.
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Table 1.

Participant characteristics, N = 381 men who have sex with men in Los Angeles, CA

HIV-/ Non-obese 
mean (sd)/ n (%)

HIV-/Obese HIV+/ Non-obese HIV+/ Obese
p
¶

n 135 64 143 39

Age 28.1 (6.3) 30.5 (6.6) 33.1 (6.7) 35.6 (5.4) <.001

Race/Ethnicity .263

 Black Non- Hispanic 53 (39.3) 29 (45.3) 54 (37.8) 14 (35.9)

 Hispanic 63 (46.7) 33 (51.6) 70 (49.0) 20 (51.3)

 Other Non- Hispanic 19 (14.1) 2 (3.1) 19 (13.3) 5 (12.8)

Country of origin .150

 United States 113 (83.7) 58 (90.6) 115 (80.4) 29 (74.4)

 Other 22 (16.3) 6 (9.4) 28 (19.6) 10 (25.6)

Homeless in past 6 months 50 (37.0) 16 (25.0) 52 (36.4) 11 (28.2)

Number of RAI acts in past month 2.3 (4.7) 1.3 (2.6) 3.2 (6.5) 2.0 (3.1) .175

Number of anal sex partners in past 6 months 7.3 (8.1) 6.2 (7.2) 8.0 (9.2) 5.9 (8.2) .182

Positive for STI by PCR test 
† 18 (13.3) 3 (4.7) 23 (16.1) 3 (7.7) .101

Positive for HCV 3 (2.2) 0 10 (7.0) 4 (10.3) .02

Methamphetamine use in past 6 months <.001

 Daily/Weekly 16 (11.9) 6 (9.4) 46 (32.2) 7 (17.9)

 Monthly/less 35 (11.1) 17 (26.6) 40 (28.0) 9 (23.1)

 Never 104 (77.0) 41 (64.1) 57 (39.9) 23 (59.0)

Marijuana use .289

 Daily/Weekly 49 (36.3) 21 (32.8) 48 (33.6) 11 (28.2)

 Monthly/less 38 (28.1) 19 (29.7) 29 (20.3) 7 (17.9)

 Never 48 (35.6) 24 (37.5) 66 (46.2) 21 (53.8)

Tobacco smoker 53 (39.3) 25 (39.1) 74 (51.7) 16 (41.0) .140

Binge drinking in past 6 months 
‡ .002

 Weekly 18 (13.3) 6 (9.4) 26 (18.2) 5 (12.8)

 Monthly/less 70 (51.9) 41 (64.1) 50 (35.0) 13 (33.3)

 Never 48 (34.8) 17 (26.6) 67 (46.9) 21 (53.8)

Antibiotic use 9 (6.7) 2 (3.1) 15 (10.5) 5 (12.8) .191

Sample collection strategy .463

 Anoscopy 107 (79.3) 46 (71.9) 111 (77.6) 27 (69.2)

 Self-collected 28 (20.7) 18 (28.1) 32 (22.4) 12 (30.8)

HIV RNA log10 copies/mL (median, IQR) 
§ 1.6 (1.9) 1.5 (1.5) N/A

CD4 cells/mm3 (median, IQR) 
§ 603 (341) 632 (419) N/A

CD4 cells/mm3 < 200 11 (0.08) 3 (0.08) N/A

ART regimen N/A
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HIV-/ Non-obese 
mean (sd)/ n (%)

HIV-/Obese HIV+/ Non-obese HIV+/ Obese
p
¶

 NRTI + INSTI 51 (35.7) 17 (43.6)

 NRTI + NNRTI 43 (30.1) 5 (12.8)

 NRTI + PI 22 (15.4) 8 (20.5)

 Other 11 (7.7) 5 (12.8)

 Missing/Not reported/NA 16 (11.2) 4 (10.3)

Tenofovir disoproxil fumarate/emtricitabine for pre-
exposure prophylaxis (PrEP)

24 (17.8) 12 (18.8) N/A

BMI 
§ 24.3 (2.9) 34.8 (5.7) 24.4 (3.0) 35.0 (7.3) N/A

Waist circumference (inches) 
§ 33.2 (3.1) 43.6 (6.0) 34.5 (3.1) 43.8 (5.9) N/A

RAI = Receptive anal intercourse; STI = Sexually transmitted infection; HCV = hepatitis C virus; ART = Antiretroviral therapy; INSTI = Integrase 
strand transfer inhibitor; NRTI = Nucleoside reverse transcriptase inhibitor; NNRTI = Non-nucleoside reverse transcriptase inhibitor; PI = Protease 
inhibitor

†
Sexually transmitted infections include rectal gonorrhea and chlamydia as well as syphilis.

‡
Binge drinking defined as 6 or more drinks on one occasion.

§
HIV RNA, CD4 cell count, waist circumference, and BMI were not included in the inverse probability of treatment weight model, all other 

variables in the table were included.

¶
p values are from Kruskal-Wallis tests, Chi-square tests, or multinomial logistic regression models depending on variable distributions. If the 

latter, the p value represents a likelihood ratio test of all model coefficients vs. an intercepts-only model.
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