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Abstract

OBJECTIVE—Gut microbial translocation (MT) is a major driving force behind chronic immune 

activation during HIV-1 infection. HIV-1-related intestinal dysbiosis, including increases in 

mucosa-associated pathobionts, may influence MT and contribute to mucosal and systemic 

inflammation. Thus, it is critical to understand the mechanisms by which gut microbes and their 

metabolic products, such as butyrate, influence immune cell function during HIV-1 infection.

DESIGN—A cross-sectional study was performed to compare the relative abundance of butyrate-

producing bacterial species (BPB) in colonic biopsies and stool of untreated, chronic HIV-1 

infected (n=18) and uninfected (n=14) study participants. The effect of exogenously added 
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butyrate on gut T cell activation and HIV-1 infection was evaluated using an ex vivo human 

intestinal cell culture model.

METHODS—Species were identified in 16S ribosomal RNA sequence datasets. Ex vivo isolated 

lamina propria (LP) mononuclear cells were infected with CCR5-tropic HIV-1Bal, cultured with 

enteric Gram-negative bacteria and a range of butyrate doses, and LP T cell activation and HIV-1 

infection levels measured.

RESULTS—Relative abundance (RA) of total BPB and specifically of Roseburia intestinalis, 

were lower in colonic mucosa of HIV-1 infected versus uninfected subjects. In HIV-1 infected 

study participants, R. intestinalis RA inversely correlated with systemic indicators of MT, immune 

activation and vascular inflammation. Exogenous butyrate suppressed enteric Gram-negative 

bacteria-driven LP T cell activation and HIV-1 infection levels in vitro.

CONCLUSIONS—Reductions in mucosal butyrate from diminished colonic BPB may 

exacerbate pathobiont driven gut T cell activation and HIV replication, thereby contributing to 

HIV-associated mucosal pathogenesis.

Keywords

HIV-1 infection; microbiome; mucosal immunology; butyrate; T cells

INTRODUCTION

Human immunodeficiency virus (HIV)-1 disease is associated with dramatic alterations in 

the gut-associated lymphoid tissue (GALT) which occur early in the course of infection and 

contribute to HIV-associated chronic immune activation and disease progression[1]. HIV-

associated GI tract pathology is characterized by early and high level HIV-1 replication and 

a dramatic depletion of mucosal effector CD4 T cells [2-4] especially T helper (Th) 17 and 

Th22 cells [5-11] in GALT and with generalized gut inflammation [12, 13] and significant 

epithelial barrier damage [14-18]. The cumulative impact of these structural and 

immunological changes is an increase in translocation of commensal bacterial products, and 

perhaps bacteria themselves, from the gut lumen into the lamina propria (LP) and ultimately 

into the systemic circulation. Microbial translocation (MT) has been associated with 

systemic immune activation [19] and predicts disease progression in untreated HIV-1 

infected individuals [20]. Its persistence during effective anti-retroviral therapy (ART) 

predicts mortality and is associated with a number of comorbidities secondary to immune 

activation and inflammation [21, 22].

Intestinal bacterial communities (microbiome) and their metabolites are important in 

shaping and maintaining gut immunity [23-27]. Recent studies by our group and others 

demonstrated dysbiotic fecal and/or intestinal mucosal microbiomes during both untreated 

and ART-treated HIV-1 infection [28-41]. We demonstrated that the relative abundance (RA) 

of gram negative Proteobacteria and Prevotella spp. were increased whereas Firmicutes and 

Bacteroides spp. were reduced in the colonic mucosa of individuals with untreated HIV 

infection[28]. This dysbiotic profile was associated with increased markers of MT, as well as 

with levels of mucosal and systemic immune activation. Recent work exploring the impact 

of sexual preference on HIV-1 associated intestinal dysbiosis suggested that Prevotella rich 
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microbiota were associated with sexual preference, specifically men who have sex with men 

(MSM), rather than with HIV-1 infection status per se [42]. Although the increase in RA of 

Prevotella in our study could have been due in part to sexual preference, our finding that 

mucosal Prevotella spp. RA correlated with colonic myeloid dendritic cell (mDC) and T cell 

activation [28, 29] provides a link between dominant mucosa-associated microbes and 

inflammation in the setting of MT. Moreover, we demonstrated that commensal bacteria of 

the Prevotella genus have direct pro-inflammatory potential by activating gut mDC and 

increasing HIV-1 replication and CD4 T cell death in an in vitro human intestinal cell model 

[29, 43]. Therefore, although the increase in Prevotella observed in our study [28, 29], as 

well as in others [33, 36, 39], may not be entirely due to HIV-1 infection, their increased 

abundance in the colonic mucosa of MSM could potentially still contribute to HIV-1-

associated gut pathology.

Microbial metabolites, byproducts produced by intestinal bacteria, are also important in 

influencing immune responses [26, 44]. Recent studies have highlighted changes in the 

functional activity of the microbiota during HIV-1 infection and alterations in a number of 

metabolic pathways identified using metagenomics approaches [35, 39, 40]. In our study 

using 16S rRNA sequencing[28], we observed that colonic biopsies from HIV-1 infected 

study participants had significantly lower RA of bacterial families (Lachnospiraceae, 

Ruminococcaceae) and genera (Coprococcus) within the Firmicutes phylum that are known 

to contain species that produce the short chain fatty acid (SCFA) butyrate[45], compared to 

uninfected participants. Butyrate, a fermentation product of insoluble dietary fiber, is one of 

three primary SCFAs produced in the colon [46], and decreases in abundances of butyrate 

producing bacteria (BPB) occur in several inflammatory diseases of the GI tract, including 

Crohn's disease, ulcerative colitis and colon cancer[47-51]. Butyrate has been reported to 

play important roles in colonic T regulatory cell differentiation [52-54] and in modulating 

both gut and blood antigen presenting cell (APC) and T cell activation [55-57]. In addition, 

butyrate is an important energy source for colonic epithelial cells and promotes epithelial 

barrier integrity [58-61]. However, despite the known immunoregulatory role of butyrate, 

little is known about its role in regulating mucosal inflammation in the setting of HIV-1 

infection.

In this work, we compared the RA of BPB species in the colonic mucosa and stool 

microbiomes of untreated persons with chronic HIV-1 infection versus uninfected persons. 

We evaluated associations between BPB RA and indicators of mucosal and systemic 

immune activation and inflammation during HIV-1 infection. Finally, to address potential 

mechanisms, we directly investigated the impact of exogenous butyrate on pathobiont-driven 

T cell activation and HIV-1 infection using an in vitro lamina propria mononuclear cell 

(LPMC) model.

METHODS

Clinical study participants and study design

Eighteen HIV-1 infected adult participants who were ART-naïve or had not been on 

treatment for more than 7 days prior to the study and 14 HIV-1 uninfected adult control 

participants were enrolled into this cross-sectional study at the University of Colorado 

DILLON et al. Page 3

AIDS. Author manuscript; available in PMC 2018 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Anschutz Medical Campus. Clinical characteristics of study participants are detailed in 

Supplementary Table 1. Exclusion criteria for this study are extensively detailed elsewhere 

[28, 29] and listed in supplementary data. This study was approved by the Colorado Multiple 

Institutional Review Board (COMIRB) at the University of Colorado Anschutz Medical 

Campus.

Clinical study sample processing and analysis

The collection, storage and processing of rectal swabs, colon biopsies, plasma and peripheral 

blood mononuclear cells (PBMC) from these study participants is extensively detailed 

elsewhere [28, 29]. Indicators of systemic inflammation (IL-6, high sensitivity C-reactive 

Protein (hsCRP), intestinal fatty acid binding protein (iFABP), LP-PLA2, IFNγ, TNFα and 

IL-10), peripheral blood and colonic CD4 and CD8 T cell activation (CD38+HLA-DR+) and 

levels of colonic mDC activation (CD40 expression) were previously evaluated in these 

study subjects and the methods detailed elsewhere [28, 29]

Bacterial 16S ribosomal RNA (rRNA) gene sequencing and identification of BPB species

Laboratory and analytic methods used to determine species level taxonomic classification of 

16S rRNA sequence datasets generated from these study participants are detailed extensively 

elsewhere [28, 29, 43]. A species was identified when a sequence overlapped a Silva[62] 

database sequence by at least 95% sequence length with at least 99% sequence identity and 

the taxonomy of the database hit matched the taxonomy returned by SINA[63].

SYBR-Green quantitative PCR for Butyryl-CoA-CoA transferase transcripts

Butyryl-CoA-CoA transferase transcripts were quantified by qPCR using SYBR green PCR 

reagent (Supplementary Methods).

Virus and bacteria stock preparation

HIV-1Bal (AIDS Research and Reference Program #510) and mock-infected supernatant 

stocks were generated and frozen in single use aliquots at −80°C as previously described[43, 

64]. Prevotella stercorea (DSM#18206, DSMZ, Braunschweig, Germany) was grown under 

anaerobic conditions, enumerated and stored in single use aliquots at −80°C as previously 

detailed[29, 43].

HIV-1 infection of LPMCs

LPMCs were isolated from macroscopically normal human jejunum tissue (n=9) and 

cultured in vitro as detailed previously [43, 64-67] and in Supplementary Methods. HIV-1Bal 

(80ng p24/1 × 106 LPMCs) was used to infect primary LPMCs by spinoculation [64]. 

LPMCs were mock infected in parallel. HIV-1Bal and mock infected LPMC were cultured 

with increasing concentrations (0mM, 0.2mM and 2mM) of butyric acid (Sigma-Aldrich, St 

Louis, MO). Live P. stercorea were added to appropriate wells of antibiotic-containing 

media at 2.5 bacteria to 1 LPMC and harvested at 4 days post infection.
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Measurement of T cell activation and infection levels in the in vitro LPMC model

Measurements of CD4 and CD8 T cell activation and productive HIV-1 infection of CD4 T 

cells were carried out using multi-color flow cytometry as previously described [43, 64, 65]. 

Specific clones and fluorophores are detailed in Supplementary Table 2. All flow cytometry 

acquisition was performed on an LSRII Flow Cytometer (BD Biosciences, San Jose, CA). 

Routine quality control using the Cytometer Setup and Tracking feature with BD 

FACSDIVA software (V6.1) was performed daily as previously described[65]. Analysis was 

performed using BD FACSDIVA software. The flow gating scheme is illustrated in 

Supplementary Figure 1.

T cell cytokine production quantification

IL-17A and IFNγ levels were quantified in culture supernatant by ELISA according to 

manufacturer's recommendations (eBiosciences, San Diego, CA).

Statistical analysis

Statistical analysis and graphing was performed using GraphPad Prism Version 6 for 

Windows (Graphpad Software, San Diego, CA). Non-parametric tests were performed. 

Mann-Whitney tests were used to compare unmatched groups and correlations analyzed 

using Spearman's test. Differences between groups of matched paired data were performed 

using the Wilcoxon's matched-pairs signed-rank test and multiple groups of matched paired 

comparisons were performed using the Friedman test with multiple Dunn comparisons. 

Significance was determined at P< 0.05.

RESULTS

Butyrate-producing bacteria (BPB) are less abundant in colonic mucosa in untreated, 
HIV-1 infected individuals

The major colonic BPB species were identified based on previously published reports, in 

which BPB were classified by butyrate production in bacterial culture studies and DNA 

sequence analysis for enzymes required for butyrate synthesis [45]. In both study groups, 15 

of the 18 reported colonic BPB species were detected in at least one subject in both stool 

(data not shown) and colonic biopsies (Table 1). For each study participant, the RA of each 

of the 15 BPB species from each sample type was summed to give a total BPB RA. In 

uninfected study participants the median total BPB RA in the colonic mucosa was 

significantly higher than that in the stool (Fig. 1A; p<0.05). The median total RA of BPB 

species was also higher in the colonic mucosa compared to stool of HIV-1 infected study 

participants, although this difference did not reach statistical significance (Fig. 1A). When 

comparisons were made between uninfected and HIV-1 infected study participants, the 

summed RA of BPB species was significantly lower in the colonic mucosa of HIV-1 

infected subjects relative to controls (p=0.009), whereas summed RA of BPB species in the 

stool were similar (Fig. 1A).

The majority of human colonic BPB use Butyryl-coenzyme A (CoA) CoA transferase for 

the last step of butyrate formation [68]. In stool samples of uninfected study participants 

(n=13), copies of the Butyryl-CoA CoA transferase gene (normalized to total 16S bacterial 
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DNA) strongly correlated (r=0.90, p<0.0001) with summed RA of the major BPB in 

matched stool samples (Supplementary Figure 2). This confirmed the accuracy of 

identifying the predominant BPB species in our sample set based on 16S rRNA sequencing.

SCFAs are generated by commensal BPB from dietary fiber; therefore, we assessed 

associations between BPB abundance in colonic mucosa and the results of a dietary 

questionnaire completed by study participants [28]. As previously reported, although no 

significant differences were observed in the reported servings of fruit/vegetables consumed 

per week between uninfected controls and HIV-infected study participants, the median 

number of servings was lower in the HIV-infected cohort [28]. A trend towards a positive 

correlation was found between servings of fruit/vegetables and total colonic BPB RA among 

uninfected subjects (r=0.47, p=0.09; n=14). Conversely, among the HIV-1 infected group, no 

clear trend was observed in the association between servings of fruit/vegetables and total 

colonic BPB RA (r=0.08, p=0.76, n=17).

Roseburia intestinalis abundance is inversely associated with indicators of systemic 
inflammation in HIV-infected individuals

Among individual BPB species, the relative decrease in RA of Roseburia intestinalis neared 

statistical significance in the colonic mucosa of HIV-1 infected study participants (Fig. 1B; 

Table 1). R. intestinalis RA correlated inversely with plasma HIV-1 viral load and blood 

CD4 T cell activation levels (Table 2). Further, R. intestinalis RA inversely correlated with 

levels of plasma LPS and sCD14, indicators of MT and monocyte activation, as well as with 

plasma TNFα and IL-10 levels (Table 2). Finally, inverse correlations were noted between 

R. intestinalis and LP-PLA2, an indicator of vascular inflammation (Table 2). Significant 

correlations between other high abundance BPB (e.g. Faecalibacterium prausnitzii, 
Eubacterium rectale) and inflammatory biomarkers were not observed (data not shown).

Ratio of P. stercorea to R. intestinalis positively correlates with colonic immune activation 
in HIV-infected individuals

We previously reported higher RA of Prevotella species (i.e., P. stercorea and P. copri), with 

described pro-inflammatory potential, in the colonic mucosa of this same cohort of HIV-1 

infected study participants [29]. Therefore, we next investigated a possible relationship 

between RA of Prevotella species and immune-modulatory BPB by calculating the ratio of 

P. stercorea to R. intestinalis (Ps:Ri) RA for each study participant. As expected, Ps:Ri was 

significantly higher in HIV-1 infected individuals compared to uninfected control subjects 

(Fig. 1C). Among the HIV-1 infected persons, Ps:Ri positively correlated with the percent of 

activated blood CD4 T cells (based on CD38+HLA-DR+ expression) and with plasma levels 

of sCD14 (Table 3). Moreover, Ps:Ri positively correlated with numbers of activated colonic 

mucosa CD4 and CD8 T cells and with levels of CD1c+ mDC activation (Fig. 1D) (Table 3).

Butyrate reduces P. stercorea-driven activation of HIV-1 infected LP T cells and pro-
inflammatory cytokine production in vitro

Findings from our clinical study led to the hypothesis that a loss of butyrate might 

exacerbate P. stercorea-driven intestinal T cell activation. Accordingly, we used an ex vivo 
human LPMC model that mimics the effects of translocating bacteria (i.e. MT) on LP T cell 

DILLON et al. Page 6

AIDS. Author manuscript; available in PMC 2018 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



function [43, 64, 65] to examine whether exogenous butyrate modulates immune cell 

function. Butyrate was assessed at high (2mM) and low (0.2mM) concentrations, similar to 

concentrations used in other published studies [56, 69, 70]. Butyrate at these concentrations 

did not significantly (p= 0.154) reduce the number of CD4 T cells in unstimulated mock-

infected cultures indicating a lack of general cellular toxicity.

In the absence of butyrate, the addition of P. stercorea to HIV-infected LPMC cultures 

significantly increased LP CD4 T cell activation levels above those induced with infection 

alone (Fig. 2A). The addition of 2mM butyrate significantly decreased P. stercorea-driven 

LP CD4 T cell activation (Fig. 2A) compared to levels observed in the absence of butyrate 

(0mM). Low dose butyrate (0.2mM) had minimal impact of P. stercorea-associated T cell 

activation levels. Similar suppressive effects of higher doses of butyrate were observed on 

LP CD8 T cell activation, which was also increased in the presence of P. stercorea (Fig. 2B). 

Furthermore, the addition of P. stercorea to HIV-infected LPMC cultures led to greater 

production of IFNγ and IL-17A (Fig. 2C and D) compared to HIV-infected cultures alone. 

Butyrate inhibited both IFNγ (Fig. 2C) and IL-17A (Fig. 2D) production in a dose 

dependent manner, with complete suppression observed at 2mM. Butyrate, at 2mM, was 

similarly able to decrease P. stercorea driven LP CD4 and CD8 T cell activation as well as 

cytokine production in the absence of HIV-1 infection (Supplementary Figure 3)

Butyrate inhibits P. stercorea-driven HIV-1 infection in LP CD4 T cells

We next investigated butyrate's effects on P. stercorea-driven LP T cell infection. In 

agreement with our previous study [43], exposure of HIV-1Bal-infected LPMC to P. stercorea 
in the absence of butyrate significantly increased the percentage of productively infected 

(HIV-1 p24+) LP CD4 T cells compared to HIV-1Bal infection alone (Fig. 2E). Addition of 

2mM butyrate suppressed P. stercorea-driven T cell infection to levels observed with virus 

infection alone, whereas 0.2mM butyrate had minimal effect (Fig. 2F). Butyrate had no 

observable impact on HIV-1Bal infection levels detected in the absence of P. stercorea (Fig. 

2G), suggesting that butyrate does not impact baseline HIV-1 infection.

DISCUSSION

Microbial translocation has been linked to mucosal and systemic inflammation and is 

predictive of disease progression and mortality in HIV-1 infected individuals [21, 22]. It is 

therefore critically important to understand the mechanisms by which gut microbes 

influence immune function during HIV-1 infection. In this study, colonic mucosa BPB 

species were lower in abundance in untreated HIV-1 infected individuals relative to 

uninfected study participants. Abundance of R. intestinalis, a dominant BPB which was 

decreased to the greatest degree in untreated HIV-1 infected study participants, was inversely 

associated with indicators of systemic MT, immune activation and vascular inflammation. 

Moreover, in vitro studies demonstrated that higher levels (2mM) of butyrate inhibited 

pathobiont-driven LP T cell activation, cytokine production (IL-17A and IFNγ) and HIV-1 

infection of CD4 T cells, whereas lower butyrate levels lacked this strong 

immunomodulatory effect. If extrapolated to the clinical HIV infection setting, the butyrate-

driven decrease in IL-17 production might be considered counter-productive in the face of 
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Th17 cell depletion. Yet, it is important to emphasize that our in vitro LPMC model mimics 

acute HIV infection, in which the activation of Th17 cells in response to enteric bacteria 

occurs in association with their increased productive infection and depletion. We postulate 

that in vivo, butyrate would mitigate the loss of LP Th17 cells by inhibiting this pathobiont-

driven activation in response to MT. Taken together, our observations suggest that a loss of 

colonic mucosal BPB, with a presumptive decrease in mucosal butyrate levels, in 

conjunction with increased abundance of pro-inflammatory, pathobiont commensal bacteria 

could promote unregulated inflammatory responses and mucosal HIV-1 replication. This 

would then further drive epithelial barrier damage and MT.

In our study, total BPB were observed at higher RA in the mucosa than in the stool. 

Although our study did not measure butyrate levels directly, the specific reduction in BPB 

only in the colonic mucosa of HIV-1 infected individuals would likely indicate a decrease in 

butyrate at the mucosal surface and therefore reduced availability of this SCFA to colonic 

epithelial cells (colonocytes) and mucosal immune cells. While the RA and location of BPB 

species likely has an important impact on the amount of butyrate produced in the colon, 

other factors such as diet can play a large role. For instance, soluble fibers with high degrees 

of polymerization, such as inulin, are fermented in the gut which results in SCFA production 

[71-73]. Using a limited dietary questionnaire, our study observations suggest that HIV-1 

infection may disrupt the normal association between diet and RA of BPB species, thereby 

potentially contributing to the dysbiosis of the intestinal microbiome seen during HIV-1 

infection.

Butyrate plays several important roles in colonocyte function including acting as a metabolic 

energy source for colonocytes[58-60], increasing tight junction-mediated barrier integrity 

[74] and protecting colonocytes from cellular damage and stress [61, 75]. Further, by 

decreasing NFκB activation in metabolically stressed colonic epithelial cell lines, butyrate 

subsequently prevented transcytosis of E. coli in an in vitro epithelial cell/bacteria co-culture 

model [59]. Although we cannot infer causality, our observations that the abundance of R. 
intestinalis inversely associated with indicators of MT in HIV-1 infected persons suggest that 

reduced levels of butyrate may be a contributing factor to HIV-1-associated epithelial barrier 

breakdown that leads to MT.

Butyrate impacts cellular responses via G-coupled Protein Receptor (GPR) signaling 

(GPR41, GPR43 and GPR109a) and/or through inhibition of histone deacetylases (HDAC)

[46, 76]. In our in vitro LPMC model, higher doses of butyrate were associated with the 

greatest inhibition of enteric bacteria-induced T cell activation and cytokine production in 

the presence or absence of HIV-1. Given that activated T cells are preferentially infected by 

HIV-1[77, 78], the decrease in enteric bacteria-driven LP T cell activation likely results in 

the decrease in the percentage of productively infected LP CD4 T cells. Butyrate has been 

shown to inhibit murine splenic T cell proliferation and to increase apoptosis of activated T 

cells via HDAC inhibition (HDACi)[55, 70]. Therefore, we postulate that butyrate dampens 

enteric-bacteria induced LP T cell activation via HDACi resulting in the modification of 

gene transcripts involved in T cell activation, cytokine production and/or cell death. 

Conversely, given the heterogeneous nature of our LPMC cultures, butyrate may also inhibit 

LP T cell activation indirectly through its effects on other cells such as mDCs, which we 
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have shown to be critical in activation of LP T cells in response to enteric bacteria in 
vitro[65, 67]. Studies are now underway to determine if the butyrate-dependent decrease in 

T cell responses following exposure to bacteria are driven by inhibition of T cell activation 

and/or proliferation, increased death of activated T cells or, most likely, a combination of 

these factors and to address the signaling pathways that control these responses. In addition, 

butyrate itself has been shown to induce HIV-1 provirus expression in latently infected 

central memory CD4 T cells through its HDACi activity[79-81]. We did not see an 

observable effect of butyrate on HIV-1 replication in absence of enteric bacteria exposure; 

however, our in vitro LPMC HIV-1 infection model was not designed to reflect latency.

To understand whether viral replication drives reductions in BPB, an important follow up to 

this study would be to determine the effect of ART on abundances of BPB species. Several 

studies have examined the intestinal mucosal microbiomes of HIV-1 infected individuals on 

ART[35, 36] and observed lower RA of mucosa-associated genera that include BPB. 

Specifically, Mutlu et. al. examined the mucosal microbiome at several sites in the 

gastrointestinal tract in a cohort of HIV-1 infected individuals of which 90% were on 

ART[36]. Compared to a cohort of uninfected controls, HIV-1 infected individuals had lower 

RA of Faecalibacterium, Coprococcus and Roseburia genera which are known to contain 

several BPB species. Similarly, microbiome analysis of rectal mucosa secretions by 

McHardy et. al. determined a lower RA of Coprococcus, Eubacterium and Roseburia in 

ART-treated HIV-1 infected individuals compared to healthy controls, although this did not 

reach statistical significance[35]. These data suggest that reduced RA of BPB species may 

persist in some individuals despite ART.

There are several limitations to the current study. The exploratory microbiome analysis was 

not powered to specifically address changes in the RA of BPB species and their relationship 

with the various immunological and virological readouts. Although we applied stringent 

criteria for assigning species (99% sequence identity), we acknowledge that there are some 

limitations in the assignment of species-level taxonomy from short-read sequencing data. 

However, the decreased abundances of BPB species is supported by observations of lower 

RA of families and genera known to contain these species in the same study 

participants[28]. Moreover, due to insufficient quantities of stool from rectal swabs[82], we 

were unable to directly measure fecal butyrate levels in our study. Specific measures of 

dietary fiber intake rather than servings of fruits and vegetables would have helped elucidate 

relationships between dietary fiber, BPB abundance, and inflammation. Lastly, sexual 

preference was not matched between groups. As a result, the observed links between 

decreased mucosal BPB and increased inflammation need to be confirmed in a larger cohort 

of study participants controlling for sexual practice and diet and with measurement of fecal 

metabolites performed. Nevertheless, these findings suggest that strategies to increase 

butyrate levels, such as dietary modification or altering the microbial community through 

prebiotic and/or probiotic treatments could potentially reduce mucosal T cell activation, 

improve barrier integrity and decrease MT. The extent to which the HIV-associated mucosal 

pathology is reversible through dietary or microbiome manipulations of mucosal butyrate 

levels awaits future studies.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Communities of butyrate-producing bacteria (BPB) are reduced in colon mucosa of 
untreated HIV-1 infected study participants
Relative abundances (RA) of the major colonic butyrate-producing species were evaluated in 

16S rRNA sequence datasets derived from stool and colonic biopsies of 14 HIV-1 uninfected 

control (n=14) and untreated, chronic HIV-1 infected (n=17-18) study participants. (A) 

Summed RA were determined in the stool and colonic mucosa of HIV-1 uninfected (HIV−; 

n=14) (open circles) and untreated, chronic HIV-1 infected (HIV+; Stool n=18; colonic 

mucosa: n=17) (filled squares) study participants. (B) RA of Roseburia intestinalis in the 

colonic mucosa of HIV-1 uninfected (HIV−; n=14) (open circles) and untreated, chronic 

HIV-1 infected (HIV+; n=17) (filled squares) study participants. (C) Ratio of RA of P. 
stercorea to R. intestinalis (P. stercorea:R. intestinalis) in colonic mucosa of HIV-1 

uninfected (HIV−; n=14) (open circles) and untreated, chronic HIV-1 infected (HIV+; n=14) 

(filled squares) study participants. RA of R. intestinalis were undetectable in 3 HIV-1 

infected individuals therefore a ratio was not calculated for these study participants (n=14). 

(D) Correlations between P. stercorea:R. intestinalis and the number of activated 

(CD38+HLA-DR+) colon CD4 and CD8 T cells and activated colon CD1c+ mDC (CD40 

expression levels) in HIV-1 infected study participants (n=14 for colon T cell activation; 

n=11 for colon CD1c+ mDC activation). Lines represent median values (A-C). Statistical 

analysis was performed using the Wilcoxon matched-pairs signed rank test to determine 
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differences in matched groups (A), the Mann-Whitney test to determine differences between 

unmatched groups (A-C) and Spearman test to determine correlations between variables (D).
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Figure 2. Butyrate reduces P. stercorea-enhanced LP T cell activation and HIV-1 productive 
infection
Lamina propria mononuclear cells (LPMC) were spinoculated with CCR5-tropic HIV-1Bal 

and cultured with or without P. stercorea and butyrate (0.2mM, 2mM) for 4 days and levels 

of T cell activation, cytokine production and productive HIV-1 infection determined (n=9). 

Percentages of LP CD4 (A) and CD8 (B) T cells co-expressing CD38 and HLA-DR were 

assessed using multi-color flow cytometry. FMO and isotype control values have been 

subtracted. Levels of IFNγ (C) and IL-17A (D) in culture supernatants at day 4 were 

evaluated by ELISA. Percentages of p24-expressing LP CD4 T cells (E-G) were assessed 
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using multi-color flow cytometry. P. stercorea-specific (Δ) values are shown as net values (P. 
stercorea/HIV-1 minus HIV-1 alone). Statistical significance was determined using the 

Wilcoxon matched pairs signed rank test and the Friedman's test with comparisons to no 

butyrate controls. (**P<0.01, ****P<0.0001). Data displayed as box and whiskers are 

represented with the box extending from the 25th to 75th percentile with the median value 

represented as the central line in the box and maximum and minimum values represented by 

the whisker.
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Table 2

Associations between abundances of colonic mucosa R. intestinalis and clinical, virological and 

immunological parameters in HIV-1 infected study participants.
*

Clinical parameters Spearman test

Blood CD4 count R= 0.41, p=0.11

Plasma viral load R= −0.58, p=0.02

Systemic immune activation and inflammation

Blood T cell activation

CD38+ HLA-DR+ CD4 T cells (% of CD4 T cells) R= −0.74, p=0.001

CD38+ HLA-DR+ CD8 T cells (% of CD8 T cells) R= −0.33, p=0.20

Systemic inflammation

Plasma IL-6 levels R= −0.32, p=0.21

Plasma C-reactive protein (CRP) levels R= −0.22, p=0.39

Plasma intestinal fatty acid bind protein (iFABP) levels R= 0.23, p=0.37

Plasma LP-PLA2 levels R= −0.49, p<0.05

Plasma IFNγ levels R= 0.07, p=0.78

Plasma TNFα levels R= −0.68, p=0.003

Plasma IL-10 levels R= −0.61, p=0.01

Systemic microbial translocation and monocyte activation

Plasma LPS levels (n=16) R= −0.74, p=0.001

Plasma LTA levels R= −0.43, p=0.08

Plasma sCD14 levels R= −0.58, p=0.02

Colonic immune activation

Myeloid CD1c+ dendritic cells (CD1c+ mDC) activation
#
 (n=13)

R= −0.30, p=0.32

Colonic T cell activation

Number of activated (CD38+ HLA-DR+) CD4 T cells R= −0.37, p=0.15

Number of activated (CD38+ HLA-DR+) CD8 T cells R= −0.27, p=0.29

*
n=17 unless otherwise noted

#
measured as CD40 expression levels. Statistical analysis was performed using the Spearman test with significant associations shown in bold.
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Table 3

Associations between ratio of colonic mucosa P. stercorea to R. intestinalis and clinical, virological and 

immunological parameters in HIV-1 infected study participants.
*

Clinical parameters Spearman test

Blood CD4 count R= −0.35, p=0.22

Plasma viral load R= 0.26, p=0.37

Systemic immune activation and inflammation

Blood T cell activation

CD38+ HLA-DR+ CD4 T cells (% of CD4 T cells) R= 0.66, p=0.01

CD38+ HLA-DR+ CD8 T cells (% of CD8 T cells) R= 0.02, p=0.95

Systemic inflammation

Plasma IL-6 levels R= 0.18, p=0.52

Plasma C-reactive protein (CRP) levels R= −0.15, p=0.61

Plasma intestinal fatty acid bind protein (iFABP) levels R= −0.24, p=0.41

Plasma LP-PLA2 levels R= 0.50, p=0.07

Plasma IFNγ levels R= 0.26, p=0.38

Plasma TNFα levels R= 0.45, p=0.11

Plasma IL-10 levels R= 0.50, p=0.07

Systemic microbial translocation and monocyte activation

Plasma LPS levels R= 0.16, p=0.59

Plasma LTA levels R= −0.02, p=0.94

Plasma sCD14 levels R= 0.63, p=0.02

Colonic immune activation

Myeloid CD1c+ dendritic cells (CD1c+ mDC) activation
#
 (n=11)

R= 0.66, p=0.03

Colonic T cell activation

Number of activated (CD38+ HLA-DR+) CD4 T cells R= 0.65, p=0.01

Number of activated (CD38+ HLA-DR+) CD8 T cells R= 0.81, p=0.0007

*
n=14 unless otherwise noted

#
measured as CD40 expression levels. Statistical analysis was performed using the Spearman test with significant associations shown in bold.
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