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Background. Alterations in gut microbiota (GMB) and host metabolites have been noted in individuals with HIV. However, it
remains unclear whether alterations in GMB and related functional groups contribute to disrupted host metabolite profiles in these
individuals.

Methods. This study included 185 women (128 with longstanding HIV infection, 88% under antiretroviral therapy; and 57
women without HIV from the same geographic location with comparable characteristics). Stool samples were analyzed by 16S rRNA
V4 region sequencing, and GMB function was inferred by PICRUSt. Plasma metabolomic profiling was performed using liquid
chromatography-tandem mass spectrometry, and 133 metabolites (amino acids, biogenic amines, acylcarnitines, and lipids) were
analyzed.

Results. Four predominant bacterial genera were identified as associated with HIV infection, with higher abundances of
Ruminococcus and Oscillospira and lower abundances of Bifidobacterium and Collinsella in women with HIV than in those without.
Women with HIV showed a distinct plasma metabolite profile, which featured elevated glycerophospholipid levels compared with
those without HIV. Functional analyses also indicated that GMB lipid metabolism was enriched in women with HIV. Ruminococcus
and Oscillospira were among the top bacterial genera contributing to the GMB glycerophospholipid metabolism pathway and showed
positive correlations with host plasma glycerophospholipid levels. One bacterial functional capacity in the acetate and propionate
biosynthesis pathway was identified to be mainly contributed by Bifidobacterium; this functional capacity was lower in women with
HIV than in women without HIV.

Conclusions. Our integrative analyses identified altered GMB with related functional capacities that might be associated with
disrupted plasma metabolite profiles in women with HIV.
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The human gut microbiome has been suggested to play an im-
portant role in the host immune system [1]. Previous studies
suggested that human immunodeficiency virus (HIV) infec-
tion may alter the gut microbiota (GMB)—for example, by
decreasing gut microbial a-diversity [2]. The effects of HIV
infection on the gut microbiome, and especially the relation-
ships of HIV infection with individual taxa, are still unclear.
Earlier studies found a shift from Bacteroides predominance to
Prevotella predominance in individuals with HIV [3, 4], while
subsequent studies reported that the shift was associated with
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sexual preference (eg, men who have sex with men [MSM])
rather than HIV infection [5, 6]. Most previous gut microbiome
studies in HIV infection were limited by small sample sizes, and
women with HIV were understudied. In a recent meta-analysis
of HIV infection and gut microbial a-diversity, only 24% of the
1032 participants from 11 different studies were women (74
HIV negative, 167 HIV positive); yet, that analysis showed that
gender had a significant impact on gut microbial a-diversity in
the context of HIV infection [2]. Many previous studies focused
on individuals newly infected with HIV or those not receiving
antiretroviral therapy (ART) [7-9]. With the spectacular suc-
cess of ART, HIV infection is now considered to be a chronic
condition in many settings.

It has been suggested that altered GMB may contribute to
host immune and metabolic activities in HIV infection through
their molecular agents (eg, metabolites) [10, 11]. For example,
alterations in host tryptophan and kynurenine metabolites have
been associated with HIV infection and comorbidities [12, 13],
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which might be related to HIV-induced GMB dysbiosis [13].
Lipid metabolism disruption is a feature of HIV infection and
recent studies have suggested that lipid profiles differ between
individuals with and without HIV [14, 15]. It remains unknown
whether alterations in GMB and related pathways may con-
tribute to disrupted host lipid profiles in individuals with HIV.

In the present study, through integrative analyses of gut
microbiome features, imputed microbiome functional con-
tents, and host plasma metabolomics, we aimed to identify
HIV-associated bacteria and examine their relationships with
host metabolite profiles among women from the Women’s
Interagency HIV Study (WIHS).

METHODS

Study Population

The WIHS is an ongoing prospective cohort study in women
with or at risk of HIV infection [16]. Every 6 months, WIHS
participants undergo a core visit with a comprehensive physical
examination, providing biological specimens and completing
interviewer-administered questionnaires. Demographic, clin-
ical, and laboratory variables were collected using standardized
protocols at semiannual core study visits [17]. In this study, we
included 185 women (128 HIV positive, 57 HIV negative) whose
fecal samples were collected using a home-based self-collection
kit [18, 19] during 2015-2017 in the WIHS Bronx site. The
study was reviewed and approved by the Institutional Review
Board at the Albert Einstein College of Medicine. All partici-
pants provided written informed consent.

Microbiome Measurement

The 16S ribosomal RNA (rRNA) V4 region sequencing was
performed on DNA extracted from fecal samples using the
MiSeq platform (Illumina) [18]. After quality control, the av-
erage coverage was approximately 35 000 reads per sample
(Supplementary Figure 1). Microbiome bioinformatics analysis
was performed using the Quantitative Insights Into Microbial
Ecology (QIIME) software package, version 1.9.1 [20]. The
functional potential of the GMB community was imputed by
Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt) [21]. Detailed methods are de-
scribed in the Supplementary Methods.

Metabolomic Profiling

Metabolomic profiling was performed on plasma samples that
were collected at the semiannual core study visits closest in
time to fecal sample collection. Using the AbsoluteIDQ p180
kit (Biocrates Life Sciences AG), metabolomics was performed
by liquid chromatography and flow-injection analysis mass
spectrometry [22]. A total of 133 metabolites were included
in the current analysis (21 amino acids, 6 biogenic amines,
18 acylcarnitines, 74 glycerophospholipids, and 14 sphingo-
lipids), and all metabolites had coefficients of variation less

than 30% and missing rates of less than 25%. Metabolites with
missing data (under detectable levels) were imputed with half of
the minimum values for a given metabolite.

Statistical Analysis

Characteristics between women with and without HIV were
compared using the Mann-Whitney U test (continuous vari-
ables) and y’ test (categorical variables). Mann-Whitney U
tests were applied to compare the differences in the micro-
bial a-diversity indices (Shannon index, Simpson index, and
Chao-1 index) by HIV status. Permutational multivariate
ANOVA (PERMANOVA) and principal-coordinate analysis
(PCoA) were carried out for the microbial p-diversity analyses.
Cumulative sum scaling normalization was conducted for the
genus-level abundance of taxonomic units [23] before analyses.
Linear discriminant analysis (LDA) effect size (LefSe) was used
to identify bacterial genera associated with HIV infection, with
LDA score of 2.0 as a cutoff [24]. Linear regression models were
further used to examine the associations between HIV infection
and identified bacterial genera, adjusting for age, race, income,
education, body mass index (BMI), marijuana use, probiotics
use, and antibiotics use.

Spearman correlation was employed to estimate correlation
coeflicients among plasma metabolites and their correlations
with identified bacterial genera. Partial least-squares discrimi-
nant analysis (PLSDA) [25], with a variable importance in pro-
jection (VIP) score of 1.5 as a cutoff, was used to identify plasma
metabolite signatures of HIV infection. We further used linear
regression models to examine the associations between HIV in-
fection and identified metabolites, adjusting for age, race, in-
come, education, and BMI. The false-discovery rate—corrected
P value was calculated using Benjamini and Hochberg’s method
[26]. For gut microbiome functional analyses, Mann-Whitney
U test was used to compare the relative abundances of KEGG
ortholog groups, and Welch’s ¢ test was used for KEGG path-
ways by HIV status. R packages vegan, DESeq2, and phyloseq
were used for the statistical analyses [27-29].

RESULTS

Participant Characteristics

Supplementary Table 1 shows characteristics of study partici-
pants. The participants living with and without HIV infection
were generally similar in terms of demographic variables (age,
race/ethnicity, education, and annual income), antibiotic use,
and commercial probiotic use (all P > .05). Body mass index
was similar among participants with and without HIV infec-
tion. Thirty-five percent of the participants undiagnosed HIV
infected and 20% of the participants diagnosed HIV infected
reported marijuana use. The majority of individuals with HIV
had normal CD4" T-cell counts (73%; =500 cells/mm?®) and un-
detectable HIV-1 viral load (73%; <20 copies/mL), and reported
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current ART use (88%) and long-term ART use (under ART
>2 years; 83%). Current ART users were more like to have
normal CD4" T-cell counts and undetectable HIV-1 viral
load compared with nonusers, but other characteristics were

comparable.

Human Immunodeficiency Virus Infection and Gut Microbiome

Bacterial community a-diversity indices (Shannon index,
Chao-1 index, and Simpsons index) were not significantly
different between groups with and without HIV (all P > .05)
(Supplementary Figure 2A). No clear separation was ob-
served by HIV status in the PCoA plot of Bray-Curtis dissim-
ilarity (Supplementary Figure 2B). No significant associations
of B-diversity with HIV status and related factors (CD4"

T-cell count, viral load, and ART use) were observed in the
PERMANOVA analysis (all R* < .1, P> .05).

A total of 1015 unique operational taxonomic units were iden-
tified from sequenced specimens. The most abundant phylum
was Firmicutes, followed by Bacteroidetes, Proteobacteria,
Actinobacteria, and Fusobacteria (Figure 1). The LEfSe anal-
ysis indicated that HIV infection was associated with higher
abundances of Ruminococcus, Oscillospira, and Anaerotruncus
and lower abundances of Bifidobacterium, Collinsella, and
Pyramidobacter (all LDA scores >2.5) (Supplementary Figure
3A). Since the relative abundance of Anaerotruncus (me-
dian, 0.02%) and Pyramidobacter (0.01%) were very low, we
focused on 4 major HIV-associated genera—Ruminococcus
(3.56%), Oscillospira (0.62%), Bifidobacterium (1.16%), and
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Figure 1.

Hierarchical structure tree of microbial communities. Taxa from the inner to outer circle represent the super kingdom to genus level. The branch widths reflect the

relative abundance of each detected taxon. Red and blue labels depict bacterial genera with higher (red) or lower (blue) relative abundance in individuals with HIV compared
with those without HIV, respectively. Genera whose average relative abundance if >0.01% are included. Abbreviation: HIV, human immunodeficiency virus.
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Collinsella (1.32%)—in the subsequent analyses. Ruminococcus
and Oscillospira belong to the same order, Clostridiales,
within the most abundant phylum Firmicutes (Figure 1),
while Bifidobacterium and Collinsella belong to the phylum
Actinobacteria.

After multivariate adjustment, the associations of HIV in-
fection with the 4 bacterial genera did not change materially
(Supplementary Table 2). We also observed some suggestive
associations between covariates and these 4 bacterial genera.
For example, BMI was inversely associated with Oscillospira
(P =.057) and positively associated with Collinsella (P = .001).
Marijuana use was positively associated with Collinsella
(P = .073). The magnitude of the HIV infection and Collinsella
association (B = —.624, P = .035) was attenuated after adjusting
for marijuana use (p = —.54, P = .069). The association between
HIV infection and Ruminococcus was stronger in individuals
without marijuana use compared with those with marijuana
use, with a marginally significant interaction (P for interac-
tion =.09) (Supplementary Table 3). Associations of HIV infec-
tion with these 4 bacterial genera did not change after excluding
antibiotics users or women with HIV without ART use (data
not shown).

There was an increasing trend for Ruminococcus and
Oscillospira, across the group without HIV, the group with
HIV with a high CD4" T-cell count (=500 cells/mm?), and
the group with HIV with a low CD4" T-cell count (<500 cells/
mm?) (Figure 2A). Bifidobacterium and Collinsella showed
the highest relative abundance in the group without HIV, but
there was no significant difference in relative abundance be-
tween high and low CD4" T-cell count groups of individuals
with HIV (Figure 2A). Similar patterns of bacterial abundance
for these 4 genera were observed across the group without HIV,
the group with aviremic HIV, and the group with viremic HIV
(Figure 2B). No significant differences in these genera were ob-
served between individuals with HIV with and without ART
use (Supplementary Table 4). We further examined the as-
sociations of these genera with specific classes of ART drugs
including protease inhibitors, nonnucleoside reverse transcrip-
tase inhibitors, nucleoside reverse transcriptase inhibitors, and
integrase inhibitors, but did not find significant associations.

Human Immunodeficiency Virus Infection and Host Plasma Metaholomic
Profiles

Most metabolites within the same categories showed moderate-
to-high correlations with each other, especially for lipids
(Supplementary Figure 4). Partial least-squares discrimi-
nant analysis of all metabolites revealed a distinction between
groups with and without HIV, although these 2 groups were
not fully separated (Figure 3A). A total of 15 metabolites that
had major contributions to the distinction (VIP scores >1.5)
were selected by PLSDA (Supplementary Table 5), including
10 glycerophospholipids, 1 sphingolipid (SM C18:0), 2 amino
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Figure 2. Differentially abundant genera according to HIV infection and related
factors. Data are means (SD) of relative abundance of 4 genera (Ruminococcus,
Oscillospira, Bifidobacterium, and Collinsella) among (A) 57 individuals without HIV,
93 individuals with HIV with high CD4 counts (=500 cells/mm3), and 35 individ-
uals with HIV with low CD4 counts (<500 cells/mm?®) and (B) 57 individuals without
HIV, 94 individuals with aviremic HIV (undetectable viral load <20 copies/mL), and
34 individuals with viremic HIV (viral load >20 copies/mL). *P < .05; **P < .01.
Abbreviations: HIV, human immunodeficiency virus; SD, standard deviation; —, neg-
ative; +, positive.

acids (isoleucine and lysine), and 2 biogenic amines (a-AAA
and kynurenine); and 7 of these (5 glycerophospholipids, sphin-
golipid C18:0, and isoleucine) showed significant differences
between individuals with and without HIV after multivariate
adjustment (false-discovery rate-adjusted P < .05). As shown
in Figure 3B, the top metabolites altered in HIV infection were
glycerophospholipids. In addition, as previously reported [13],
a higher kynurenine-to-tryptophan ratio was associated with
HIV infection (P = .021). The associations of HIV infection
with these metabolites did not change after excluding women
with HIV without ART use. No significant difference in metab-
olite levels were observed between participants with HIV with
and without ART use, but it should be noted that the number of
participants without ART use was relatively small in this anal-
ysis (n = 15).

Gut Microbiome and Host Plasma Metabolites

As shown in Figure 4, 2 HIV-increased bacterial genera, no-
tably Ruminococcus, showed positive correlations with plasma
glycerophospholipids but did not have correlations with amino
acids or biogenic amines. Two HIV-decreased microbial genera,
Bifidobacterium and Collinsella, were not correlated with plasma
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metabolites altered in individuals with HIV: 5 glycerophospholipids (phosphatidyl-choline diacyl PC aa C40:6, PC aa C38:0, PC aa C38:3, PC aa C34:2; phosphatidyl-choline
acyl-alkyl PC ae C40:6), 1 sphingolipid (SM C18:0), and 1 amino acid (isoleucine). The concentration was inverse normal transformed. These metabolites were selected first
by PLSDA (VIP scores >1.5) and then by linear regression model, adjusted for age, race, income, education, and BMI (FDR P < .05). The diameters of the bubbles represent
the Pvalues in the linear regression model. Red and blue bubbles depict metabolites that showed increased (red) and decreased (blue) concentration in individuals with HIV,
respectively. Abbreviations: BMI, body mass index; FDR, false-discovery rate; HIV, human immunodeficiency virus; PLSDA, partial least-squares discriminant analysis; VIP,

variable importance in projection; —, negative; +, positive.

metabolites, except for a positive correlation between Collinsella
and glutamic acid.

The PICRUS analysis revealed that the microbial lipid me-
tabolism pathway was significantly enriched in the partici-
pants with HIV (P = .01). We thus focused on the microbial
lipid metabolism pathway to explore the relationships of HIV-
increased bacterial genera with host lipid metabolites. In the
glycerophospholipid metabolism pathway, a total of 31 homologs
to glycerophospholipid metabolism pathway enzymes (meas-
ured by KEGG ortholog groups [KOs]) were encoded by the pre-
dominant genera in this study (Supplementary Figure 5). These
homologs were genetically encoded in numerous bacterial genera
while each genus could also encode multiple enzyme homologs.

As shown in Figure 5, bacterial genera with greater numbers of
glycerophospholipid metabolism pathway enzyme homologs
(weighted by relative abundance of respective genera) exhib-
ited stronger correlations with host plasma glycerophospholipid
levels compared with those with fewer numbers of homologs.
For example, Ruminococcus had the greatest weighted number
of enzyme homologs in the glycerophospholipid metabolism
pathway and showed the strongest correlation with host plasma
glycerophospholipid levels.

Although Bifidobacterium was not correlated with any plasma
metabolites measured, 1 bacterial functional capacity (K11263)
in the acetate and propionate biosynthesis pathway was identified
to be mainly contributed by Bifidobacterium, and this functional

HIV, Gut Microbiota, and Host Metabolites « CID 2020:71 (1 November) o 2349


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz1117#supplementary-data

-0.3 0.3
Amino acids Acylcarnitine  Biogenic amines Glycerophospho-
lipids
s £
> =
@ =0 -
0 S 5%
SE8 b;%%
ESE 820
§3 8 2S=s3
o F8¢ 2225
£ s $£3 553l
s < £ 2 & @ b 55:@8:50 E:E——E
E—QEE B o o o - & ® £ € = T ELEEG
E8=sLs 2SS _ ETEECLee 5 ESE3s5<qge228<c <
SPEE SRS sESE b6 E3EEES250c8s58esr£EEsggel
hw§E238.8588.=2=§°’=°3u:‘5'02723h.g_5’53°°88:
s c > 2L @ 23 0w ] TE>2 820 2 92 S > 0 S e 2hc £
CoB36EITIRIIISETTesBaraz=nseEsnecnsElfEnd2aaon
EI Ruminococcus
Oscillospira
I I Bifidobacterium
I Collinsella
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capacity was lower in women with HIV than that in women
without HIV (P =.007) (Supplementary Figure 6A and B).

DISCUSSION

The extent to which HIV infection and the resultant changes
in the immune system alter the gut microbiome remains con-
troversial [30]. In the meta-analysis of 167 women with HIV
and 74 women without HIV [2], HIV infection was found to be
associated with decreased a-diversity, while our study did not
find such results. This inconsistency might be due to the het-
erogeneous nature of the studies in this literature [2]. Women
with HIV included in our study had relatively long-term dura-
tion of infection and most of them were on stable and effective
drug therapy, while participants included in that meta-analysis
were mixed with newly infected women and more than half did
not have ART use [2]. It is also important to note that our study
included a comparable group without HIV with very similar
demographic characteristics (eg, location, race/ethnicity) and
behaviors (eg, sexual behaviors) [16], which may help eliminate
the potential confounding effects. Indeed, we did not replicate
a previously reported association between HIV infection and
Prevotella. This supports that Prevotella might be associated
with other confounders rather than HIV infection itself [5].

Our study identified 2 microbial genera, Ruminococcus
and Oscillospira, which were enriched in women with HIV.
Ruminococcus is a gram-positive anaerobic genus commonly
found in the human intestine. In support of our findings, the
relative abundance of Ruminococcus gnavus was found to be
higher in stool samples of 33 patients with HIV infection (14
with ART for 3 months, 19 without treatment) compared with
35 healthy controls in a study in South China, and no significant
effects of ART on this species was observed [31]. In contrast,
another study reported a depletion of Ruminococcus associated
with HIV infection. However, rectal mucosal samples from men
with HIV without ART were examined [32], which is different
from our study. In addition, a study of HIV-positive MSM re-
ported that marijuana use was associated with an increased
abundance of Ruminococcus [7]. We did not find such an as-
sociation, but interestingly, the association between HIV in-
fection and Ruminococcus was stronger in individuals without
marijuana use compared with those with marijuana use, sug-
gesting a potential effect modification, which warrants further
investigation.

Oscillospira is a nonculturable bacteria that belongs to the
same order (Clostridiales) as Ruminococcus. Consistent with pre-
vious findings that Oscillospira was enriched in lean individuals
or individuals with a low BMI [33], we also observed a similar
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describes the weighted bacteria’s enzyme contribution to the glycerophospholipid
metabolism pathway (inverse normal transformed). The y axis depicts the
Spearman correlation coefficients (inverse normal transformed) between the rel-
ative abundance of bacterial genera and plasma glycerophospholipid metabolite
concentration. Each genus’s contribution to the glycerophospholipid metabolism
pathway was first measured by the number of KOs, which were genetically en-
coded by the bacteria, according to PICRUSt-imputed functional content analysis.
Then this genetic contribution was weighted by the relative abundance of each
genus. Abbreviation: KO, KEGG ortholog group; PICRUSt, Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States.

trend. Our multivariate-adjusted models and stratified analyses
suggested that the observed association between HIV infection
and Oscillospira might be independent of obesity. Nevertheless,
given the close relationships of HIV infection and ART use with
adiposity and fat distribution, future studies are warranted to
investigate the potential involvement of Oscillospira and other
bacteria in the link between HIV infection and obesity.
Consistent with previous metabolomic/lipidomic studies
[34, 35], we also found a distinct plasma metabolite profile in
women with HIV compared with those without HIV infection
featuring elevated glycerophospholipid levels. Interestingly, we
found that the HIV-increased bacterial genera, Ruminococcus
and Oscillospira, were correlated with host plasma lipid pro-
files. In our prior work in the WIHS, markers of T-cell activa-
tion and senescence [36] and serum markers of inflammation
and immune activation [39] were elevated in individuals with
HIV, and alterations in plasma lipidome were observed in in-
dividuals with HIV, especially among those using ART [37].
A recent study also linked lipid abnormalities to markers of
inflammation and microbial translocation in individuals
with HIV receiving protease inhibitors [14]. Our current gut
microbiome data expand previous findings and provide further

evidence supporting a potential contribution of GMB to host
lipid metabolite profiles. Our PICRUSt analysis indicated that
Ruminococcus and Oscillospira were among the top taxa that
have the most genes matching the glycerophospholipid metab-
olism pathway. In line with our study, the glycerophospholipid
pathway has been correlated with the lung microbiota in in-
dividuals with HIV [38], and the potential implication of
gut Ruminococcus and the glycerophospholipid metabolism
pathway was also reported in cardiovascular disease [39].
However, our PICRUSt results should be interpreted with
caution, and the direct biological links of Ruminococcus and
other bacteria with host glycerophospholipid profiles need
to be elucidated. Another interesting finding of our study is
that Bifidobacterium, a common probiotic bacterial genus in
the human gut, was decreased in women with HIV, and this
finding is partially supported by a previous study in chil-
dren [40]. Our functional analysis indicated that 1 inferred
bacterial function in the acetate and propionate biosynthesis
pathway was lower in women with HIV compared with those
without HIV infection, and this function was mainly con-
tributed by Bifidobacterium in our samples. This is consistent
with the fact that Bifidobacterium can produce short-chain
fatty acids (SCFAs) [41, 42]. A few small intervention studies
have suggested that probiotics containing Lactobacillus could
help improve immune function in adults with HIV infection
[43, 44]. However, the implication of our current findings
in clinical practice remains unclear, and future studies are
needed to examine potential benefits of probiotics containing
Bifidobacterium on individuals with HIV.

The genus Collinsella is a dominant taxon of the family
Coriobacteriaceae, and recent studies have linked this genus
with obesity, insulin resistance, and diabetes in populations
without HIV [45]. We confirmed the positive association be-
tween Collinsella and BMI in this study, but our further ana-
lyses indicated that the observed association between this genus
and HIV infection might not be influenced by obesity status. It
is potentially interesting that we found a marginal association
between increased Collinsella abundance and marijuana use.
In a previous study of MSM with HIV infection, there was no
association between marijuana use and Collinsella, but meth-
amphetamine use was associated with decreased Collinsella
abundance [7]. Unfortunately, we were unable to test this asso-
ciation because only 2 participants reported methamphetamine
use in our study. A large number of pharmacological agents
have been found to influence the GMB [46], and this may also
be the case for recreational drugs commonly used in the popu-
lation with HIV.

Our study has several limitations. Due to the nature of obser-
vational study design, our study in human participants is un-
able to demonstrate causal relationships between HIV infection,
GMB, and plasma metabolite profiles. Our metabolomics did
not capture SCFAs in plasma, and we were unable to perform
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metabolomics on stool samples collected by RNAlater [18].
Dietary intake, a major factor influencing the gut microbiome,
was not examined in this analysis. Although the inferred func-
tional contents by PICRUSt have been shown to be robust, par-
ticularly for the human gut microbiome [21], they should be
interpreted with caution and need to be verified by shotgun
metagenomic sequencing. Finally, this study only included
women, and our findings need to be validated in men and other
HIV studies.

In summary, this study identified altered GMB, especially
the genus Ruminococcus, with potential functional contents in
the glycerophospholipid metabolism pathway, correlating with
elevated plasma glycerophospholipid levels in women with
chronic HIV infection. In addition, one of the common probi-
otic bacterial genera, Bifidobacterium, was found to be depleted
in women with HIV. These findings suggest alterations in GMB
and their potential influences on host metabolite profiles in
chronic HIV infection. Our study supports the concept of a po-
tential therapeutic role of modulating the GMB in people living
with HIV infection.
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