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Background. Intestinal microbial dysbiosis is evident in chronic HIV-infected individuals and may underlie inflammation that
persists even during antiretroviral therapy (ART). It remains unclear, however, how early after HIV infection gut dysbiosis emerges
and how it is affected by early ART.

Methods. Fecal microbiota were studied by 16s rDNA sequencing in 52 Thai men who have sex with men (MSM), at diagnosis
of acute HIV infection (AHI), Fiebig Stages 1-5 (F1-5), and after 6 months of ART initiation, and in 7 Thai MSM HIV-uninfected
controls. Dysbiotic bacterial taxa were associated with relevant inflammatory markers.

Results.  Fecal microbiota profiling of AHI pre-ART vs HIV-uninfected controls showed a mild dysbiosis. Transition from F1-3
of acute infection was characterized by enrichment in pro-inflammatory bacteria. Lower proportions of Bacteroidetes and higher
frequencies of Proteobacteria and Fusobacteria members were observed post-ART compared with pre-ART. Fusobacteria members

were positively correlated with levels of soluble CD14 in AHI post-ART.

Conclusions.

Evidence of gut dysbiosis was observed during early acute HIV infection and was partially restored upon early

ART initiation. The association of dysbiotic bacterial taxa with inflammatory markers suggests that a potential relationship between
altered gut microbiota and systemic inflammation may also be established during AHI.
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During the acute phase of HIV infection, high levels of viral
replication occur in the gut-associated lymphoid tissue (GALT)
[1]. This leads to a substantial depletion of gut mucosal CD4+ T
cells with a preferential loss of T helper 17 (Th17) and T helper
22 (Th22) cells, whose main effector cytokines are interleukin
(IL)-17, IL-21, and IL-22. These cytokines are normally en-
riched in mucosal tissue and play a central role in protecting
the integrity of the epithelial barrier and maintaining immune
homeostasis at mucosal sites [2-4]. As a consequence of this
altered intestinal microenvironment, there is increased per-
meability with microbial translocation [5, 6], contributing to
chronic immune activation and inflammation [7, 8]. The eti-
ology, however, of the persistent immune activation in chronic
treated HIV infection is still incompletely understood and is
probably multifactorial, encompassing residual HIV replication,
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co-infections, mucosal alterations, and incomplete immune res-
toration [9, 10].

Current studies in HIV infection, similar to other chronic
inflammatory states [11-13], suggest that resident gut micro-
biota and their metabolic products are drivers of inflammation
that can persist even during antiretroviral therapy (ART) [14,
15]. Initial studies by Brenchley et al. described elevated levels
of lipopolysaccharide (LPS) in HIV-positive people that were
associated with peripheral blood T-cell activation, providing an
indication of a link between intestinal microbial translocation
and systemic immune activation [5]. During the last few years,
several studies have compared the gut microbiota of HIV-in-
fected individuals with that of HIV-uninfected controls in order
to evaluate differences in microbial abundance [16-23]. Many
studies have included cross-sectional comparisons between
HIV-infected individuals and controls and have suggested
that HIV infection is associated with alterations in gut com-
munities, in particular an enrichment in Enterobacteriaceae
members and Erysipelotricaceae with concurrent depletion of
Bacteroides and Clostridia [24]. These dysbiotic bacterial com-
munities are often linked to key markers of inflammation and
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cellular activation [25], including the kynurenine pathway of
tryptophan metabolism and plasma concentrations of the in-
flammatory cytokine IL-6 in treated HIV-infected individuals
[20]. It remains unclear, though, how early after HIV infection
gut dysbiosis is established and how early ART treatment may
affect it.

Initiation of ART during early acute HIV infection (AHI) has
been previously shown to be associated with preservation of im-
mune function, enhanced recovery of CD4" T-cell numbers and
function in blood as well as in the gastrointestinal (GI) tract,
and significant reduction in HIV reservoir size [26]. Despite re-
versing several key features of early GI tract pathology, however,
mucosal injury and inflammation may not resolve completely
by early ART [27, 28].

In this study, we profiled the intestinal microbiota during AHI,
Fiebig Stages 1-5 (F1-5), at the time of diagnosis, and 6 months
after ART initiation using HIV-uninfected individuals as con-
trols. Furthermore, we assessed the relationship of dysbiosis with
systemic inflammatory and gut epithelial integrity markers.

METHODS

Study Participants and Study Design

RV254/SEARCHO10 is a clinical trial (NCT00796146) that was
conducted in Bangkok, Thailand, enrolling persons with early
acute HIV infection (F1-5) who were identified from the Thai
Red Cross Anonymous Clinic through nucleic acid testing
and sequential immunoassays [29]. The RV254/SEARCH 010
study was approved by the institutional review boards (IRBs)
of Chulalongkorn University in Thailand and the Walter Reed
Army Institute of Research in the United States. Participation in
this study involved extensive evaluation including rectosigmoid
gut biopsies, anal sample collection, and storage of peripheral
blood mononuclear cells (PBMCs) and serum/plasma. Initiation
of ART was voluntary and done as part of the enrollment in
an accompanying protocol (clinicaltrials.gov NCT00796263),
which was approved by the Chulalongkorn University IRB. For
all the studies mentioned above, subjects gave written informed
consent. We profiled the intestinal microbiota during AHI, F1-5,
at the time of diagnosis, and 6 months after ART initiation.

Microbiome Study Methods

Rectal samples from 52 men who have sex with men
(MSM) at either baseline (n = 37) or 6 months after ART
(2NRTT + efavirenz) initiation (n = 31; termed post-ART) were
collected, including 16 paired samples at both visits. Samples
(n=7) from HIV-uninfected age-, sex-, and risk group-matched
MSM Thai volunteers were obtained from a different protocol
(RV304, clinicaltrials.gov NCT01397669) at the same site.

DNA Extraction and PCR Amplification
Bacterial profiles of study participants were generated by broad-
range amplification and sequence analysis of bacterial 16S

rRNA genes. Microbiome specimen analysis is described in the
Supplementary Data and [30].

Laboratory Methods for Blood Measurements

Plasma, serum, and PBMC specimens were processed within
30 minutes of collection. Intestinal fatty acid binding protein
(I-FABP) and sCD14 (R&D Biosystems, Minneapolis, MN) were
measured by enzyme-linked immunosorbent assay; C-reactive
protein (CRP) was measured by electrochemiluminescence
(Meso Scale Discovery, Rockville, MD); high-sensitivity
IL-6 was measured using the Luminex (Austin, TX) plat-
form according to the manufacturer’s instructions (Millipore,
Darmstadt, Germany). All assays used cryopreserved acid cit-
rate dextrose (ACD) plasma matching rectal sampling.

Immunohistochemistry
Rectosigmoid gut biopsies were sampled and processed as de-
scribed earlier [28]. In brief, subjects underwent a routine sig-
moidoscopy procedure under moderate conscious sedation.
Approximately 30 endoscopic biopsies were randomly col-
lected from the sigmoid colon using Radial Jaw 3 biopsy forceps
(Boston Scientific, Natick, MA), with 20-25 processed for flow
cytometry analysis within 30 minutes of collection. Biopsies
from AHI pre-ART (n = 23) and post-ART (n = 14) were used
for immunohistochemistry (IHC) analysis. Eight patients had
sampling of gut biopsies at both visits.

IHC staining and quantitative image analysis (QIA) for
myeloperoxidase (MPO) were performed as previously de-
scribed [27] and are detailed in the Supplementary Data.

Metabolomic Analysis

The plasma metabolic profile of a subset of 17 AHI individuals’
paired samples pre- and post-ART (F1-5) was assessed. Data
were acquired at Metabolon, as previously described [31], and
are detailed in the Supplementary Data and [30].

Statistical Analyses

In this study, we performed both cross-sectional and paired
analysis in order to maximize utilization of all available data.
Alpha and beta diversity were calculated using the phyloseq
(version 1.19.1) package in R. Boxplots and other visualiza-
tions were created using the ggplot2 package in R (https://
www.r-project.org). A PERMANOVA test was performed on
beta diversity distance matrices using the Adonis function in
the vegan package with 999 permutations. The relative abun-
dance of bacterial taxa was calculated based on the total opera-
tional taxonomic units (OTUs) of each sample. Subsequenctly,
families from all samples were ranked based on their average
relative abundance. The top 30 most abundant bacterial fam-
ilies were selected to test for differences between AHI pre-ART
(n = 37), post-ART (n = 31), and HIV-uninfected controls
(n = 7) using the Mann-Whitney nonparametric test. Two-
way P values were calculated, and statistical significance was
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defined as P < .05. Linear discriminant analysis effect size
(LEfSe), based on the nonparametric Kruskal Wallis rank test,
was used to detect features with significant differential bacte-
rial abundance beween AHI pre- and post-ART. The paired
Wilcoxon signed rank test was also applied to identify OTUs
with differential abundance between AHI who had both pre-
and post-ART samples (n = 16).

The top 20 most abundant families were imported in Spice
[33] to create the pie charts for comparisons of bacterial taxa in
HIV-uninfected controls (n = 7), HIV+ pre-ART (n = 37), and
HIV+ post-ART (n = 31; permutation test, 20 000 iterations).
Statistical significance was defined as P < .05.

Associations between markers of tissue or systemic inflam-
mation (sCD14, IL-6, CRP) and intestinal gut epithelial integ-
rity (I-FABP) and bacterial taxa were assessed using Spearman’s
rho nonparametric test in AHI pre- (n = 37) and post-ART
(n=31).

Statistical significance of polymorphonuclear neutrophil
(PMN) infiltration in AHI pre-ART (n = 37) compared with
post-ART (n = 31) was assessed using Prism, version 8.0, and
2-sided P values <.05 were considered significant.

For statistical analyses and data display of plasma metabol-
ites, any missing values were assumed to be below the limits
of detection; these values were imputed with the compound
minimum (minimum value imputation); data for each metab-
olite were also median-scaled for display. Statistical tests were
performed in ArrayStudio (Omicsoft) to compare data between
experimental groups; P < .05 was considered significant. An es-
timate of the false discovery rate (q-value) was also calculated,
taking into account the multiple comparisons that normally
occur in metabolomic-based studies, with q < 0.05 used as an

indication of high confidence in a result. Principal coordinates
analysis (PCoA) was performed using the ggbiplot, vegan, and
pairwise adonis packages in R (https://www.r-project.org).

RESULTS

Mild Dysbiosis Observed in Early Acute HIV Infection

Study participants were MSM with a median age of 28 years.
The median CD4 T-lymphocyte count was 386 cells/pL at
baseline and 600 cells/uL after 6 months of ART. Median
plasma HIV RNA was 334 889 copies/mL at baseline and
<50 copies/mL after 6 months of ART (Table 1). To examine
whether alteration in the bacterial composition of the fecal
microbiota (dysbiosis) was established during the very early
acute phase of HIV infection, we first compared AHI partici-
pants pre-ART (n = 37) with HIV-uninfected controls (n = 7).
HIV infection was associated with a decrease in a-diversity
(P =.003, Chaol; P = .06, Shannon Index) (Figure 1A). PCoA
revealed clustering of AHI pre-ART and HIV-uninfected
controls, which was verified by permutational multivar-
iate analysis of variance (P = .001, PERMANOVA) (Figure
1B). We then evaluated the relative abundance of bacterial
taxa belonging to the main phyla. Among the 20 top abun-
dant families, the relative abundance of Actinomycetaceae,
Coriobacteriaceae, Acidaminococcacea, and Lachnospiraceae
were significantly lower in AHI pre-ART compared with HIV-
uninfected controls (P < .005), in agreement with previous
data that showed a decrease in Lachnospiraceae in chroni-
cally HIV-infected individuals [16, 18, 20-23]. Members of
the Proteobacteria phylum, such as Enterobacteriaceae, and
Moraxellaceae—previously reported enriched in chroni-
cally HIV-infected individuals [16-19, 21-23]—were more

Table 1. Study Participants Characteristics
HIV-Positive Individuals
Pre-ART Post-ART HIV-Seronegative Controls
No. of subjects 52° 7
37 31

Fiebig Stage at diagnosis -

1 5 3

2 10 10

3 17 16

4 2

5 2
Median age (IQR), y 28 29

(23.0-34.0) (22.0-32.0) (23.5-34.9)

Sex Male Male
Risk MSM MSM

Median CD4 count (IQR), cells/uL
Median viral load (IQR), HIV-1 RNA copies/mL
cART

386 (267.0-542.5)
334889 (161 770-1 042 075) <50 -
2NRTI + efavirenz -

600 (556.0-864.0) o

Abbreviations: ART, antiretroviral therapy; cART, combined antiretroviral therapy; IQR, interquartile range; MSM, men who have sex with men.

“Sixteen had paired pre- and post-ART samples.
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Figure 1.  Stool bacterial community shifts in HIV-infected vs HIV-uninfected controls. A, Alpha diversity in HIV+ pre—antiretroviral therapy (ART) vs HIV-uninfected controls
by Chail Index (P=.003) and Shannon Index (P = .06). B, Principal coordinates analysis (PCoA) shows clustering of acute HIV infection (AHI) pre-ART and HIV-uninfected
controls (P=.001, PERMANOVA). C, Top 30 most abundant families in HIV- and HIV+ pre-ART measured and compared using the Mann-Whitney test (P< .05). The color of
each family corresponds with the color of its respective phylum. D, Alpha diversity in HIV+ post-ART vs HIV-uninfected controls by Chai1 Index (P=.002) and Shannon Index
(P=.05). E, PCoA shows clustering of AHI post-ART and HIV-uninfected controls (P=.001, PERMANOVA). F, Top 30 most abundant families in HIV- and HIV+ post-ART meas-
ured and compared using the Mann-Whitney test (P< .05). The color of each family corresponds with the color of its respective phylum.
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Figure 1. Continued

HIV— HIV+ post-ART

abundant in HIV-uninfected controls compared with AHI
pre-ART (Figure 1C). Several recent studies [16, 18, 19, 21,
22] have shown a linkage between Prevotella abundance and
HIV infection-related inflammation, whereas others have
reported a Prevotella-rich microbiota associated with sexual

practice, rather than with HIV infection status per se [34].
In our cohort, we corroborated this observation and found
no differences in the relative abundance of Prevotellaceae
in MSM HIV-uninfected controls and AHI MSM individ-
uals pre-ART (Supplementary Figure 1). Overall, these data
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Figure 2. Gut bacterial changes in HIV+ pre—antiretroviral therapy (ART) and HIV+ post-ART. A, Cladogram of linear discriminant analysis (LDA) effect size highlights
discriminatory taxa, with an LDA score >2, between HIV+ pre-ART and HIV+ post-ART. B, Percentage of the top 20 most abundant families in HIV-, HIV+ pre-ART, and HIV+
post-ART (permutation test: HIV- vs HIV+ pre-ART, P=.6; HIV- vs HIV+ post-ART, P=4; HIV+ pre-ART vs HIV+ post-ART, P=3). C, LDA scores of differentially abundant taxa
among HIV+ pre-ART at F1-2 and HIV+ pre-ART at F3. D, LDA scores of differentially abundant taxa among HIV+ pre-ART at F1-2 and HIV+ post-ART at F1-2. E, LDA scores of

differentially abundant taxa among HIV+ pre-ART at F3 and HIV+ post-ART at F3.

suggest that a mild dysbiosis is present during early acute
HIV infection.

Effects of Early Antiretroviral Therapy on the Gut Microbiota

The effects of ART for 6 months on the fecal microbiota of acute
HIV participants was then evaluated. Alpha diversity was signif-
icantly lower in AHI post-ART (n = 31) compared with HIV-
uninfected controls (n = 7; P = .002, Chaol; P = .05, Shannon
Index) (Figure 1D). PCoA revealed clustering of AHI post-ART
and HIV-uninfected controls, which was verified by permuta-
tional multivariate analysis of variance (P = .001, PERMANOVA)
(Figure 1E). The nonparametric Mann-Whitney test was then used
to identify gut bacterial taxa that differed in abundance between
AHI post-ART and HIV-uninfected controls. Among the bacte-
rial taxa depleted in AHI post-ART were Rikenellaceae members,
whose frequency has been previously observed to be reduced in
chronically HIV-infected individuals [17-21], Coriobacteriaceae,
family XI, and Veillonellaceae. Moraxelaceae members were still

enriched in HIV-uninfected controls compared with AHI post-
ART (Figure 1F). The linear discriminative analysis effect size bio-
marker discovery tool was subsequently used in unpaired samples
to investigate the potential divergence of gut bacterial communi-
ties between the pre-ART (n = 37) and post-ART (n = 31) groups.
The LEfSe algorithm identified enrichment in Enterobacteriaceae
members in AHI post-ART compared with pre-ART, whereas
Bacteroidales members were more abundant in AHI pre-ART
compared with post-ART (Figure 2A). Although we observed
minor changes in the relative abundance of specific bacterial taxa
between HIV-uninfected controls, AHI pre-ART, and AHI post-
ART, overall gut microbial composition did not appear dramat-
ically different among the 3 groups (permutation test: HIV- vs
HIV+ pre-ART, P = .6; HIV- vs HIV+ post-ART, P = 4; HIV+
pre-ART vs HIV+ post-ART, P = .3) (Figure 2B).

To explore if and how the microbiome changes with progres-
sion of HIV infection, we compared AHI at the time of diagnosis
at Fiebig Stages 1and 2 (n=15) vs F3 (n=17). Linear discriminant
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Figure 2. Continued

analysis scores of differentially abundant taxa in AHI individ- pre-ART (n =17) vs F3 post-ART (n = 16) (Figure 2E), showed
uals at F1-2 vs F3 pre-ART showed a higher representation of ~ an increase in Proteobacteria members post-ART, indicating
pro-inflammatory bacterial taxa, such as Succinivibrionaceae a continuous change in the microbiome under ART. Further
and Prevotellaceae, in F3 (Figure 2C). Comparison of F1-2 pre- analysis was then performed on paired samples, AHI pre-ART
ART (n = 15) vs F1-2 post-ART (n = 13) (Figure 2D), and F3 (n = 16) vs AHI post-ART (n = 16), to evaluate longitudinally
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potential microbiota-associated changes within these subjects.
As assessed by Wilcoxon signed rank test, there was a signif-
icant decrease in Bacteroidetes (P = .007) and an increase in
Fusobacteria frequencies (P = .01) in AHI post-ART compared
with pre-ART. Proteobacteria and Firmicutes frequencies did
not appear to change in AHI post-ART compared with pre-
ART (P = .5 and P = .7, respectively) (Supplementary Figure
2). Overall these data reveal a slight shift in the frequencies of
bacterial communities within the 3 groups, which is partially
restored after 6 months of ART.

Associations of Gl Tissue Inflammation and Inflammatory Markers With
Bacterial Taxa

Given that the microbiota of AHI individuals were enriched
or depleted in specific bacterial taxa, we assessed potential
correlations between the relative abundance of these taxa and
markers of tissue or systemic inflammation (sCD14, IL-6, CRP)
and intestinal gut epithelial integrity (I-FABP) (Supplementary
Table 1). The median sCD14 level in AHI individuals at base-
line (n = 37) was 1.40 pg/mL and decreased to 1.14 pg/mL after
6 months of ART (n = 31). Levels of sCD14 inversely correl-
ated with the relative abundance of Firmicutes both pre-ART

(r = -.36; P = .03) (Figure 3A) and after 6 months of ART
(r = -.40; P = .03) (Figure 3C). No association was observed
between Fusobacteria and sCD14 at baseline (r = -.08; P = .63)
(Figure 3B); however, after 6 months of treatment, their rela-
tive abundance increased and positively correlated with sCD14
levels (r = .55; P = .001) (Figure 3D). These data suggest that a
potential relationship between altered gut bacterial communi-
ties and systemic inflammation is established during the acute
phase of HIV infection and may persist during ART.

Ithasbeen previously demonstrated thatalocal tissue response
consisting of infiltration of PMNs in the lamina propria (LP)
of the GI tract is a surrogate marker for epithelial damage and
local microbial translocation [4]. Using immunohistochemistry
and quantitative image analysis, we assessed the extent of PMN
infiltration by measuring myeloperoxidase+ (MPO+) within
the LP in AHI pre-ART and AHI post-ART. Cross-sectional
analysis revealed no significant changes in PMN infiltration
in AHI pre-ART (n = 23) compared with post-ART (n = 14;
P = 4, Mann-Whitney test). Paired analysis of pre- vs post-ART
(n = 8) also showed no significant changes in PMN infiltra-
tion (P = .5, Wilcoxon rank test), as reported in Supplementary
Figure 3A and B.
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Figure 3. Bacterial taxa frequencies and inflammatory markers. A, Relative abundance of Firmicutes in HIV+ pre—antiretroviral therapy (ART) negatively correlated with
sCD14 (r=-.36; P=.03). B, Relative abundance of Fusobacteria in HIV+ pre-ART do not correlate with sCD14 (r=—.08; P=.63). C, Relative abundance of Firmicutes in HIV+
post-ART negatively correlated with sCD14 (r=—.40; P=.03). D, Relative abundance of Fusobacteria in HIV+ post-ART positively correlated with sCD14 (r=56; P=.001).
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Metabolomics Analysis

The plasma metabolic profile was assessed in a subset of 17
AHI participants who had paired samples at the time of diag-
nosis and after 6 months of ART and in 5 HIV-uninfected con-
trols. PCoA revealed clustering of HIV-uninfected controls and
HIV+ pre- and post-ART that was verified by pairwise Adonis
Euclidean matrices (HIV- vs HIV+ pre-ART, P = .01; HIV- vs
HIV+ post-ART, P = .04; HIV+ pre-ART vs HIV+ post-ART,
P =.06) (Supplementary Figure 4). A paired ¢ test and Welch’s
2-sample t test were used to identify biochemicals that differed
significantly between experimental groups. AHI at the time of
diagnosis exhibited several alterations in aminoacid metabo-
lism when compared with the HIV-uninfected controls. Among
the aminoacids found to be repressed in AHI pre-ART com-
pared with HIV-uninfected controls, tryptophan was detected
(P =.007; q = .004) (Figure 4A). After 6 months of ART, tryp-
tophan levels increased compared with the baseline (P = .007;
q = .003), and no significant difference was observed between
AHI post-ART and HIV-uninfected controls (P = .28; q = .14).
Furthermore, AHI pre-ART displayed significant higher levels
of kynurenine compared with HIV-uninfected controls (P =.02;
q =.07), whereas no significant difference was detected between
HIV+ post-ART and HIV-uninfected controls (P = .09; q = .06)

(Figure 4B). Kynurenine is a metabolite that can be produced
from tryptophan via the enzyme indoleamine 2,3 dioxygenase
(IDO) under proinflammatory stimuli [35]. Interestingly, the
IDO1 activity measured by the ratio of plasma concentration of
the downstream product, kynurenine, to the parent compound,
tryptophan (Kyn:Trp), was significantly higher in AHI pre-ART
compared to HIV-uninfected controls (P = .0004) and in AHI
post-ART compared to HIVuninfected controls (P =.009). The
Kyn/Trp ratio did not differ significantly between AHI pre-
ART and AHI post-ART (P = .1) (Figure 4C). AHI post-ART
showed changes in many metabolites with links to microbial
activity including several secondary bile acids and metabolites
that can be generated via microbial encoded deconjugation/
dehydroxylation reactions in the intestine by gut bacteria
(Supplementary Table 2).

DISCUSSION

HIV infection is associated with an altered composition of the
fecal microbiota, yet questions remain about how quickly bac-
terial dysbiosis is established and how antiretroviral treatment
can further shape gut microbial communities. Several recent
studies have investigated the composition of the gut microbiota
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Figure 4. Perturbation in amino acid abundance and utilization in HIV-infected vs HIV-uninfected controls. A, Relative intensity of tryptophan in HIV- vs HIV+ pre—antiretro-
viral therapy (ART; P=.007; q =.04) and HIV+ pre- vs post-ART (P=.007; q =.03). B, Relative intensity of kynurenine in HIV- vs HIV+ pre-ART (P=.023; g = .07) and in HIV- vs
HIV+ post-ART (P=.09; q = .06). C, Kyn/Trp ratio significantly differs between HIV- and HIV+ pre-ART (P=.0004) and between HIV- and HIV+ post-ART (P=.009).
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in HIV-infected individuals and its potential role in the patho-
genesis of the infection. The majority of these studies, however,
were cross-sectional and focused on chronically HIV-infected
individuals, and controls were not always well matched for con-
founding variables [16-21]. Interestingly, longitudinal studies
using simian immunodeficiency virus (SIV) nonhuman pri-
mate (NHP) models have shown that dysbiosis is not consist-
ently observed [36]. Furthermore, experimentally induced
intestinal dysbiosis in SIV-infected macaques did not accelerate
disease progression [37].

In this study, we reported differences in the composition of
the gut microbiota from a longitudinal study of Thai MSM with
AHI at the time of HIV diagnosis (F1-5) and after 6 months
of ART with ethnicity-, age-, and sex-matched HIV-uninfected
individuals as controls. Our data show a dysbiotic gut envi-
ronment establishing at the earliest acute phase of HIV infec-
tion. Many studies have shown an increase in the proportion
of Proteobacteria phylum, in particular Enterobacteriaceae
members, in treated and untreated chronically HIV-infected in-
dividuals compared with HIV-uninfected controls [16-19, 21—
23]. Interestingly, we observed a slightly higher abundance of
Proteobacteria members in HIV-uninfected controls compared
with AHI pre-ART, which could be attributed to the fact that
we studied MSM with AHI with age- and sex-matched HIV-
uninfected controls and that Thai individuals may have distinct
genetics or dietary habits; however, the small sample size pre-
cludes definitive conclusions.

After 6 months of ART, we observed an increase in the rel-
ative abundance of Proteobacteria phylum, particularly in
Enterobacteriaceae, compared with the time of AHI diagnosis,
which may suggest a partial restoration of the microbiota.
Furthermore, we did not find any significant correlations be-
tween Proteobacteria members and markers of systemic in-
flammation. These data suggest that a modest increase in the
relative abundance of Proteobacteria phylum members is not
necessarily associated with disease progression.

Consistent with previous observations [20, 21, 34], the rel-
ative abundance of Fusobacteria phylum members, which in-
clude many potential inflammagenic pathogens, was higher in
AHI individuals at the time of diagnosis compared with HIV-
uninfected controls. After 6 months of ART, these bacterial taxa
positively correlated with levels of sCD14, a well-established
marker of disease progression in AHI, which we have recently
reported to remain elevated despite early treatment [6, 38, 39].
This may suggest a potential relationship between altered gut
bacterial communities and systemic inflammation. Gut tissue
inflammation measured by MPO did not change significantly
after 6 months of ART, consistent with persistence of local tissue
inflammation.

In addition, we investigated the composition of the gut mi-
crobiota through stages F1-3 of acute infection, which we
previously found to be linked to a progressive loss of CD4, in

particular Th17, that occurred predominantly in stage F3 [27].
Our findings suggested an enrichment in pro-inflammatory
bacteria during the transition from F1 to F3, which seems to
correspond with the progression of disease; however, our small
sample size precludes definitive conclusions.

Evaluation of plasma metabolites revealed significant
changes in the secondary bile acids linked with microbial ac-
tivity among AHI pre- and post-ART and HIV-uninfected
controls. Bile acids are crucial metabolites in the gastrointes-
tinal tract and contribute to maintaining intestinal immune
homeostasis through cross-talk with the gut bacterial resi-
dents. The conversion of bile acids by the gut microbiome is
identified as a factor impacting both host metabolism and im-
mune responses [40].

The IDO1, the first enzyme of the kynurenine pathway, was
significantly higher in AHI pre-ART compared with HIV-
uninfected controls and AHI post-ART. Previous studies in
treated HIV-infected individuals have shown that dysbiosis
characterized by an enrichment in Proteobacteria and a deple-
tion in Bacteroidia correlated with activity of the kynurenine
pathway of tryptophan metabolism [18]. We did not observe
significant correlations between specific gut bacterial taxa
and these metabolites; however, further analysis would be
critical to better elucidate the linkage between gut dysbiosis
with secondary bile acid abundance and with activity of the
kynurenine pathway of tryptophan metabolism during HIV
infection.

It is important to note that our study had several limitations,
including the small sample size and the lack of HIV controls
receiving antiretrovirals, people on pre-exposure prophylaxis,
to better decipher the role of medications in microbiome al-
terations. Metabolomics analysis was conducted only in the
plasma and not in the gut. Despite these limitations, our study
provided a unique view of microbiome composition during
the earliest phases of acute infection in a highly homogeneous
and well-defined group of participants, with longitudinal
sampling.

In summary, in this study of the microbiome in early acute
HIV infection, we found evidence of dysbiosis that was only
partially restored after 6 months of ART. Overall, dysbiosis
was characterized by subtler, rather than profound, individual
changes in the bacterial structure of the gut microbiota, but sig-
nificant correlations between pathogenic taxa and markers of
HIV disease progression were evident. These findings warrant
further investigation on the potential role of microbiota alter-
ations in HIV-associated inflammation as well as the potential
effects of specific drugs used to treat HIV.

Data Availability
Raw reads were deposited into the NCBI Sequence Read
Archive (SRA) database under the BioProject ID number
PRJNA510435.
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