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Alterations of the gut microbiome in HIV G

infection highlight human anelloviruses
as potential predictors of immune recovery
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Abstract

Background HIV-1 infection is characterized by a massive depletion of mucosal CD4 T cells that triggers a cascade

of events ultimately linking gut microbial dysbiosis to HIV-1 disease progression and pathogenesis. The association
between HIV infection and the enteric virome composition is less characterized, although viruses are an essential
component of the gut ecosystem. Here, we performed a cross-sectional analysis of the fecal viral (eukaryotic viruses
and bacteriophages) and bacterial microbiome in people with HIV (PWH) and in HIV-negative individuals. To gain
further insight into the association between the gut microbiome composition, HIV-associated immunodeficiency,
and immune recovery, we carried out a longitudinal study including 14 PWH who initiated antiretroviral therapy (ART)
and were followed for 24 months with samplings performed at baseline (before ART) and at 2, 6, 12, and 24 months
post-ART initiation.

Results Our data revealed a striking expansion in the abundance and prevalence of several human virus genomic
sequences (Anelloviridae, Adenoviridae, and Papillomaviridae) in stool samples of PWH with severe immunodeficiency
(CD4 < 200). We also noted a decreased abundance of sequences belonging to two plant viruses from the Tobamovi-
rus genus, a reduction in bacterial alpha diversity, and a decrease in /noviridae bacteriophage sequences. Short-term
ART (24 months) was linked to a significant decrease in human Anelloviridae sequences. Remarkably, the detection
of Anellovirus sequences at baseline independently predicted poor immune recovery, as did low CD4 T cell counts.
The bacterial and bacteriophage populations were unique to each PWH with individualized trajectories; we found
no discernable pattern of clustering after 24 months on ART.

Conclusion Advanced HIV-1 infection was associated with marked alterations in the virome composition, in par-
ticular a remarkable expansion of human anelloviruses, with a gradual restoration after ART initiation. In addition

to CD4 T cell counts, anellovirus sequence detection might be useful to predict and monitor immune recovery. This
study confirms data on the bacteriome and expands our knowledge on the viral component of the gut microbiome
in HIV-1 infection.
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Introduction

The gastrointestinal (GI) tract is a major site of HIV-1
replication, resulting in a massive depletion of mucosal
CD4 T cells in the small and large intestines during both
acute and chronic phases of HIV infection [1]. HIV-1
infection is also associated with enteropathy, mucosal
inflammation, and disruption of the epithelial barrier
leading to microbial translocation [2, 3]. Great strides
have been made to understand the contribution of the
gut microbiome to HIV-1 infection, primarily HIV-1
pathogenesis, and to leverage this knowledge to favora-
bly impact the lives of people living with HIV (PWH).
A large number of studies have indicated that microbial
communities are implicated in fueling chronic activation
[4] and inflammation and possibly causally involved in
metabolic disorders and non-communicable diseases [5].

Bacterial dysbiosis is known to occur in HIV-1 infec-
tion [6, 7]. Data from cross-sectional (for the most part)
and a handful of longitudinal studies indicate reduced
bacterial diversity and enrichment in Pseudomonad-
ota (formally Proteobacteria). The difficulty in defining
an HIV-1-associated signature of bacterial dysbiosis is
due to the ever-growing list of confounders and fac-
tors that also shape the gut microbiota, which are not
always included or considered especially in earlier studies
including sexual preference [8] and more recently geo-
graphical location [9, 10]. Furthermore, evidence from
recent studies suggests that an HIV-1-associated bacte-
rial dysbiosis signature is only apparent or detectable in
later stages of HIV-1 infection (chronic infection) [6].
In an attempt to resolve these issues inherent to human
studies, non-human primate (NHP) models have been
used, where environmental and genetic factors are con-
trolled for [11]. Studies have shown a lack of bacterial
dysbiosis in NHP [12]. Furthermore, attempts to recre-
ate an HIV-associated signature using specific antibiotics
targeting Gram-positive bacteria failed to demonstrate
a strong link between bacterial dysbiosis and HIV-1 dis-
ease progression in NHP [13].

In addition to bacteria, viruses are highly abundant
and diverse in the human gut and exhibit important
inter-individual variations [14]. The human gut virome
is composed of eukaryotic and prokaryotic viruses
infecting human cells, plants, or microorganisms such
as bacteria, fungi, and archaea. The composition and
potential contributions of viral communities to human
diseases have been far less characterized than its bacte-
rial counterparts, mainly due to technical limitations
[15]. Studies have highlighted associations between the
enteric virome composition and several diseases such as
inflammatory bowel disease, diabetes, and graft versus
host disease [16—19]. A seminal study of the human gut
DNA virome in HIV-1 infection revealed an expansion
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of adenovirus sequences in highly immunosuppressed
individuals, potentially contributing to HIV-associated
enteropathy [20]. In another study, HIV-1 infection was
not associated with changes in eukaryotic virus alpha-
and beta-diversity, although a decrease in phage richness
that reversed after antiretroviral therapy (ART) initiation
was described [21]. In NHP models, expansion of ade-
noviruses during pathogenic simian immunodeficiency
virus (SIV) infection was associated with damage to the
epithelial barrier, gastrointestinal disease, and acquired
immunodeficiency syndrome (AIDS)-related mortality
[22, 23]. Interestingly, several mammalian viruses such
as Herpesviridae and Reoviridae were also shown to be
more abundant in gorillas naturally infected with SIV
[24]. Altogether, these studies importantly demonstrate
that HIV-1 and SIV infections can be associated with
changes in the gut virome composition. Further studies
should contribute to clarify the underlying mechanisms
and potential role in HIV-1 disease progression.

Here, we explored the ecology of gut microbial com-
munities including both the bacteriome and the RNA
and DNA virome in HIV-1 infection. This study was
conducted in Mexico where, despite universal availabil-
ity of ART, PWH still frequently present with low CD4
T cell counts and acquired immunodeficiency syndrome
(AIDS)-defining conditions. We first performed a cross-
sectional study including 92 untreated PWH across dif-
ferent stages of HIV-1 infection and a control cohort of 53
HIV-seronegative individuals at high risk of HIV-1 infec-
tion. To gain further insight into the interplay between
the gut microbiome composition and the immune status,
we performed a longitudinal study following 14 highly
immunocompromised PWH for 24 months after ART
initiation. We used 16 S rRNA sequencing to characterize
bacterial communities and conducted a comprehensive
shotgun RNA and DNA virome analysis of fecal sam-
ples. Our data revealed significant alterations of the fecal
virome in immunosuppressed PWH, and temporal evo-
lution after ART initiation and suggested an association
between the presence of Amnelloviridae sequences and
immune recovery.

Methods

Ethics

This study was approved by the Ethics, Research, and
Safety Committees of the Instituto Nacional de Enferme-
dades Respiratorias Ismael Cosio Villegas (INER) under
approval numbers B36-12, C59-15, and C15-16. All
participants were informed of the study objectives
and signed an informed consent. All participants were
18 years or older. The study was conducted accord-
ing to the Declaration of Helsinki of 1964 and later
amendments.
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Metadata

The following metadata were included: age (numeric), sex
assigned at birth (categorical: female, male), place of resi-
dence (categorical; CDMX Ciudad de México, EDOMEX
State of Mexico, Others), gastrointestinal symptoms at
study entry (categorical: yes, no), antibiotic use at study
entry (categorical: yes, no), current smoking (categorical:
yes, no), sexual preference (categorical: men who have sex
with men, MSM, men who have sex with women, MSW,
women who have sex with men, WSM), body mass index
(BMI, kg/m?% numeric), season of the year (categorical:
summer, autumn, winter, spring), HIV status (categorical:
negative, positive), absolute CD4 T cell count (cells/uL,
numeric), CD4 percentage (%, numeric), CD4/CDS8 ratio
(numeric), and HIV plasma viral load (HIV-1 RNA cop-
ies/mL, numeric).

Study cohorts
A flow diagram of our study is summarized in Supple-
mentary Figure S1.

Cross-sectional cohort

A total of 145 individuals were included: 53 were HIV-
seronegative individuals (protocol C15-16), and 92 were
PWH naive to ART (protocols B36-12 and C59-15), and
included both ambulatory and hospitalized individu-
als. HIV-1 diagnosis was confirmed by enzyme-linked
immunosorbent assay and performed by the Virologic
Diagnostic Laboratory, Departamento del Centro de
Investigacién en Enfermedades Infecciosas (CIENI),
Instituto Nacional de Enfermedades Respiratorias
(INER), in accordance with the manufacturer’s instruc-
tions (VIDAS HIV DUO Ultra, VIDAS, BioMérieux,
Marcy I'Etoile, France, and GENSCREEN ULTRA HIV
Ag-Ab, Evolis, Bio-Rad, Hercules, CA, USA). HIV testing
was also performed for all HIV-seronegative individu-
als. This control cohort included individuals at high-risk
of HIV infection. To evaluate the risk of HIV acquisition,
a risk behavior assessment questionnaire based on sex-
ual practices was administered, as previously published
[25]. Confirmatory negative HIV testing was performed
prior to enrollment. Clinical and demographic data was
obtained by performing standardized interviews. PWH
naive to ART were stratified into four groups according
to their CD4 T cell counts: HIV CD4 > 350 (n=26), HIV
CD4 [200:350) (n=16), HIV CD4 [50:200) (n=25), and
HIV CD4<50 (n=25).

Sub-cohort 1/longitudinal

Fourteen PWH naive to ART were selected based on two
criteria: (1) availability of paired stool samples at five-
time points (baseline, previous to ART) and 2, 6, 12, and
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24 months after ART initiation and (2) baseline CD4 T
cell counts<200 cells/mm?® Demographic and clinical
characteristics at baseline are summarized in Table SI1.
Data on the dynamics of HIV clinical parameters follow-
ing ART initiation are summarized in Table S2. Following
ART initiation, HIV plasma load decreased significantly
at month 2 and thereafter (p<0.0001****, significance
was determined by fitting a linear regression with plasma
viral load as the outcome variable (log;,), and time on
ART as the independent variable). Complete virological
suppression was achieved for 4 (28.57%) PWH at month
2, 11 (78.57%) at month 6, and 12 (85.71%) at month 12
(and at month 24). Some PWH changed the ART regi-
men at month 2 (#z=2) and month 6 (z=1). There was
a significant increase in both absolute CD4 T cell counts
and CD4/CDS8 ratio (significance was determined by
pair-wise Wilcoxon test between time points).

Sub-cohort 2: immune recovery cohort

We explored associations between the gut microbiome
and immune recovery. To do so, we collected follow-up
clinical HIV data (pVL and CD4 T cell counts) for up to
60 months after ART initiation. PWH with baseline CD4
T cell count below 350 cells/uL and sustained plasma
HIV viral load <200 copies/ml after 6 months of ART
were included (n=42). Fifteen participants (35.7%) had at
least one CD4 T cell count above 500 cells/mm?® and were
classified as adequate immune responders (AIR), whereas
seventeen individuals (40.5%) had all CD4 T cell counts
below 350 cells/uL and were classified as poor immuno-
logical responders (PIR).

Samples

Stool samples were collected, temporarily placed
at+4 °C, aliquoted (approximately 200-250 mg per
tube), and stored at—80°C within 2 h of reception at the
CIENIL

HIV-1 RNA plasma viral load and lymphocyte populations
HIV-1 RNA plasma viral load was determined by auto-
mated real-time PCR using m2000 system (Abbot,
Abbott Park, Illinois, USA). Lymphocyte populations
were obtained by flow cytometry using Trucount in a
FACSCanto II (BD Biosciences, San Jose, California,
USA).

Bacterial 16S rRNA analysis

Stool DNA extraction

A total of 145 stool samples were available for DNA
extraction. DNA was extracted using the PowerSoil DNA
Extraction Kit (MO BIO Laboratories, Carlsbad, CA,
USA) as instructed by the manufacturer. Briefly, stool
samples were transferred from—80 °C to the laboratory
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on dry ice and then transferred in a Powerbead Tube.
Next, 60 pl of solution C1 was added and the tube was
inverted several times. Tubes were vortexed horizon-
tally (bead beating) for 30 min on a vortex with a hori-
zontal adapter. Next, tubes were centrifuged for 30 s min
at 10,000x g. The supernatant was transferred to a new
tube and 250 pl of the solution C2 was added, briefly vor-
texed, and incubated at 4 °C for 5 min. Tubes were centri-
fuged for 30 s at 10,000 x g. Then, 600 pl of supernatant
was transferred to a new tube and 200 pl of the solution
C3 was added, briefly vortexed, and incubated at 4 °C for
5 min. Tubes were centrifuged for 30 s at 10,000 X g. Next,
750 pl of the supernatant was transferred into a new tube
and 1200 pl of solution C4 was added and vortexed for
5s. The supernatant was loaded on to a spin column-tube
assembly (three consecutive loadings of 675 pl) and cen-
trifuged at 10,000 x g for 1 min. Spin filters were washed
by centrifugation with 500 ul of solution 5, and the total
DNA was eluted in 100 pl of solution 6. DNA purity and
quality were assessed by absorbance on a Nanodrop
N1000 (ThermoFisher Scientific, Carlsbad, CA, USA) by
measuring the A260/A280 ratio.

16S rRNA gene amplification and sequencing

16S rRNA sequencing was performed according to the
16S metagenomic library preparation guide (Illumina®
MiSeq System) using a two-stage PCR protocol. Primers
for the V3-V4 16 s rIRNA were previously published [26].
The forward primer was (341F), 5'-CCTACGGGNGGC
WGCAG-3’, and the reverse primer was (805R), 5 -GAC
TACHVGGGTATCTAATCC-3". Primers were pur-
chased with overhang adapter sequences, the forward
overhang sequence was 5'-TCGTCGGCAGCGTCAGAT
GTGTATAAGAGACAG-followed by the 341F primer,
and the reverse overhang sequence was 5 -GTCTCG
TGGGCTCGGAGATGTGTATAAG AGACAG-followed
by the 805R primer (Invitrogen, Waltham, MA, USA).
Briefly, each DNA sample was amplified in triplicate by
PCR in a final volume of 25 pL. PCR reactions contained
RNase/DNase-free water, 2.5 pL 10X high fidelity PCR
buffer (Invitrogen), 0.5 pL 10 mM dNTPs, 1 pL 50 mM
MgSO,, 5 pL each of the forward and reverse primers
(10 pM final concentration), and 0.1 pL platinum high-
fidelity Taq (Invitrogen). Reactions were held at 95 °C
for 3 min to denature the DNA, with amplification (25
cycles) at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s;
a final extension of 5 min at 72 °C was added to ensure
complete amplification. PCR cycling was limited to 25
cycles. PCR amplification was verified on a 2% agarose
gel (Sigma-Aldrich, MO, USA). Triplicate PCR reac-
tions were pooled per sample and purified using Agen-
Court AMPure XP beads (Beckman Dickson, Atlanta,
GA, USA) as instructed by the manufacturer. Dual
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indices were attached by PCR to the purified PCR ampli-
con using the Nextera XT Index Kit (Illumina, San Diego,
CA, USA). The index PCR clean-up step was repeated to
guarantee complete purification of the indexed libraries
using AgenCourt AMPure XP beads. Library quantifica-
tion was performed using the Qubit dsDNA HS Buffer
and Standards kit (Invitrogen) as instructed by the manu-
facturer. Next, each library was normalized to 4 nM by
dilution and pooled together. Library size and molarity
were checked on a 2100 Bioanalyzer instrument (Agilent
Technologies, Santa Clara, CA, USA) and sequenced on
the Illumina MiSeq'" platform using a final library molar-
ity of 14 pM to obtain paired-end sequences (2x300
cycles). The internal PhiX control was used at 25% (also
at 14 pM). Negative controls were included in paral-
lel to account for contamination from reagents during
DNA extraction and library preparation. Control samples
did not amplify by PCR nor did they yield a quantifiable
library, verified on the 2100 Bioanalyzer. Library prepa-
ration and sequencing were performed at the CIENI,
INER. Raw 16S sequences were deposited at the National
Center for Biotechnology Information-Sequence Read
Archive (NCBI-SRA) under project PRJNA901491
(cross-sectional) and PRJNA996141 (longitudinal).

16S rRNA gene analysis

Raw demultiplex FastQ files (read 1 and read 2) were
processed using QIIME2 (Quantitative Insights into
Microbial Ecology, version 2022.2, [27]). First, sequences
were imported into QIIME2, and primers were removed
using qiime cutadapt trim-paired and checked for
sequence quality and length. Next, DADA2 [28] was
used to denoise, remove chimera and PhiX sequences,
merge paired-end reads, and construct an amplicon vari-
ant sequences (ASVs) table. Negative controls yielded
less than 1000 raw sequences (read 1 and read2), and
no paired-sequences were obtained after DADA2. Tax-
onomy was assigned using the SILVA database (release
138, [29]) at 99% identity, pre-trained for the V3-V4 16S
rRNA region [30]. Qiime2 artifacts were imported into R
for further manipulation and graph visualization (R ver-
sion 4.3.0). For the cross-sectional cohort, after DADA2,
32 samples were excluded due to a very low number of
raw sequences (<1000). A total of 113 samples were
retained for studying the bacteriome, including 38 HIV-
neg and 75 PWH. After excluding these samples, a total
of 7,698,288 paired-sequences were available, with a
median of 46,577 sequences (min, 6052-max, 343,650).
Rarefaction was performed at a sampling depth of 5446
sequences per sample. For the longitudinal cohort, after
DADA2, a median of 74,120.5 sequences were retained
(min 12,086-max 260,599).
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Virome analysis

Virus particle enrichment and nucleic acid extraction

Virus particles were purified and non-protected nucleic
acids were digested prior to extraction. Stool samples
were resuspended at 4% in phosphate-buffered saline
(PBS) and centrifuged three times (resuspended sample
centrifugation 5 min at 2500 g, supernatant centrifuga-
tion 15 min at 4800 g and supernatant centrifugation
30 min at 4800 g). Supernatants were filtered at 0.8 pm
and 0.45 pm, concentrated using a 100 kDa Amicon
molecular weight cutoff filter (Amicon), and treated with
TURBO DNase (Ambion) and RNase I (Invitrogen) for
1 h 30 min at 37 °C. Nucleic acids were extracted using
the QIAamp viral RNA mini kit (Qiagen).

Sample processing and whole metagenome sequencing
Amplified complementary DNA (cDNA) was pre-
pared from extracted RNA using sequence-independ-
ent single primer amplification (SISPA) as previously
described with some modifications [31]. Total cDNA
was synthesized in triplicate reactions with three dif-
ferent sets of primers to reduce bias in sequence-inde-
pendent nucleic acid amplification [16, 32]. Extracted
RNA was converted to cDNA using rando nonamer
primers attached to a conserved sequence using Super-
Script III Reverse Transcriptase System (Thermo
Fisher) and primer Al (5-GCCGGAGCTCTGCAG
ATATCNNNNNNNNN-3'), Bl (5'-GACCATCTA
GCGACCTCCACNNNNNNNNN-3"), or C1 (5'-CCT
TGAAGGCGGACTGTGAGNNNNNNNNN-3").
The second strand was synthesized using Klenow frag-
ment polymerase (New England Biolabs) followed by
25 cycles of amplification using Expand High-Fidelity
DNA polymerase (Roche) and primer A2 (5-GCC
GGAGCTCTGCAGATATC-3), B2 (5-GACCATCTA
GCGACCTCCAC-3), or C2 (5'-CCTTGAAGGCGG
ACTGTGAG-3’). For each sample, three independent
cDNA reactions were performed and pooled, purified
twice using AMPure XP beads (Beckman Coulter) and
whole metagenome sequencing libraries were generated
using the Nextera XT DNA library preparation kit (Illu-
mina). Finally, samples were sequenced on the NextSeq
500 platform (Illumina) using 2 X 150-cycles mid-output
kits (Illumina). Viral metagenomic raw sequencing reads
were deposited at the National Center for Biotechnology
Information-Sequence Read Archive (NCBI-SRA) under
project PRINA1068646.

Viral metagenomic sequence analysis

Sequences were analyzed using the SURPI bioinformatics
pipeline [33]. Briefly, raw sequencing reads were preproc-
essed by removal of adapter, low-quality, and low-com-
plexity sequences followed by subtraction of human
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reads. The remaining reads were then aligned to nucleo-
tide and protein databases (NCBI NT and NR databases,
July 2018) using SNAP and RAPSearch to identify viral
sequences.

Multiple studies have demonstrated the presence of
contaminant nucleic acids in various reagents and mate-
rials used in viral metagenomic studies highlighting the
importance of using a proper control strategy [34—38].
To identify reads resulting from contaminants, one non-
template control (NTC) was included in each batch of
processed samples (25 NTC in total) and was sequenced
in parallel. Reads corresponding to bacteriophages, large
dsDNA viruses (Phycodnaviridae, Mimiviridae, Pithov-
iridae, Iridoviridae, and Marseilleviridae), parvoviruses,
circular single-stranded DNA (ssDNA) genomes (Cir-
coviridae and Genomoviridae), and Gammaretroviruses
(Moloney Leukemia virus) were frequently identified in
NTC and have been previously described as contami-
nants present in reagents and materials such as enzymes
and extraction columns or resulting from bioinformatics
misclassification in multiple studies [23, 34—39]. These
viral sequences were not considered for downstream
analyses. In addition, we occasionally observed a bar-
code hopping phenomenon resulting in false positive
reads for a particular viral genus in samples sequenced
on the same flow cell as a sample containing a large num-
ber of reads from this viral genus (over one million), as
described previously [40]. Therefore, to minimize the risk
from contaminant sequencing and barcode hopping, we
applied a triple threshold strategy. A sample was consid-
ered positive for a particular genus and viral sequences
were included for further analyses if the number of reads
was higher than 10, higher than five times the mean NTC
read number, and higher than 0.5% the number of reads
found in the sample with the greater number of reads on
the same flow cell.

Bacterial and viral alpha and beta-diversity analyses

Alpha-diversity was estimated using the Shannon index
[how many ASVs and how evenly they are distributed]
and observed ASVs (richness, how many ASVs there are),
while beta-diversity was estimated using the Bray—Curtis
dissimilarity index (vegan v.2.6—4, R). Beta-diversity was
visualized using principal coordinate analysis (PCoA).
The homogeneity of group dispersion was verified with
the betadisper function (vegan, R). Permutational mul-
tivariate analysis of variance (adonis2, vegan) was used
to test differences between groups. First, each categori-
cal and numeric variable was tested for its impact on the
fecal bacterial and viral structure using adonis2 (vegan,
R, with 10,000 permutations) on the Bray—Curtis dis-
similarity index. Missing values for each metadata vari-
able were first removed. Categorical variables with three
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or more levels were further tested for multilevel com-
parisons using pairwise adonis (adonis2, vegan, R), and
p values were adjusted for multiple comparisons using
Bonferroni.

Bacterial and viral differential abundance analyses

To identify differences in the abundances of individual
taxa between groups, we used Microbiome Multivariate
Association with Linear Models, MaAsLin2 [41]. MaAs-
Lin2 relies on general linear models and a wide range
of normalization and transformation methods. No col-
linearity was observed between the selected variables
(pairwise Spearman correlation coefficients<0.7) (Sup-
plementary Figure S2). Prior to performing bacterial dif-
ferential abundance analysis (DAA), ASVs collapsed at
the genus level, and ASVs with less than 10% prevalence
were removed as recommended [42].

Statistical analyses

Data were expressed as number (percentage), median
(interquartile range), mean (plus or minus standard
deviation), or number (percentage) as appropriate. Inde-
pendent groups (cross-sectional study) were compared
using the Mann—Whitney (two groups) or Kruskal-Wal-
lis (three or more groups) test for continuous variables
and Fisher’s exact test or chi-square test (as required)
for categorical values (GraphPad Prism v8, San Diego,
California, USA). P values were adjusted for multiple
comparisons when appropriate using Dunn’s or false dis-
covery rate (FRD). Paired data (longitudinal study) were
compared using the Friedman test. Correlation coef-
ficients and p values were computed with the nonpara-
metric Spearman test using “cor.test” function in R, and p
values were adjusted using the false discovery rate (FDR).
For the bacteriome, all ASVs were collapsed at the genus
level, and abundances were centered log ratio (CLR)
transformed. Generalized linear regression analyses were
used to assess relationships between alpha diversity met-
rics and CD4 T cell counts (numeric and categorical).
Normal distribution was first assessed using the Shap-
iro—Wilk test. Alpha diversity indices were logl0-trans-
formed to reduce the skewness of the data. Data were
visualized using “ggplot2’; “
“Heatmap”.

» o«

ggcorrplot2’;, “ggboxplot,” and

Results

Microbiome study cohort

A total of 145 individuals were included, of those, 53
were HIV-seronegative individuals at high risk of HIV
infection (HIV-negative) and 92 were PWH. The major-
ity of participants were male (93.8%), resided in Mexico
City (88.1%), self-declared as men who have sex with
men (MSM, 85.8%), and their median age was 33 years.
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PWH presented a wide range of CD4 T cell counts
(1-953 cells/mm?®, median 135.5 cells/mm?), and 54.3%
had progressed to acquired immunodeficiency syndrome
(AIDS), the most severe stage of HIV infection defined
by CD4 <200. To reflect the degree of immunodeficiency,
PWH were stratified into four groups according to their
CD4 T cell counts: CD4>350 (n=26), 200 <CD4<350
(n=16), 50<CD4<200 (n=25), and HIV CD4<50
(n=25) (Table 1). Profound differences in age, sexual
preference, body mass index (BMI), antibiotic use, hos-
pitalization, and plasma HIV load were observed across
our study groups. PWH with severe immunodeficiency
(CD4<200) were older, with higher plasma HIV loads,
lower BMI, higher frequencies of antibiotic use, and
hospitalization, all indicative of advanced stages of HIV
infection (Table 1 and Excel S1). Importantly, no differ-
ences across study groups were found for sex assigned
at birth, place of residence, tobacco use, gastrointestinal
symptoms, and fecal sample collection season. We used
16S rRNA amplicon sequencing and metagenomic viral
sequencing to characterize the fecal bacteriome, and the
fecal RNA and DNA virome, respectively. The overall
study design is shown in Supplementary Figure S1.

Bacterial dysbiosis is associated with advanced stages

of HIV infection

After quality control, sequences from 113 individuals
were kept for 16S rRNA downstream analyses, including
38 HIV-negative and 75 PWH. First, we explored alpha
diversity. Both richness and Shannon index were signifi-
cantly lower in PWH with CD4 <200 compared to HIV-
negative individuals (Fig. 1B and Excel S1 for adjusted
p values). Moderate positive correlations were found
between CD4 T cell counts and both richness (rho=0.47,
unadjusted p<0.0001) and Shannon index (rho=0.49,
unadjusted p <0.00001, Excel S2). BMI was also weakly
correlated with both richness and Shannon index (Excel
S2). We further explored relationships between alpha
diversity and CD4 T cell counts and other metadata by
performing univariate linear regression analysis. CD4
T cell counts, BMI, antibiotic use, hospitalization, and
sexual preference (tendency only) were associated with
richness and Shannon index (Excel S3). After adjust-
ing for BMI and sexual preference, associations between
alpha diversity and CD4 T cell counts remained signifi-
cant, though associations were lost when antibiotic use
and hospitalization were included in the model (Excel
S4). Next, we conducted an exploratory analysis to
identify which metadata impacted the fecal bacteriome
composition using PERmutational Multivariate ANaly-
sis of VAriance (PERMANOVA). Genus-level bacterial
communities were visualized using principal coordi-
nate analysis (PCoA) based on the Bray—Curtis index of
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Table 1 Cohort characteristics
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Cohort characteristics HIV-negative HIV CD4 > 350 HIV 200 <CD4<350 HIV 50 <CD4<200 HIV CD4<50 Statistical significance
Number of participants (n) 53 26 16 25 25
Age (years) .
Median 34 275 285 34 38 p=0.0005
(IQR) (29-38.5) (24-33) (22-40) (27.5-39.5) (32-45.5)
Sex assigned at birth ns
(male), n (%) 50 (94%) 26 (100%) 16 (100%) 22 (88%) 22 (88%) p=02301
Place of residence ns
Mexico City, n (%) 49 (96%) 22 (85%) 13 (81%) 23 (82%) 19 (76%) p=0.0632
Other states of Mexico, n (%) 2 (4%) 4 (15%) 3 (19%) 2 (8%) 6 (24%)
N/A, n 2 0 0 0 0
Sexual preference? N
MSM, n (%) 48 (94%) 20 (95%) 12 (86%) 18 (78%) 17 (68%) p=0.0151
Heterosexual, n (%) 3 (6%) 1 (5%) 2 (14%) 5(22%) 8(32%)
N/A, n 2 5 2 2 0
Tobacco use® ns
n (%) 21 (41%) 8(33%) 3(21%) 8(32%) 9 (36%) p=07335
N/A, n 2 2 2 0 1
Body mass index (BMI) -
Median (IQR) 243 (224-26.7) 236 (21.2-254) 24.5(20.5-26.3) 21.6(19.1-22.9) 203 (18.5-22.8) p<0.0001
N/A, n 1 3 3 1 0
Gastrointestinal symptoms® ns
(self-declared), n (%) 8 (16%) 2 (8%) 3(20%) 5(20%) 8(33%) p=02656
N/A, n 2 2 1 0 1
Antibiotic use® -
n (%) 7 (14%) 0 (0%) 6 (40%) 20 (80%) 21(87%) p<0.0001
N/A, n 2 2 1 0 1
Hospitalization -
n (%) 0 (0%) 0 (0%) 0 (0%) 5(20%) 17 (68%) p<0.0001
CD4T cell count
(cells/mm?), Median 908 488 280 81 21 .
(IQR) (742-1124) (426-675) (231-323) (64-120) (12-38) p<0.0001
CD4 percent
Median 40 23 12 8 4
(IQR) (34-47) (19-29) (10-17) (5-10) (2-7) p<0.0001
CDA4/CD8 ratio,
Median 137 0.46 0.18 0.12 0.07
(IQR) (1.03-1.83) (0.32-0.65) (0.15-0.31) (0.07-0.15) (0.04-0.12) p<0.0001
Plasma HIV load (HIV copies/ - 53,344 91,933 225253 380,428 ”
mL)
Median (10,942- (11,999- (80,378- (104,556~ p=0.0011
(IQR) 134,877) 292,737) 431,429) 966,670)
Sample collection season Ns
Winter, n (%) 14 (26%) 3(12%) 2(12%) 2 (8%) 4 (16%) p=05073
Spring, n (%) 12 (23%) 8(31%) 6 (37%) 6 (24%) 7 (28%)
Summer, n (%) 14 (26%) 7 (27%) 2 (12%) 6 (24%) 9 (36%)
Autumn, n (%) 13 (25%) 8(31%) 6 (37%) 11 (44%) 5(20%)

Statistical significance was assessed by two-sided Kruskal-Wallis and Fisher’s exact tests for continuous and categorical variables, respectively

n Number of participants, N/A Not available, IQR Interquartile range, ns Not significant

2 Self-declared

b Self-declared for non-hospitalized participants
"p<0.05,"p<0.01,""p<0.001,

p<0.0001
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Fig. 1 Bacterial dysbiosis is associated with advanced stages of HIV infection. Alpha diversity is significantly lower in PWH with CD4 <200
compared to HIV-negative individuals (A). Cross-sectional comparisons were performed on two alpha diversity metrics, richness (number of ASV
observed), and the Shannon index across the five-study groups using a Kruskal-Wallis with a Dunn’s post hoc test. The overall KW p value is shown
above each graph. Only significant adjusted p values between pairs are shown. The fecal bacteriome is impacted by CD4 T cell counts. Principal
coordinate analysis (PCoA) based on the Bray—Curtis dissimilarity index colored according to the five-group stratification (B) and CD4 T cell counts
(C), respectively. First, ASV was agglomerated at genus level prior to calculating the Bray—Curtis dissimilarity index. The adonis2() function was used
to calculate the effect size (R2) and p value. Ninety-five confidence ellipses are shown. Metadata that impacts the fecal bacteriome using univariate
PERMANOVA (D). The impact of each metadata of interest is shown as a heatmap, where the intensity of the color blue indicates the strength

of the effect size (R2), and is facetted by the type of variable (categorical or numeric). The season of the year refers to winter, spring, summer,

and autumn (the time of year the stool sample was collected). ASVs were agglomerated at the genus level prior to calculating the Bray—Curtis
dissimilarity index. The adonis2() function was used to calculate the effect size (R2) and p value. Abbreviations: % percent, ASV amplicon sequence
variants, BMI body mass index, Gl gastrointestinal, HIV human immunodeficiency virus, PERMANOVA permutational multivariate analysis of variance,
pVL plasma viral load (HIV-1 copies/mL), n number of participants, NS not significant, *p <0.05, **p <0.01, ***p < 0.001, and ****p <0.0001

dissimilarity, and dots were colored according to study  0.0001 (Fig. 1D and Excel S5). Differences were mainly
groups (Fig. 1B) and CD4 T cell counts (Fig. 1C). In uni-  centered between HIV-neg (reference) and HIV CD4< 50
variate analysis, the variable that impacted most the fecal and HIV 50<CD4<200 as determined by pairwise
bacteriome was CD4 T cell counts (study groups) with an  adonis2 (Excel $6). The other variables that impacted the
effect size (R*) of 12.7%, and an unadjusted p value below  fecal bacterial composition were sex-assigned at birth,
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sexual preference, BMI, antibiotic use, and hospitaliza-
tion. Next, we conducted a multivariate analysis, where
each term was tested sequentially (adonis2, by =“terms”)
and included sexual preference, BMI, age, HIV status,
and CD4+T cell counts. This analysis confirmed that
CD4 T cell counts impacted the fecal bacterial ecology
(R*=0.08, p=0.0049**), independently of these factors.
When including antibiotic use and hospitalization in the
model, this impact was lost. Our results suggest that the
individual contribution of CD4 T cell counts could not be
established in relation to alpha and beta diversity, poten-
tially due to moderate intercorrelations between the lat-
ter and antibiotic use and hospitalization (Supplementary
Figure S2). Lastly, we explored differences in bacterial
communities by differential abundance analysis (DAA)
using Microbiome Multivariate Association with Linear
Models (MaAsLin2). First, the top 3 phyla were Bacte-
roidota, Bacillota, and Pseudomonadota (formally Bac-
teroidetes, Firmicutes, and Proteobacteria, respectively),
accounting for more than 97% of all phyla. At the genus
level, Prevotella, Bacteroides, Faecalibacterium, Allo-
prevotella, and UCG-002 accounted for more than 50%
of all genera. For DAA, we ran two models: the first one
included CD4 T cell counts and HIV status, while the
second one considered the five-study group stratifica-
tion, in addition to age, sexual preference, BMI, antibiotic
use, and hospitalization. Both models demonstrated that
hospitalization was positively associated with Enterococ-
cus and Streptococcus, and negatively with alpha diversity
(Shannon index), while HIV status was positively associ-
ated with Coprococcus (Excel S7). DAA results suggest
that advanced stages of HIV infection are associated with
bacterial dysbiosis as shown by others [6].

(See figure on next page.)
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The fecal virome is composed of abundant and diverse
communities of bacteriophages

We subsequently used metagenomic viral sequenc-
ing to characterize the fecal RNA and DNA virome. We
obtained a median of 10.5 million sequences per sam-
ple (interquartile range (IQR) 9.6-11.6 million), with
no significant differences between the five study groups
(Kruskal-Wallis, p=0.20). After quality control and
subtraction of human, bacterial, and other non-viral,
we obtained a median of 257,376 viral reads per sample
(IQR: 76,151-717,790). All 145 individuals included in
this study had viral sequences for downstream analysis.
The most abundant viral sequences were from bacterio-
phages (42.5%), followed by plant viruses (37.5%), human
viruses (17.4%), and, to a lesser extent, protist viruses
(1.55%) (Fig. 2A, B). Protist virus sequences were found
in 9% of samples. Interestingly, two samples had a high
number of protist virus reads (>10,000), and in both
samples, these sequences belonged to Cryptosporidium
virus, a double-stranded RNA virus harbored by the
intracellular parasite Cryptosporidium. These samples
belonged to two PWHs with severe immunodeficiency
(CD4=11 and CD4=18), in agreement with the high
prevalence of cryptosporidiosis in PWHs with low CD4
T cell counts [43]. Other identified viruses represented
a minority of sequences and were attributed to dietary
components. Bacteriophage sequences were identified
in all 145 samples (100%) and represented over 10% of
all reads in 71 samples (49.0%). Viral sequences belong-
ing to the families Microviridae and Inoviridae and
assigned to the morphology-based group Siphovirus
were highly abundant (Fig. 2C, D). Phage communities
were visualized using PCoA based on the Bray—Curtis
index of dissimilarity and colored according to the study

Fig. 2 Fecal virome composition. A Host range of viral sequences identified in all samples (n=145) based on mean relative abundance. B
Abundance of sequences and proportion of positive samples across hosts. C Distribution of the most abundant bacteriophage classes and families/
morphology-based groups in all samples (n=145) based on mean relative abundance. D Abundance of virus sequences and proportion

of positive samples across bacteriophage families/morphology-based groups detected in at least 5% of samples. n, number of participants. E
Principal coordinate analysis based on the Bray—Curtis dissimilarity index colored according to the five-study groups for sequences belonging

to bacteriophages only. When using the adonis2() function, the impact of CD4 T cell counts was minimal (R*=0.038) with a PERMANOVA

p=0.054 (tendency). The only variable that impacted the fecal phageome composition was antibiotic use (R.?=0.023, PERMANOVA p=0.0028). F
Richness is significantly lower in PWH with CD4 <50 compared to HIV-negative individuals. No differences in the Shannon index were observed
across the five-study groups. Cross-sectional comparisons were performed on two alpha diversity metrics, richness (number of ASV observed),

and the Shannon index across the five-study groups using a Kruskal-Wallis with a Dunn’s post hoc test. The overall KW p value is shown above each
graph. Only significant adjusted p values between pairs are shown. G Inoviridae and Siphovirus are differentially abundant. Cross-sectional
comparisons were performed across the five-study groups using a Kruskal-Wallis with a Dunn’s post hoc test. The overall KW p value is shown
above each graph. Only significant adjusted p values between pairs are shown. H, I Associations between bacteriophages and bacteria. Spearman
correlations are shown as a correlogram where positive correlations are in blue and inverse correlations are in red. The intensity of the color
represents the intensity of the spearman rho. Only significant correlations are shown. P values were corrected for multiple comparisons using

the false discovery rate. Associations are shown overall (H) and stratified by HIV status (I). Abbreviations: % percent, ASV amplicon sequence variants,
PERMANOVA permutational multivariate analysis of variance, PWH people living with HIV, n number of participants, KWp Kruskal-Wallis p value,

*£ <005, **p<0.01, **p <0001, and ****p <0.0001
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groups (Fig. 2E). Next, we assessed if CD4 T cell counts
impacted the fecal phageome (bacteriophage communi-
ties) using univariate analysis (PERMANOVA) and found
no impact (PERMANOVA p=0.148). When consider-
ing the five-study group stratification, the effect size was
minimal (R?=0.038) with a PERMANOVA p=0.054
(tendency). The only variable that impacted the fecal
phageome composition, albeit minimally, was antibi-
otic use (R*=0.023, p=0.0028). We found that phage
richness was lower in HIV CD4<50 compared to HIV-
negative (adjusted p=0.00042), while no differences in
Shannon index (KWp=0.2871) were observed across the
five-study groups (Fig. 2F). We were unable to detect an
expansion in Caudoviricetes nor did we find differences
across our five-study groups for all other families or mor-
phology-based groups except for Inoviridae and Siphovi-
rus (Fig. 2G). Inoviridae sequences were less abundant in
HIV CD4 <50 and HIV 50 < CD4 < 200 compared to HIV-
negative (adjusted p=0.0160 and adjusted p=0.0445,
respectively).

Relations between bacteriophages and bacteria

We then explored relationships between phages and
bacteria. Phage diversity was moderately positively cor-
related with bacterial Shannon index and richness in
both HIV-negative and PWH while phage richness was
only moderately positively correlated with bacterial rich-
ness and diversity in PWH (Fig. 2H). Bacterial alpha
diversity was positively correlated with Inoviridae in
both HIV-negative and PWH. When stratifying by HIV
status, we found that both the number of correlations
between phages and bacteria and their strength increased
in PWH. Myovirus were negatively correlated with both
richness and Shannon index in PWH naive to ART, while
Microviridae and Picobirnaviridae were positively corre-
lated with bacterial richness and Shannon index (Fig. 2I).
CrAss-like phages were only positively correlated with
bacterial richness in PWH.

Depletion of plant virus sequences in PWH with severe
immunodeficiency

Plant virus sequences were identified in 132 samples
(91.0%) and represented over 10% of the reads in 37 sam-
ples (25.5%). Twelve viral families were detected in at
least 5% of samples (Fig. 3A, B) with a particularly high

(See figure on next page.)
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abundance of viruses from the Virgaviridae family and
to a lesser extent from the Tombusviridae, Betaflexiviri-
dae, and Alphaflexiviridae families. Notably, the viral
species Pepper mild mottle virus (PMMoV) and topical
soda apple mosaic virus (TSAMYV), both belonging to
the Tobamovirus genus within the Virgaviridae family,
accounted for 27.8% and 35.7% of plant virus reads and
were detected in 60.0% and 58.6% of samples, respec-
tively. Surprisingly, plant virus sequences were signifi-
cantly less abundant in PWH with CD4 <50 compared
to HIV-negative individuals and PWH with CD4 > 350
(Fig. 3C). This effect was driven by the low abundance
and prevalence of PMMoV and TSAMYV in PWH with
advanced immunodeficiency (Fig. 3E, F). No differences
were detected for other plant viruses considered either
individually or grouped (Fig. 3D and Excel S8).

Expansion of human viruses in PWH with severe
immunodeficiency

Human viruses were detected in 57.9% of samples and 22
viral genera belonging to 10 viral families were identified
(Fig. 4A). The viral families Picornaviridae, Parvoviridae,
and Caliciviridae accounted for 64.0%, 25.2%, and 7.8%
of human virus reads (Fig. 4A), respectively; due to the
detection of very high number of sequences (>10°) from
the Enterovirus and Salivirus, Sapovirus, and Bocaparvo-
virus genera in a few samples (Fig. 4B, C). Remarkably,
coxsackievirus A19 (Enterovirus C species, Picornaviri-
dae family) sequences represented 96.8% of all reads in
a sample from a PWH with severe immunodeficiency
(CD4=28). Sequences from the viral families Papilloma-
viridae, Anelloviridae, and Picornaviridae were the most
frequently detected in 33.1%, 31.7%, and 18.6%, respec-
tively, of the samples. Some samples presented a higher
diversity of human viruses, with 15 samples (10.3%)
harboring at least four human virus genera (Fig. 4C, E).
Notably, a sample from a PWH with AIDS (CD4=143)
harbored sequences from 13 human virus genera belong-
ing to seven viral families (Fig. 4C). Interestingly, PWH
with CD4<350 presented an increased abundance,
prevalence, and richness of human viruses compared to
HIV-negative individuals (Fig. 4C, D, and E). The mean
number of human virus genera detected was 0.4 in
the HIV-negative group while it reached 2.4 and 2.6 in
PWH with 50<CD4<200 and CD4<50, respectively.

Fig. 3 Composition and abundance of plant virus sequences. A Distribution of the most abundant plant virus families and species in all samples
(n=145) based on mean relative abundance. B Abundance of virus sequences and proportion of positive samples for plant virus families detected
in at least 5% of samples. Abundance of viral sequences and proportion of positive samples across study groups for all plant viruses (C), plant viruses
except PMMoV and TSAMV (D), PMMoV (E), and TSAMV (F). Abbreviations: n, number of participants; pepper mild mottle mosaic virus (PMMoV),
tropical soda apple mosaic virus (TSAMV); *p <0.05, **p <0.01, ***p < 0.001, and ****p <0.0001
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Differences in human virus communities between study
groups were confirmed by principal coordinate analysis
(PCoA) of beta-diversity based on the Bray—Curtis dis-
similarity index (Fig. 4F). In univariate analysis, the five-
study group stratification had the highest impact on the
fecal human-host virome with an effect size of 13.3%
and an unadjusted p-value below 0.0001. We observed
a significant separation between HIV-negative individu-
als and PWH with 200 <CD4 <350, 50 <CD4 <200, and
CD4 <50 (PERMANOVA, unadjusted p-values of 0.029,
0.003, and 0.001, respectively).

Expansion of human viruses in PWH with advanced
immunodeficiency

We next determined whether this expansion of human
viruses in PWH with advanced immunodeficiency was
driven by specific viral families. Anelloviridae sequences
were markedly more abundant and more frequently
detected in PWH with CD4<200 compared to HIV-
negative individuals or PWH with CD4>350 (Fig. 5A
and Excel S9). Strikingly, Anelloviridae sequences were
not detected in any of the 53 samples from HIV-nega-
tive individuals while they were detected in 70% of the
samples from PWH with CD4<200. It is typical of fecal
viromes of healthy humans in which recovery of DNA
eukaryotic viruses is rare [44]. Normalized number of
Anelloviridae sequences showed a moderate negative
correlation with CD4 counts (Fig. 5B). An expansion of
Papillomaviridae and Adenoviridae sequences was also
observed in PWH with advanced immunodeficiency
(Fig. 5C, D). No differences were observed for other fre-
quently detected viral families such as Picornaviridae
and Caliciviridae (Excel S8). Next, we used MaAsLin2 to
determine a multivariable association between metadata
and the eukaryotic human virome. We ran two models,
the first one included CD4 T cell counts and HIV status,
while the second one considered the five-study group
stratification, in addition to the metadata variables that
were significantly different between study groups (age,
sexual preference, BMI, antibiotic use, and hospitaliza-
tion, Table 1). Both models consistently demonstrated
that CD4 T cell counts were positively associated with
Anelloviridae, Adenoviridae, and Papillomaviridae and

(See figure on next page.)
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negatively associated with PMMoV and TSAMV (Fig. 5E
and Excel S9). No significant associations were detected
for any of the other metadata variables. This multivari-
ate analysis confirmed the expansion of human viruses
belonging to the families Anelloviridae, Adenoviridae,
and Papillomaviridae as well as the depletion of the plant
viruses PMMoV and TSAMYV in PWH with low CD4 T
cell counts, independently of other factors.

Evolution of the bacterial and viral communities

after antiretroviral therapy initiation

To address changes in the composition of the gut micro-
biome following ART initiation, we carried out a longi-
tudinal characterization of the bacterial microbiome
and virome in 14 PWH with AIDS (CD4<200) during
the first 24 months of ART (see Supplementary Figure
S1 for study design). At baseline, all PWH were naive to
ART and their median CD4 T cell count was 44 cells/uL
(IQR 20.75-101) (Table S1). The predominant ART regi-
men was tenofovir disoproxil fumarate, emtricitabine,
and efavirenz (TDF/FTC/EFV). Following ART initia-
tion, pVL decreased significantly concurrent with CD4 T
cell counts increase (Table S2). Importantly, all individu-
als had pVL <200 after 2 to 12 months on ART, although
an individual had low-level viremia after 24 months on
ART. Despite a significant increase in CD4 T cell counts,
nine individuals (64.3%) had CD4 <350 after 24 months
of ART, indicating that suboptimal immune recovery
was frequent in this cohort of severely immunocompro-
mised PWH. First, we explored how alpha diversity met-
rics were impacted by ART initiation. Richness increased
(Friedman p=0.022, Fig. 6A), while there was no signifi-
cant increase in Shannon (Friedman p=0.66, Fig. 6B).
Phage richness and Shannon did not differ significantly
across the five time-points (Friedman p=0.185 and
p=0.480). As shown in Fig. 6C, D, highly individualized
trajectories emerged, without a specific pattern of clus-
tering of bacterial communities after 24 months on ART,
as confirmed by PERMANOVA (p>0.05). When explor-
ing correlations between bacteria and phages at each
time point, we found that bacterial alpha diversity met-
rics were strongly positively correlated with phage rich-
ness and Shannon, and Inoviridae and Picobirnaviridae

Fig. 4 Composition and abundance of human virus sequences. A Distribution of the most abundant human virus families and species in all
samples (n=145) based on mean relative abundance. B Abundance of virus sequences and proportion of positive samples for all human virus
families identified. C Heatmap distribution of the log,, abundance of human virus genera in the 145 participants. Participants were ordered

by study groups and by decreasing CD4 T cell counts (from left to right). *Mamastrovirus genus and MLB2 unclassified astrovirus. D Abundance

of human virus sequences and proportion of positive samples across study groups. E Number of human virus genera identified across study groups.
F Principal coordinate analysis based on the Bray—Curtis dissimilarity index colored according to the five-study groups. Abbreviations: n, number

of participants; *p <0.05, **p <0.01, ***p <0.001, and ****p < 0.0001
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at baseline (Excel S10). After 2 months on ART, we found
strong negative correlations between bacterial richness
and Shannon and phage richness and Shannon. Bacterial
richness and Shannon diversity were also negatively cor-
related with Myovirus, and bacterial Shannon diversity

was negatively correlated with Podovirus. At month 12,
a negative correlation was found between bacterial diver-
sity and Fiersviridae (formally Leviviridae). At months 6
and 24 after ART initiation, no correlations were found
between bacteria and phages.
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Next, we performed a longitudinal analysis of the fecal
eukaryotic virome after ART initiation. We observed a
significant increase in the abundance of the plant viruses
PMMoV and TSAMV after 24 months of ART com-
pared to baseline (p=0.00518 and p=0.0310, respec-
tively) (Fig. 6E and Excel S11). Conversely, the number
of human virus genera as well as their abundance and
prevalence progressively decreased during the 24 months
following ART initiation (Fig. 6F and Excel S11). Notably,
the abundance of Anelloviridae sequences was signifi-
cantly lower after 6, 12, and 24 months of ART compared
to the baseline (p=0.0415, p=0.00805, and p=0.00592,
respectively) (Fig. 6G and Excel S11). No significant
differences were observed for other plant and human
viruses (Excel S11). Pre-ART samples harbored signifi-
cantly less PMMoV and TSAMYV sequences, and more
Anelloviridae sequences compared to HIV-negative indi-
viduals (p=0.00635, p=0.0440, and p=4.04E-09) (Excel
S12), in agreement with our results described above for
the complete cross-sectional cohort. After 24 months
on ART, the abundance of PMMoV and TSAMV was
similar when comparing treated PWH and HIV-negative
individuals. However, Anelloviridae sequences were still
detected in three individuals (21.4%) with CD4 < 300 after
24 months on ART and their abundance and prevalence
were significantly higher compared to HIV-negative indi-
viduals (p=0.00760) (Excel S12), potentially reflecting
the suboptimal immune recovery in some PWH. Alto-
gether, these results revealed a gradual restoration of the
virome in PWH after ART initiation and a potential asso-
ciation between immune reconstitution and Anelloviri-
dae sequence detection.

Baseline CD4 T cell counts and human Anelloviridae

detection can predict immune recovery during ART

Our results demonstrated a remarkable expansion of
Anelloviridae sequences in PWH with severe immunode-
ficiency, suggesting that the presence of human Anello-
viruses could be a marker of the immune status. We next
assessed whether the detection of human Anelloviridae
sequences in fecal samples from untreated PWH could
predict suboptimal immune recovery after ART initia-
tion. We first performed univariable logistic regression
analyses in a subset of PWH who had follow-up clinical
HIV data (pVL and CD4 T cell counts) up to 60 months
after ART initiation (see Supplementary Figure S1). Indi-
viduals with baseline CD4 T cell count below 350 cells/
mm? and sustained plasma HIV viral load <200 copies/
ml after 6 months of ART were included (n=42). Fifteen
participants (35.7%) had at least one CD4 T cell count
above 500 cells/mm?® and were classified as adequate
immune responders (AIR) whereas seventeen individu-
als (40.5%) had all CD4 T cell counts below 350 cells/mm?3
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and were classified as poor immunological respond-
ers (PIR). Low baseline CD4 T cell counts and Anello-
viridae sequence detection before ART initiation were
significantly associated with poor immune recovery
(»p=0.0173 and p=0.0078, respectively) while no asso-
ciation was identified for other variables (p-values > 0.20
for age, sex assigned at birth, BMI, and plasma HIV
load) (Fig. 7 and Excel S13). These two potential pre-
dictors were then included in a multivariable logistic
regression model. Importantly, both low baseline CD4
T cell counts and detection of human Amnelloviridae
sequences in stool samples before ART initiation inde-
pendently predicted poor immune recovery (p=0.0279
and p=0.0205, Excel S13).

Discussion
The overall objective of this study was to gain a better
understanding of the viral component of the gut micro-
biome and its association with HIV infection and immu-
nodeficiency. We demonstrate a striking expansion in
Anelloviridae intimately linked to CD4 T cell counts and
severe immunodeficiency, bacterial dysbiosis linked to
advanced HIV disease, and no major change in bacterio-
phage populations. Short-term ART (24 months) had an
impact on the eukaryotic virome, with a gradual restora-
tion of plant viruses and a decrease in human anellovirus
sequences. Furthermore, human Anelloviridae sequences
predicted poor immune recovery after ART initiation.
When analyzing the bacterial component of the gut
microbiome, we found that advanced HIV infection and
immunodeficiency were linked to bacterial dysbiosis as
shown by others [6, 45]. We report a decrease in alpha
diversity metrics and a bacterial signature of increased
Enterococcus, Streptococcus, and Coprococcus, linked to
advanced HIV disease. The lack of a more pronounced
HIV-associated bacterial signature was a surprise to us,
given the wide range of CD4 T cell counts and the inclu-
sion of PWH with AIDS-defining conditions, as shown
by others [8]. After ART initiation, we found large inter-
personal differences in the gut bacterial composition
without a specific pattern of clustering of bacterial com-
munities after 24 months on ART and increased bacte-
rial richness. A recent study demonstrated differences
in cohorts from different geographical locations (USA
and two sub-Saharan countries: Uganda and Botswana),
suggesting that the gut microbiome is highly contextu-
alized to each population and their characteristics [9].
Our results were likely affected by the inclusion of PWH
with severe immunodeficiency and suboptimal immune
recovery despite short-term ART. Also, we included 14
PWH in the longitudinal study and most likely did not
have enough power to observe changes associated with
ART initiation. High intra- and interindividual variability
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could have masked the impact of ART on the gut micro-
biome [46].

The phageome of untreated PWH was dominated
by temperate-tailed phages mainly Caudoviricetes and
within this order, Siphovirus and lytic phages of the
Microviridae family. Surprisingly, we did not detect an
expansion in Caudoviricetes as shown in Crohn’s disease,
which could be indicative of gut virome dysbiosis [16, 47,
48]. Either Caudoviricetes populations remain unaffected
by HIV-1 infection and profound immunodeficiency or
we were unable to detect it. We did find a decrease in
Inoviridae, a group of filamentous phages, in PWH with
severe immunodeficiency. Inoviridae are known to infect
Gram-negative bacteria without killing their host, estab-
lishing a productive chronic infection [49, 50]. As shown
in previous studies, external factors, such as antibiotics
induce the switch from lysogenic to lytic [51].

Our study showed drastic changes in the gut virome
composition in immunocompromised PWH, character-
ized by a depletion in plant viruses, an expansion in Ade-
novirus, Papillomaviridae, and Adenoviridae sequences.
First, plant virus sequences were less frequently and less
abundantly detected in PWH with severe immunodefi-
ciency compared to HIV-negative individuals and PWH
with CD4>200. Notably, this depletion reverted after
24 months of ART and was specific to pepper mild mot-
tle virus (PMMoV) and tropical apple soda mosaic virus
(TSAMYV). These two plant viruses share high-nucleotide
sequence identity (80.4%) and are non-enveloped, posi-
tive-sense single-stranded RNA viruses belonging to the
Tobamovirus genus (Virgaviridae family) [52, 53]. They
mainly infect Capsicum spp (chili, bell, and ornamental
pepper plants) and can cause mild to severe symptoms
in infected plants [52, 54]. PMMoV has been found in
pepper-containing food products and in drinking water

sources [55-57]. Due to its high abundance in human
fecal samples [56, 58] and its long persistence in envi-
ronmental samples, PMMoV has been used as an indi-
cator of human fecal contamination in wastewater [52,
59, 60]. TSAMV was identified more recently and has
been far less studied than PMMoV [52]. Interestingly, it
was abundantly and frequently detected in stool sam-
ples from Mexican children [61]. Since PMMoV (and
likely TSAMV) RNA in fecal samples may result from the
consumption of pepper-containing food products and
potentially contaminated water, variability in their fecal
shedding could be due to differences in diet. Gastrointes-
tinal disorders and higher hospitalization rates in PWH
with severe immunosuppression might be associated
with a lower consumption of pepper-containing food
products (chili pepper, dry spices, and sauces) and/or
consumption of higher quality drinking-water, possibly
resulting in a lower abundance of PMMoV and TSAMV
in stool samples. Dietary information was unavailable in
our study and these hypotheses would require further
specific investigations.

Next, we showed a moderate expansion of human
Adenoviridae sequences in PWH with severe immunode-
ficiency, in agreement with previous studies carried out
in Uganda and Mozambique [6, 20]. However, this expan-
sion was less marked in our study, with a lower preva-
lence of Adenoviridae sequences in Mexico compared
to these East African cohorts. Similarly, a study analyz-
ing the geographic variation of the eukaryotic gut virome
revealed a higher prevalence of adenoviruses in diarrheic
children from Gambia compared to Australia and Seattle
[62]. These results highlight the impact of the geographic
region on the composition of the gut virome, possibly
due to environmental, socioeconomic, and host factors
such as climate, water quality, diet, lifestyle, health status,
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and age [63, 64]. Expansion of enteric viruses in severely
immunocompromised might contribute to AIDS patho-
genesis by damaging the intestinal barrier and potentially
promoting chronic immune activation. In non-human
primate models, pathogenic simian immunodeficiency
virus (SIV) infection was associated with an expansion
of adenoviruses [22, 23]. Importantly, these studies dem-
onstrated a significant association between gastrointes-
tinal disease, AIDS-related mortality, and Adenoviridae
sequence detection in SIV-infected rhesus macaques.
Additional studies are needed to determine whether
virome alterations may contribute to HIV-associated
enteropathy and disease progression in PWH.

We also showed an expansion of Papillomaviridae
sequences in stool samples from PWH with AIDS com-
pared to HIV-negative individuals. Human papilloma-
virus (HPV) sequences detected in fecal samples could
originate from the anal canal and potentially from the
oral cavity [65]. Interestingly, high anal HPV prevalence
was reported among young HIV-positive and HIV-neg-
ative MSM, with amplifying effects of HIV infection and
HIV-related immunosuppression [66]. Alpha-, beta-, and
gamma HPV were found to be significantly more preva-
lent in the anal canal of PWH, with genus- and species-
specific results depending on the study [61, 67, 68]. In
the oral cavity, HPV prevalence was found to be higher
in PWH and was strongly associated with low CD4 T cell
counts [69, 70]. HPV expansion may be explained by the
higher incidence, persistence, and recurrence of HPV
infections, resulting in a higher risk of HPV-associated
malignancies in PWH with persistently low CD4 T cell
counts [71, 72].

A striking association between HIV-associated immu-
nodeficiency and Anelloviridae sequence detection was
found. Anelloviridae are small non-enveloped DNA
viruses with circular, negative-sense single-stranded
genomes. They are extremely diverse, highly preva-
lent, and present in a wide range of human biological
samples [73-76]. Anelloviruses cause persistent infec-
tions in humans that have not been associated with the
disease. Several studies have demonstrated a marked
expansion of anellovirus sequences in plasma samples
from immunocompromised hosts, in particular trans-
plant recipients receiving immunosuppressive therapy
[75, 77] and PWH with low CD4 T cell counts [78-80].
Interestingly, high anellovirus loads have been associated
with an increased risk of infection while low anellovirus
loads were associated with a higher risk of graft rejec-
tion in solid-organ transplant recipients [81]. Due to
the extremely high prevalence of anelloviruses and their
association with immunosuppression, plasma anellovirus
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load has been proposed as a marker of the overall state of
immunosuppression [80, 82—84]. Our longitudinal study
demonstrated that short-term ART was associated with
a gradual decrease in the abundance of human Anello-
viridae sequences in severely immunocompromised
PWH, suggesting that Anelloviridae detection could be
a useful marker for immune reconstitution after ART
initiation as already suggested previously [78]. We fur-
ther showed that baseline human anellovirus detection
and CD4 T cell count were significantly associated with
immune recovery after ART initiation. While low nadir
CD4 T cell count has been consistently associated with
poor immune recovery [85-88], the predictive value of
anellovirus load on immune reconstitution led to con-
trasting results in two recent studies [89, 90]. Our results
suggest that anellovirus abundance in fecal samples could
be used as a predictive marker for immune recovery in
PWH, extending previous results obtained in plasma
samples [90]. Although both peripheral blood and gas-
trointestinal tract are relevant components to character-
ize HIV disease progression and immune recovery [1,
91], there are notable differences in the kinetics of CD4
T cell restoration after ART initiation between these ana-
tomical sites [92-94]. Comparative studies of anellovirus
prevalence and abundance at different anatomical sites in
PWH would be needed to assess the value of enteric ver-
sus plasma anellovirus load as an immune marker and as
a predictor of CD4 restoration after ART initiation.

Some limitations of this study should be acknowl-
edged. Dietary information was not collected although
diet has been previously shown to have significant
effects on the microbiome composition. Associations
between diet and the abundance and prevalence of plant
viruses in the gut could notably be an interesting area
for future investigations. Other limitations include the
inclusion of severely immunocompromised PWH with
antibiotic use and the need for hospitalization, which
albeit truly informative for the virome, might have
obscured bacteriome alterations. Also the character-
istics of our cohort could affect the generalizability of
these results. Notably, our cohort was predominantly
composed of males and men who self-declared as MSM
contrasting with the small number of females and MSW
included in this study. Although this is representative of
the HIV-1 epidemic in Mexico, we certainly lacked sta-
tistical power to accurately control this covariate (sexual
preference) and confounders. We leveraged these limi-
tations by conducting both a cross-sectional with a large
number of PWH (7=92) and a control cohort of HIV-
seronegative individuals at high risk of HIV-1 infection
(n=>53). Our longitudinal study included complete data
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at five-time points. We included both 16rRNA bacterial
sequencing and comprehensive shotgun RNA and DNA
virome analysis of fecal samples to characterize the bac-
terial and viral communities.

Conclusion

Overall, our data revealed a striking expansion in the
abundance and prevalence of Amnelloviridae, Adeno-
viridae, and Papillomaviridae and a decreased abun-
dance of sequences belonging to two plant viruses
from the Tobamovirus genus, a reduction in bacterial
alpha diversity, and a decrease in Inoviridae bacterio-
phage sequences in stool samples of PWH with severe
immunodeficiency (CD4<200). Indeed, advanced
HIV-1 infection was associated with marked alterations
in the virome composition, in particular a remark-
able expansion of human anelloviruses. Short-term
ART (24 months) was linked to a significant decrease
in human Anelloviridae sequences and the detection
of anellovirus sequences at baseline independently
predicted poor immune recovery, as did low CD4 T
cell counts. In addition to CD4 T cell counts, anellovi-
rus sequence detection might be useful to predict and
monitor immune recovery. This study confirms data on
the bacteriome and expands our knowledge on the viral
component of the gut microbiome in HIV-1 infection.
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