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Abstract

with men (MSM)

Background: Gut microbiome characteristics associated with HIV infection are of intense research interest but a
deep understanding has been challenged by confounding factors across studied populations. Notably, a Prevotella-
rich microbiome described in HIV-infected populations is now understood to be common in men who have sex
with men (MSM) regardless of HIV status, but driving factors and potential health implications are unknown.

Results: Here, we further define the MSM-associated gut microbiome and describe compositional differences
between the fecal microbiomes of Prevotella-rich MSM and non-MSM that may underlie observed pro-inflammatory
properties. Furthermore, we show relatively subtle gut microbiome changes in HIV infection in MSM and women
that include an increase in potential pathogens that is ameliorated with antiretroviral therapy (ART). Lastly, using a
longitudinal cohort, we describe microbiome changes that happen after ART initiation.

Conclusions: This study provides an in-depth characterization of microbiome differences that occur in a US
population infected with HIV and demonstrates the degree to which these differences may be driven by lifestyle
factors, ART, and HIV infection itself. Understanding microbiome compositions that occur with sexual behaviors
that are high risk for acquiring HIV and untreated and ART-treated HIV infection will guide the investigation of
immune and metabolic functional implications to ultimately target the microbiome therapeutically.

Keywords: Microbiome, Human immunodeficiency virus (HIV), Antiretroviral therapy (ART), Men who have sex

Background

One bodily fluid people rarely think of as related to human
immunodeficiency virus (HIV) infection is feces. However,
the gut microbiome may hold the key for preventing disease
transmission and progression and for improving the quality
of life for the 1.2 million Americans and 36.7 million individ-
uals worldwide with chronic HIV infection for several rea-
sons [1]. First, the gut microbiota can induce T cell activation
[2] and since HIV preferentially infects activated T cells,
microbiome composition at mucosal sites, specifically in the
rectum/anus, may influence disease transmission in men
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who have sex with men (MSM) [3-5]. Second, increased
peripheral immune activation driven by translocation of gut
bacterial components has been linked to HIV disease pro-
gression in both untreated and treated infection [6], and the
high peripheral immune activation may be influenced by gut
microbiota with more pro-inflammatory components [2].
Finally, although life expectancy of individuals infected with
HIV has been greatly increased by antiretroviral therapy
(ART) [7], there has been a concurrent increase in
non-infectious comorbidities including metabolic and
cardiovascular diseases associated with chronic inflammation
[7-9]. Outside the context of HIV infection, these diseases
have been associated with microbiome dysbiosis [10—12].
Understanding compositional changes of the gut micro-
biome that occur with HIV infection is hindered by the
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complexity of the HIV-infected population and the myriad
confounding factors [13]. Most notably, a prominent
HIV-associated microbiome alteration observed by our
group [14] and independently by several others [15-17]
was an increase in the genus Prevotella and decrease in the
genus Bacteroides. However, recent studies have shown that
MSM have a Prevotella-rich fecal [2, 18] and rectal mucosal
[9] microbiome regardless of HIV infection status. HIV-
negative MSM are therefore necessary controls for distin-
guishing the effects of HIV infection itself on microbiome
composition, especially in US populations where the major-
ity of HIV-positive individuals are MSM [5].

Potential health implications of Prevotella-rich micro-
biomes have been a topic of much interest [19]. Human gut
microbiomes across many studies show related clustering
patterns based on their composition, leading to the sugges-
tion that human microbiomes form distinct “enterotypes”
characterized by particular community structures [20]. The
Prevotella enterotype, which is characterized by a high rela-
tive abundance of the genus Prevotella, occurs in approxi-
mately 18% of healthy individuals in western populations
[20]. It has been linked with diets low in animal products
and high in carbohydrates/fiber [21] and with beneficial
metabolic effects in the context of a high-fiber diet [22].
Prevotella-rich microbiomes are also typical of healthy indi-
viduals in agrarian cultures [23]. However, high Prevotella
has also been described in inflammatory states such as
rheumatoid arthritis [24] and has been linked with obesity
[25, 26] and insulin resistance [27]. Furthermore, we have
shown that in in vitro stimulations the Prevotella-rich fecal
microbiome of MSM induces higher activation of human
innate immune cells compared to non-MSM [2], support-
ing the idea that the MSM microbiome is potentially a con-
tributing factor to increased inflammation observed in
MSM both systemically [28, 29] and in rectal mucosa [9].

In this paper, we characterize the fecal microbiome of
MSM and non-MSM to explore potential driving factors
and health implications of Prevotella-rich microbiomes in
MSM individuals. We also further characterize gut micro-
biome attributes that are associated with HIV infection and
ART. Taken together, this study provides an in-depth
characterization of microbiome differences that occur in a
US population infected with HIV and demonstrates the de-
gree to which these differences may be driven by lifestyle
factors, ART, and HIV infection itself. This understanding
will help to guide efforts to investigate the functional impli-
cations of these differences and ultimately target the micro-
biome therapeutically.

Results

Cohort description

This paper compares the fecal microbiome of 217 individ-
uals as assessed by sequencing the V4 region of the 16S
ribosomal RNA (rRNA) gene (Table 1; Additional file 1:
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Table S1). Sixty-eight percent of the cohort filled out a
sexual preference/behavior questionnaire (Table 2; Add-
itional file 2: Table S2). Taken together, our analysis in-
cludes HIV-positive individuals on ART; HIV-positive,
ART-naive individuals; and a seronegative cohort. The
seronegative cohort includes 35 MSM of which the major-
ity (n = 32) engaged in high-risk behaviors within the prior
year; 29 men who identify as heterosexual and did not re-
port engaging in any sexual risk factors (referred to here
as MSW; men who have sex with women); and 41 women,
3 of whom reported in engaging in receptive anal inter-
course within a year of sample collection (Tables 1 and 2).

Almost all of the HIV-positive men who responded to
our behavior questionnaire (95%) were sexually active
MSM, usually engaging in anal intercourse with other
HIV-positive individuals (Table 2). Although 25 of the
93 HIV-positive men did not respond to our behavior
questionnaire, we included these 25 individuals in our
HIV-positive, MSM cohort. To confirm that potential
false identification as MSM would not affect our results,
we also performed analysis without the 25 HIV-positive
men of unsure MSM status, and there was no significant
change in results (Additional file 3: Table S3). One of
the HIV-positive males in the ART group is a female to
male (FTM) transgender who identifies as MSW and is
categorized as such in our analyses.

The ART-treated cohort all had plasma HIV RNA at or
below the limits of detection. There were significantly
higher CD4+ T cell numbers (cells/uL) in HIV-positive
MSM on ART compared to the ART-naive cohorts, but
no significant difference between ART-treated and
ART-naive HIV-positive women (p<0.05 and p=0.32;
Kruskal-Wallis test; Additional file 1: Table S1). Of note,
12 HIV-positive individuals had a CD4+ T cell count
below 300/uL, 6 in the ART cohort (1 female, 5 MSM)
and 6 in the ART-naive cohort (1 female, 5 MSM). These
numbers—an estimate of HIV disease progression—sug-
gest very few individuals in our cohort with immune defi-
ciencies consistent with advanced HIV infection.

Sexual behavior is the strongest descriptor of
compositional variation in the gut microbiome

We observed clear clustering by gender/sexual behavior
but not HIV infection status when applying principal co-
ordinates analysis (PCoA) to weighted (Fig. 1a, ¢, Add-
itional file 4: Figure S1B) and unweighted (Fig. 1b,
Additional file 4: Figure S1A) UniFrac distance matrices
as well as abundance and binary Jaccard (Additional file 5:
Figure S2A,B). Applying the Adonis test showed signifi-
cant effects for MSM and HIV with weighted Unifrac,
which explained 16.4% and 1.4% of the variation respect-
ively, and for MSM, HIV, and ART with unweighted
Unifrac, which explained 7.0%, 0.9%, and 0.7% respect-
ively (Additional file 3: Table S3).
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Table 1 Cohort description
N Age (year) Race Hispanic VDU BMI (kg/mz) CD4 (cells/uL)  Viral load
(C/AA/Q) (copies/mL)
HIV negative MSM 35 345+ 85 33/11 (17.1%) 0 26,1+ 42 NA 0
MSW 29 380+ 143 25/1/3 (103%) O 257 % 31 NA 0
Women 41 329+ 938 37/0/4 (122%) 0 247 £ 34 NA 0
HIV positive  ART treated ~ MSM 50 500+ 1001 42/71 (16.0%) 1 (2.0%) 263+ 40 699+ 311 12+ 14
MSW 2 555+ 15 1/0/0 0 271+ 06 962 + 344 10+ 10
Women 15 509+ 94 11/31 (200%) O 300+ 65 816+ 336 35+ 80
ART naive MSM 40 335+ 91 28/10/2 (17.5%) 2 (5.0%) 244+ 43 560+ 206 126,714 + 189,725
MSW 1 510+ 00 1/0/0 0 26.8 551 3880
Women 4 300+ 52 4/0/0 1(250%) 275+ 72 600+ 357 33,250+ 40,880

A statistical analysis of differences in parameters across groups that were compared is given in Additional file 1: Table S1

C Caucasian, AA African American, O Other

In order to empirically determine any clustering within
the data, we performed the standard “enterotyping”
methods as previously described [21]. In short, clusters
are defined on a Jensen-Shannon divergence matrix by
partition around medoids clustering (Additional file 6:
Figure S3B). Calculating the Silhouette index on our data
revealed optimum clustering into two clusters (Add-
itional file 6: Figure S3A). These clusters are primarily
defined by a dominance of the genus Bacteroides or Pre-
votella (Additional file 6: Figure S3C). We subsequently
refer to individuals in the Prevotella-dominant entero-
type as individuals with Prevotella-rich microbiomes.
MSM were more likely to be Prevotella-rich than fe-
males and MSW (p < 0.001; Fisher’s exact test).

HIV-negative and HIV-positive MSM had significantly
greater phylogenetic diversity (PD; [30]) and observed
operational taxonomic units (OTUs, defined at a 99%
identity threshold) compared to non-MSM (p < 0.05;
Kruskal-Wallis test; Fig. 2a) and many significantly dif-
ferent OTUs (Additional file 7: Table S4). The most

Table 2 Behavioral data

striking difference in MSM compared to non-MSM is
the increase in relative abundance of the Prevotella
genus. On average HIV-negative MSM had 3.9 times
higher relative abundance of Prevotella compared to
HIV-negative non-MSM.

Prevotella-rich microbiomes differ in MSM compared to
non-MSM

Prevotella-rich non-MSM clustered together with Prevo-
tella-rich MSM in weighted but not unweighted UniFrac
(Fig. 1c; Additional file 4: Figure S1A), indicating compos-
itional differences in rare taxa. To understand these enter-
oyptes in the context of other studies, our samples
were classified using enterotypes.org [31], which uses
large-scale microbiome studies including the Human
Microbiome Project [32] and MetaHIT [33] to form
an enterotype reference space to which other data
can be compared. We found that the proportion of
Prevotella-rich individuals as defined by “enterotyp-
ing” in our study who did not fit within the general

N Orientation  Frequency of RAI VDU New STl Sexual Sample within
(H/B/G) Never <1 tme > 1 time risk survey range’
per week  per week
HIV negative MSM 29 0/2/27 4 (13.8%) 18 (62.1%) 7 (24.1%) 0 2 (6.9%) 19 (65.5%) 18
MSW 25 25/0/0 24 (96.0%) O 1 (4.0%) 0 0 1 (4.0%) 22
Women 35 29/2/4 32 (914%) 3 (8.6%) 0 0 0 0 33
HIV positive  ART treated MSM 30 0/3/27 15 (50.0%) 11 (36.7%) 3 (10.0%) 1(33%)  2(6.7%) 14 (46.7%) 21
MSW 2 2/0/0 2 (100.0%) 0O 0 0 0 0 1
Women 6  6/0/0 6(100.0%) O 0 0 0 0 3
ART naive MSM 18 0/1/17 4(222%) 8 (444%) 6 (33.3%) 2(11.09%) 5(27.8%) 17(944%) 8
MSW 1 1/0/0 1(1000%) O 0 0 0 0 1
Women 2 1/1/0 0 0 2 (100.0%) 1 (500%) O 2 (100.0%) 1

A statistical analysis of differences in parameters across groups that were compared is given in Additional file 2: Table S2

H heterosexual, B bisexual, G gay/lesbian
fSample collected < 12 months before survey date
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Prevotella-rich reference space defined in enterotype-
s.org was significantly higher for MSM (81.4% of indi-
viduals) than non-MSM (46.7%) (Additional file 8:
Table S5; Fisher’s test; p<0.05). Prevotella-rich,
HIV-negative MSM (n=25) and non-MSM (n=9)
had significantly different relative abundances of 39
OTUs in 21 different genera (Kruskal-Wallis test;
FDR p<0.1; Fig. 2b. Additional file 9: Table S6).
Interestingly, the OTUs with the largest increase and
decrease in MSM were both identified as Prevotella
copri, suggesting strain-level differences in Prevotella
(Additional file 9: Table S6).

To understand the highly interactive set of co-occurring
microbes within these Prevotella-rich microbiomes, we
used SparCC correlations to build a co-occurrence net-
work of OTU-OTU correlations in Prevotella-rich,
HIV-negative MSM (Additional file 10: Figure S4;
Additional file 11: Table S7) and separately in Prevotella-t-
ich, HIV-negative non-MSM (Additional file 12: Table S8).
We had a deep sampling of the Prevotella-rich,
HIV-negative MSM (n =25) compared to the non-MSM
(n=9) and thus designed our analysis to determine the
degree to which OTU-OTU relationships that were reli-
ably observed in the MSM group at a sample depth of 9
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were observed in the non-MSM at the same depth. Specif-
ically, we performed jackknifing at an # of 9 on the MSM
samples 100 times and weighted the edges in the resulting
network by the fraction of times the edge was observed.
We then evaluated whether high-confidence edges (corre-
lations) in the MSM network (weight of 75% or greater)
were found in the non-MSM network. Only 18.6% of
high-confidence edges (# = 18) in the MSM network were
shared with the non-MSM network. Of note, 8.2% (1 = 8)
of the high-confidence edges in the MSM network have
one or both of the nodes within the Prevotella genus;
however, none of these are shared with the non-MSM
network.

Potential drivers of Prevotella richness in MSM
We collected behavioral data including frequency of recep-
tive anal intercourse (RAI) (Table 2) on a total of 77 MSM

individuals. As some subjects received the questionnaire
retrospectively, our analysis included only the 47 MSM indi-
viduals who answered within the 1-year timeframe of sample
collection that the behavior questions referred to (Table 2).
However, we did not find any significant association with
microbiome taxonomy or alpha or beta diversity between
MSM who engaged in RAI (7 =31) and those who did not
(n = 15) when controlling for sexual orientation and HIV sta-
tus (Additional file 13: Figure S5; taxonomy and alpha diver-
sity—Kruskal-Wallis test; beta diversity—Adonis test; p >
0.05). We also did not find a significant association with RAI
frequency (<1 time per week compared to >1 time per
week). The 5 women (3 HIV negative and 2 HIV positive)
who reported engaging in RAI—2 at relatively high fre-
quency (>1 time per week)—were all Bacteroides rich and
clustered with non-RAI-engaging women and MSW in Uni-
frac PCoA (Additional file 13: Figure S5).
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Because diet composition has been associated with entero-
types [21], we also collected diet information on a subset of
the subjects (n=98). Comparison of diets between
HIV-negative MSM (1 = 24) and non-MSM (n = 45) revealed
several significant differences in diet composition in both
data normalized to 1000 kcal (Additional file 14: Table S9)
and non-normalized data (Additional file 15: Table S10)
(Mann-Whitney U; FDR p <0.1). Most notably, MSM re-
ported eating more ounces of lean meat from beef, pork,
veal, lamb, and game and fewer servings of fruit and grams
of dietary fiber (Fig. 3). However, these diet changes do not
appear to be driving our reported differences between MSM
and MSW/females as linear models that included diet did
not change the significance of the top ten most significantly
different OTUs with MSM status (Additional file 16: Table
S11). Lastly, though previous studies have suggested an effect
of IV drug usage on microbiome composition in HIV [34],
our cohort did not include a sufficient number of IV drug
users (1 =4) to infer any statistically significant influence.

Identifying HIV-associated microbiome differences while
controlling for sexual behavior and gender

We stratified our cohort into analyses containing MSM
only and women only to investigate changes in the
microbiome that may occur with HIV infection and
ART (Fig. 4a). We observed no significant difference in
alpha diversity with HIV infection status in MSM (Fig. 2).
In MSM, six OTUs were significantly different between
HIV-negative, HIV-positive, untreated, and HIV-positive
on ART based on Kruskal-Wallis with Dunn’s post hoc
test and FDR correction (Table 3; Additional file 17:
Table S12). The relative abundances of these OTUs
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difference in untreated HIV infection compared to
HIV-negative controls and significant decrease in treated
HIV infection compared to untreated. This trend sug-
gests microbes not altered due to HIV infection but de-
pleted with ART and includes an OTU identified as
Fenollaria massiliensis and an OTU within the Peptoni-
Pphilus genus. Second, a significant increase in abundance
in untreated HIV infection compared to HIV-negative
controls and a significant decrease in treated compared
to untreated HIV infection. This trend suggests mi-
crobes that may respond to viral load and immune de-
pletion in untreated infection that is corrected by ART
and includes OTUs identified as Fusobacterium equi-
num, Turicibacter sanguinis, Finegoldia wmagna, and
Streptococcus sp. (S. mitis group).

PCoA analysis of women alone revealed that half of
the HIV-positive women, both ART-treated and un-
treated, clustered with the HIV-negative women, with
the other half clustering separately in the PCoA space
using the “enterotyping” procedure (Fig. 4b) [21]. This
clustering pattern was not significantly associated with
CD4+ T cell count, viral load, CD4 nadir, CD4+CD38
+HLA-DR+, and CD8+CD38+HLA-DR+ cells, antibiotic
use in past 6 months, and engagement in RAI as
assessed with either Kruskal-Wallis comparison of these
factors between clusters or correlation with position of
PC1 (primary axis of cluster division). Interestingly,
these HIV-positive women who were compositionally di-
vergent from HIV-negative women were characterized
by microbiomes relatively high in Prevotella and low in
Bacteroides (Additional file 18: Table S13), raising the in-
triguing possibility that this difference is driven by an

followed one of two trends: First, no significant unknown risk behavior-related factor, as the
Lean Red Meat Dietary Fiber Total Fruit
* * *
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Fig. 3 FFQ diet analysis of MSM compared to non-MSM shows MSM eat significantly few servings of red meat and fruits and less fiber. Reported values are
normalized per 1000 kcals. More detail on significant diet components is given in Additional files 14 and 15: Tables S9 and S10 (Kruskal-Wallis test; *p< 0.05)
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HIV-negative control women were not exhibiting any
measured high-risk behaviors.

ART-naive, HIV-positive women had significantly re-
duced alpha diversity compared to the seronegative con-
trols (Kruskal-Wallis; p < 0.05; Fig. 4c). Two OTUs were
altered when comparing HIV-negative women;
HIV-positive, ART-naive women; and HIV-positive
women on ART: Fusicatenibacter saccharivorans and
Blautia Iluti (Table 3; Additional file 17: Table S12). B.
luti had no significant difference in untreated HIV infec-
tion compared to HIV-negative controls and a signifi-
cant decrease in treated HIV infection compared to
untreated infection. This suggests B. [uti may be
responding to ART and not HIV infection as a driver;
however, a failure to detect significant differences be-
tween HIV negative and ART naive may have been a
function of a low sample size in the ART-naive cohort.

F. saccharivorans had a significant decrease in relative
abundance in untreated HIV infection compared to
HIV-negative individuals and no significant difference
between untreated and treated HIV-positive individuals,
suggesting an HIV-driven change that was not fully cor-
rected by ART.

Immune-microbiome correlations

To determine relationships between gut microbiome
composition and markers of HIV disease progression/se-
verity, we correlated the relative abundance of microbes
in our HIV-positive, ART-naive, and ART-treated MSM
with blood CD4 count, plasma HIV RNA (viral load),
and percent of HLA-DR+CD38+ chronically activated
CD4+ and CD8+ T cells (Fig. 5). All of the significant
correlations in the untreated population are negative,
suggesting a loss of beneficial microbes with regard to
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Table 3 Significantly altered OTUs in HIV
Taxonomy Mean relative abundance p FDR
HIV negative Treated Untreated value Calue
MSM
No difference in HIV and significant reduction in ART treatment (™)
Fenollaria massiliensis 1.76E-03 2.00E-03 3.01E-04 <0.001 <0.05
Peptoniphilus sp. 144E-03 241E-03 5.28E-04 <0.001 <0.05
Significant increase in HIV and significant reduction in ART treatment (/\)
Streptococcus mitis group 5.09E-05 1.84E-03 2.32E-05 <0.001 <001
Fusobacterium equinum 1.17E-03 7.77E-03 1.84E-04 <0.001 <0.05
Turicibacter sanguinis 5.55E-04 6.02E-04 3.17E-04 <001 <01
Finegoldia magna 5.60E-03 8.26E-03 5.23E-03 <001 <01
Women
No difference in HIV and significant reduction in ART treatment (—\)
Blautia luti 7.71E-03 548E-03 1.93E-03 <0.001 <01
Significant decrease in HIV and no change in ART treatment (\_)
Fusicatenibacter Saccharivorans 1.18E-02 4.46E-03 1.87E-03 <0.001 <01
Detailed p values are in Additional file 17: Table S12
inflammation especially when looking at the correlations HIV-positive individuals had significantly higher

with plasma viral load and CD8+HLA-DR+CD38+ per-
cent. The CD4+HLA-DR+CD38+ correlations are more
difficult to interpret: because activated CD4+ T cells are
preferentially targeted in HIV infection, negative correla-
tions may be due to a significant loss of these cells and
not necessarily a reduction in activation.

In the ART-treated group, an OTU within the Prevo-
tella genus was positively correlated with CD8+HLA-DR
+CD38+ percent. When compared against the NCBI 16S
rRNA gene database using BLAST, the OTU matched
with 100% identity over 100% of the sequence to Massi-
liprevotella massiliensis strain Marseille-P2439 which is
closely related to Prevotella stercorea [35]. Additionally,
an OTU identified as Eubacterium dolichum was signifi-
cantly negatively correlated with CD8+HLA-DR+CD38+
percent with a trending positive correlation with CD4+
T cell count, suggesting a potentially beneficial role.

Longitudinal analysis of HIV-positive individuals before
and after ART initiation

In addition to the cross-sectional cohort, we also studied
40 individuals longitudinally.

HIV-negative (n = 16) and HIV-positive (n = 24) subjects
were sampled 6-14 months apart. Individuals in the
HIV-positive cohort were ART naive at the first time point
and then immediately initiated ART. The HIV-positive co-
hort had a significant increase in CD4+ T cell count (Wil-
coxon signed-rank test; p < 0.05; Additional file 19: Figure
S6) and decrease in viral load post-treatment with plasma
HIV RNA counts between 0 and 40 (Wilcoxon signed-
rank test; p < 0.001; Additional file 19: Figure S6).

weighted but not unweighted beta diversity across
time points compared to the seronegative controls,
suggesting ART initiation results in significant alter-
ation of the community proportions (UniFrac,
Kruskal-Wallis  test, p<0.05 (weighted), p=0.11
(unweighted); Fig. 6a). This result is also mirrored in
abundance and binary Jaccard (Additional file 4:
Figure S1D). There was no significant difference in
the change in alpha diversity between the two time
points when comparing HIV-positive individuals and
HIV-negative controls (Fig. 6b). However, two subjects
had a significant reduction in observed OTUs and
one subject had significant reduction in Shannon di-
versity as defined by being significant outliers from
the rest of the data (Tietjen-Moore test, p <0.05).
While there was a 3-month antibiotic exclusion cri-
teria for initial enrollment, subjects may have taken
antibiotics between the two collected time points.
However, there was no significant association between
beta diversity or change in alpha diversity and anti-
biotic usage in the 6 months prior to the second
sample collection (p > 0.05; Kruskal-Wallis test; Fig. 6a,
b). We also specifically tested whether the OTUs that
had a significant reduction in relative abundance in
ART-treated compared to untreated HIV infection in
the cross-sectional analysis of MSM (Table 3) also
were significantly reduced longitudinally after ART
initiation. We found a significant reduction in the
OTUs identified as Turicibacter sanguinis and Strepto-
coccus sp. (S. mitis group) (Wilcoxon signed-rank test,
p <0.05; Fig. 6¢).
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Discussion

This study describes microbiome differences that occur
in a US population infected with HIV and establishes the
degree to which these differences may be driven by sex-
ual practices, diet, ART, and HIV infection itself. Our
data supports that Prevotella-rich microbiomes are asso-
ciated with MSM and not independently with HIV infec-
tion status as has been previously reported [18].
Surprisingly, given that Prevotella enterotypes have been
associated with diets rich in carbohydrates and poor in
animal products [21], we found MSM in our cohort to
be consuming significantly less fiber and more red meat
than non-MSM. This supports the conclusion of
Noguera-Jullian et al. that dietary differences were not a
likely driving factor of the Prevotella-rich MSM micro-
biome, especially given that both that study and ours
found similar MSM-associated microbiome changes but
different diet changes [18]. Furthermore, when analyzing
a subset of our cohort for which we had diet data with
linear models that included kilocalorie normalized

amount of fiber or servings of red meat, we did not see
a loss of significance of OTUs that differed between MSM
and MSW/women. There were no microbiome associa-
tions with RAI engagement or frequency in MSM or
women. Another potential driving factor of an altered
microbiome in MSM could be a higher incidence of STDs;
however, we did not have enough data on STDs within
our study population to examine this. Additionally,
Noguera-Julian et al. did not find associations between
Prevotella richness and various STDs including human
papillomavirus, hepatitis B, or hepatitis C infection [18].
Taken together, we unfortunately still do not understand
what drives Prevotella-rich microbiomes in MSM.
Prevotella-rich microbiomes in MSM also display
marked differences with Prevotella-rich microbiomes of
non-MSM, suggesting potential differences in functional
attributes. Compositional differences between Prevotel-
la-rich microbiomes in different contexts may underlie
contradictory reports in the literature regarding potential
health implications. Some studies have suggested a
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health benefit with Prevotella enrichment such as im-
proved glucose metabolism in the context of a high-fiber
diet [22]. Other studies suggest a detrimental effect indi-
cated by associations with rheumatoid arthritis [24] and
with insulin resistance [27]. Experiments to test for caus-
ality have used the one commercially available strain of
P. copri (DSM-18205/JCM 13464) and have shown this
strain to have a wide range of effects: with detrimental
effects such as greater insulin resistance and glucose in-
tolerance [27] as well as aggravated DSS-induced colitis
[24]. The exclusive use of a single strain in these experi-
ments is not optimal. Consistent with strain-level differ-
ences in P. copri detected in rheumatoid arthritis versus
controls using shotgun metagenomic sequencing [24],
we saw evidence of strain-level variation in Prevotella-r-
ich MSM compared to non-MSM, with one OTU identi-
fied as P. copri (4475169) significantly more abundant in
MSM and another OTU also identified as P. copri
(4482723) significantly less abundant (Fig. 2b; Add-
itional file 9: Table S6). Performing experiments with P.
copri strains cultured directly from fecal samples of

interest will be needed to understand a possible effect of
strains on differing health phenotypes.

However, strong co-occurrence associations between P.
copri—as well as Prevotella species in general—and other
taxa suggests that such a strong emphasis on P. copri may
not be warranted when trying to understand potential
health implications of Prevotella-rich microbiomes. We
observed many differences in composition and co-occur-
rence relationships in Prevotella-rich microbiomes of
MSM compared to non-MSM, suggesting that there may
be different sub-types of Prevotella-rich microbiomes. In a
separate study, we have used in vitro stimulations with
collections of whole intact bacterial cells isolated from
feces and found that MSM microbiomes induced more
pro-inflammatory innate immune activation compared to
non-MSM controls [2]. Several OTUs more abundant in
Prevotella-rich MSM  compared to Prevotella-rich
non-MSM, but not any OTUs in the Prevotella genus,
correlated strongly with high CD4+ and CD8+ T cell acti-
vation in these in vitro stimulations [2]. We have also pre-
viously used in vitro stimulation assays to show that one
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of these MSM and immune activation-correlated bacteria,
Holdamenella biformis ATCC 27806 (formally Eubacter-
ium biforme) but not P. copri DSM-18205, is far more
pro-inflammatory than other gut commensals tested, in-
ducing high TNF-a to IL-10 ratio in peripheral blood
mononuclear cell (PBMC) stimulations [14]. Further work
will be needed to understand potential health implications
of the MSM-associated gut microbiome and whether Pre-
votella itself or other co-occurring microbes are important
drivers of functional phenotypes.

Since most microbiome studies aimed at understand-
ing gut microbiome differences with HIV have not con-
trolled for MSM behavior [14—16, 36—38], we still have
an incomplete understanding of HIV-associated micro-
biome characteristics. Many of the species and genera
that we have found to be increased in MSM compared
to non-MSM have been previously reported to differ
with HIV in studies not controlled for MSM risk
behavior including H. biformis [14], Prevotella [14-17],
Catenibacterium [14, 15], and Desulfovibrio [38]. Add-
itionally, we confirm a prior report of an increase in
alpha diversity in MSM [18]. The high number of MSM
in our previous HIV-positive cohorts is likely to be the
driver of our previously reported result of an increase in
alpha diversity with HIV [38]. This significant increase
in alpha diversity in MSM challenges popular opinion
that higher alpha diversity always equates to a healthier
gut microbiome, especially with preliminary results
suggesting the MSM microbiome may be more inflam-
matory [2]. Unlike Noguera-Julian et al., we did not find
a significant decrease in alpha diversity with HIV infec-
tion status in MSM [18]. However, the cohort with the
lowest alpha diversity in that study were immunologic
non-responders to ART (i.e., individuals with poor CD4
+ T cell recovery after ART) and our current cohort had
few individuals who would fit this definition.

We confirm previous reports that there are relatively
subtle differences in fecal microbiome composition with
HIV infection in the absence of CD4+ T cell counts indi-
cative of AIDS [18], or when analyzing populations dom-
inated by heterosexual transmission [39]. However, our
analyses in MSM individuals and women did reveal
some OTUs that associated with HIV and ART. Perhaps
the most interesting pattern observed is taxa that in-
crease compared to MSM controls with untreated HIV
infection and decrease to levels indistinguishable from
the controls with effective ART, as these may be mi-
crobes whose populations are particularly sensitive to
CD4+ T cell control. All four OTUs that showed this
trend were highly related to potential pathogens includ-
ing Turicibacter sanguinis [40], Fusobacterium equinum
[41], Finegoldia magna [42], and Streptococcus sp. (S.
mitis group) [43]. Interestingly, F. magna, Streptococcus,
and Fusobacterium have been found to co-occur in
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clinical samples [44]. A recent study from our lab
showed that, in vitro, microbiomes containing higher
levels of T. sanguinis induced more elevated frequencies
of HLA-DR+CD38+CD4+ T cells, a marker of chronic
activation, when whole microbiome bacterial isolates
were cultured with PBMCs [2], suggesting a potential
mechanistic relationship between 7. sanguinis and T cell
activation in the gut with untreated HIV infection. For
the Streptococcus mitis group related OTU, the 16S
rRNA gene sequence was 100% identical in the se-
quenced V4 region to 7 different type species with high
variation in genome content [45]. This highlights the
need for isolation of bacteria directly from the study
population and/or metagenomic sequencing to elucidate
strain-specific changes in the microbiome and for
follow-up  experiments to  establish functional
implications.

Although our analysis of women showed stronger
microbiome differences with HIV infection, with a pro-
portion of HIV-positive women clustering apart from HIV
negative at the community level, these results should be
interpreted with caution since our control cohort was not
recruited as women with high-risk behaviors. Notably, the
enrichment of Prevotella and depletion of Bacteroides
characterizing the HIV-positive women that diverged from
HIV-negative women at the community level suggests the
same unknown risk behavior may be a driving factor. Des-
pite the wvariation in microbiome compositions of
HIV-positive women, we observed significant differences
in an OTU identified in the Blautia genus with HIV infec-
tion. This is consistent with a previously reported increase
of Blautia in HIV-positive, ART-naive individuals com-
pared to HIV-negative controls in a heterosexual trans-
mission dominated cohort recruited in Sweden [46].

In our longitudinal cohort, we observed more change
in the microbiomes of HIV-positive individuals pre- and
post-ART initiation compared to the HIV-negative con-
trols over similar time intervals, suggesting that micro-
biome compositional changes after ART initiation are
greater than the baseline stochasticity of the healthy hu-
man microbiome. Microbiome changes observed in our
cross-sectional cohort were validated in our longitudinal
cohort; specifically, Turicibacter sanguinis and Strepto-
coccus sp. (S. mitis group) are significantly decreased
with ART in both analyses, adding to our confidence in
these results. ART-associated changes are likely driven
by a combination of beneficial changes caused by restor-
ation of immune function and viral suppression and po-
tentially detrimental changes driven by the ART drugs
themselves. The changes driven by the ART drugs them-
selves likely vary based on drug regimen. For instance in
a study conducted in Mexico City, Mexico, unique
microbiome changes were observed in individuals on
non-nucleoside  reverse  transcriptase  inhibitors
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compared to ritonavir-boosted protease inhibitors with
the same backbone of nucleoside reverse transcriptase
inhibitors [26]. However, the individuals in our cohort
are on a wide variety of different ART drug combina-
tions and we did not have enough power to determine
ART-class-associated changes in the microbiome.

Conclusions

The gut microbiome in HIV is a potential contributor to
infection, disease progression, and development of
non-infectious HIV-associated diseases. However, devel-
oping an understanding of changes occurring with HIV
infection has been complicated by large differences in
the gut microbiomes of MSM, a population dispropor-
tionately affected by HIV in the USA. We observed sig-
nificant microbiome changes in HIV-negative MSM
populations both in the prevalence of Prevotella-rich
microbiomes as well as a different microbiome compos-
ition compared to Prevotella-rich non-MSM. Potential
health implications and driving factors of Prevotella-rich
microbiomes have been discussed in other health con-
texts including metabolic and autoimmune diseases, and
understanding context-specific differences in Prevotel-
la-rich microbiomes may help deconvolute contradicting
results.

When controlling for MSM, we observed HIV- and
ART-associated changes in the microbiome in both MSM
and in women, some of which were confirmed in a longi-
tudinal cohort of HIV-positive individuals initiating ART,
showing an increase in potential pathogens in untreated
infection that have the potential to contribute to inflam-
matory phenotypes. Lastly, both our correlational analysis
as well as the greater body of literature suggest a potential
influence of the microbiome composition in HIV on the
inflammatory state of the HIV-infected gut. This under-
standing will help to guide efforts to investigate the func-
tional implications of these differences to ultimately target
the microbiome to improve the health of this population.

Methods

Subject recruitment

Subjects were residents of the Denver, Colorado metro-
politan area, and were recruited and studied at the Clin-
ical Translational Research Center of the University of
Colorado Hospital. Three cohorts were prospectively re-
cruited based on HIV status: (1) HIV-1 infection un-
treated: Individuals with a positive antibody or PCR test
at least 6 months prior to enrollment and either ART
drug-naive (defined as <10 days of ART treatment at
any time prior to entry), or previously on ART but off
treatment for the previous 6 months prior to screening;
(2) chronic HIV-1 infection on long-term ART: ART for
> 12 months with a minimum of three ART drugs prior
to study entry and <50 copies HIV RNA/mL within
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30 days prior to study entry and no plasma HIV-1 RNA
>50 copies/mL in the past 6 months; and (3) healthy
controls: HIV-negative individuals both high and low
risk for contracting HIV. High risk for HIV infection
was defined as in a prior study of a candidate HIV vaccine:
(1) a history of unprotected anal intercourse with one or
more male or male-to-female transgender partners, (2) anal
intercourse with two or more male or male-to-female
transgender partners, or (3) being in a sexual relationship
with a person who has been diagnosed with HIV [47]. Indi-
viduals who reported taking antibiotics within 3 months of
sample collection were excluded from the study. The fecal
microbiome data from 50 of the 217 subjects were de-
scribed in our previous publications [14, 38].

Longitudinal cohort

A subset of HIV-positive, untreated patients returned for
a second visit and sample collection after 6—-14 months
of ART. A control cohort of HIV-negative participants
also provided two samples 6—14 months apart. Analysis
of microbiome change (beta diversity and delta alpha di-
versity) over time revealed no significant effect of vari-
ation in time between samples within a 6—14-month
window (Spearman rank test; p > 0.05); therefore, we did
not account for time between samples in our analysis.

DNA extraction and sequencing

Stool samples were collected on sterile swabs by the pa-
tient within 24 h prior to their clinic visit and stored at
- 80 °C. DNA was extracted using the standard DNeasy
PowerSoil Kit protocol (Qiagen). Extracted DNA was
PCR amplified with barcoded primers targeting the V4
region of 16S rRNA gene according to the Earth Micro-
biome Project 16S Illumina Amplicon protocol with the
515F:806R primer constructs [48]. Control sterile swab
samples that had undergone the same DNA extraction
and PCR amplification procedures were also processed.
Each PCR product was quantified using PicoGreen (Invi-
trogen), and equal amounts (ng) of DNA from each
sample were pooled and cleaned using the UltraClean
PCR Clean-Up Kit (MoBio). Sequences were generated
on six runs on a MiSeq personal sequencer (Illumina,
San Diego, CA) (Additional file 20).

Sequence data analysis

Raw sequences were demultiplexed using QIIME 1.9.1
[49]. DADA2 [50] was used for error correcting and
unique sequence identification. During DADA2 process-
ing, all sequences were truncated to 112 bp. Unique se-
quences were then binned into 99% OTUs using
sortmeRNA (closed reference) [51] and UCLUST (open
reference) [52] in QIIME 1.9.1 and taxonomy was
assigned using the GreenGenes database 18_3 [53]. Sam-
ples were rarefied at 11,218 reads. Beta diversity metrics
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were calculated using weighted and unweighted UniFrac
[54, 55] and binary and abundance Jaccard [56]. Alpha
diversity metrics were calculated using phylogenetic di-
versity whole tree [30], observed OTUs, and Shannon
using QIIME. Co-occurrence network modeling was
performed using an in-house python script utilizing
sparCC [57] implemented as fast sparCC (https://
github.com/shafferm/fast_sparCC) in the programming
language, Python. Markdown of analysis is provided
in Additional file 20.

Diet information

Food frequency questionnaires were collected using Diet
History Questionnaire II [58]. Diet composition was proc-
essed using the Diet*Calc software and the dhq2.data-
base.092914 database [59]. All reported values are based
on USDA nutrition guidelines. Reported dietary levels
were both normalized per 1000 kcal and unnormalized.

Behavioral assessment

A behavioral questionnaire to assess sexual preference
and risk behaviors within the past year was administered
to study participants either at the time of fecal sample
collection or retroactively. Data on sexual preference
was used to assess MSM status in all individuals, but
data on practices such as frequency of RAI were only
used for individuals who filled out the questionnaire
within a year of fecal sample collection.

Immunologic assays

Whole blood was collected in BD Vacutainer tubes con-
taining EDTA. Fifty microliters of blood was surface
stained for CD4 counts with anti-CD3, anti-CD4,
anti-CD45 (BD Biosciences Tri-Test), and CD8 counts
with anti-CD3, anti-CD8, and anti-CD45 (BD Biosci-
ences Tritest). Red blood cells (RBCs) were lysed with
FACS Lysis Solution (BD) and fixed with 1% formalde-
hyde. Fifty microliters of blood was surface stained for
CD38 and HLA-DR counts on CD4 and CD8 cells using
anti-CD4/CD8, anti-CD38, anti-CD3, and anti-HLA-DR
(BD Biosciences Multitest). RBCs were lysed (BD) and
fixed with 1% formaldehyde. Analysis was performed on
a BD FACSCALIBUR using Multiset software.

Statistical analysis

Non-parametric statistical tests were performed in the R
software package (v 3.3.2; http://www.r-project.org). All
correlations were performed using Spearman correlation.
Analysis of variance was calculated using Kruskal-Wallis
test. Paired longitudinal analysis was calculated using
Wilcoxon signed-rank test. p values less than 0.05 were
considered significant. The Benjamini-Hochberg proced-
ure was used to correct for multiple tests, when applic-
able, (FDR p): FDR p values less than 0.1 were
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considered significant. The R package, vegan, was used
to perform the Adonis test at 10,000 permutations [60].

Additional files

Additional file 1: Table S1. Table of statistical analyses of differences in
parameters across groups in Table 1. (XLSX 12 kb)

Additional file 2: Table S2. Table of statistical analyses of differences in
parameters across groups in Table 2. (XLSX 12 kb)

Additional file 3: Table S3. Adonis test results for contribution of HIV,
MSM and ART status to differences in weighted and unweighted UniFrac
distance matrices. Results are presented for the full cohort as well as a
sensitivity analysis that excluded HIV-positive men with unknown orienta-
tion. (XLSX 12 kb)

Additional file 4: Figure S1. Principal coordinate analysis for taxonomy
and clustering. A. Genus level taxa bar chart order by unweighted
UniFrac PCoA coordinate 1. (Bottom) Genera with mean relative less than
2% abundance are binned together into the category "Other”. Each
column represents one individual. (Top) samples are marked with HIV
status and orientation. Each column corresponds to the genus plot
below. Samples are ordered by the coordinate on the weighted UniFrac
principle coordinate 1. B. Orientation and HIV “clustering” along principal
coordinate 1 in unweighted (left) and weighted (right) UniFrac. (Kruskal-
Wallis test, p < 0.001; Dunn’s Post Hoc Test, FDR P-value: A < 0.1, * < 0.05,
** <001, ¥* <0.001) (PNG 294 kb)

Additional file 5: Figure S2. Abundance and Binary Jaccard Analysis. A.
Abundance and B. binary Jaccard with points colored by orientation and
shaped by HIV status in all study samples. C. Abundance Jaccard of
women only; points colored by HIV status. D. Abundance (left) and binary
(right) Jaccard of longitudinal samples comparing HIV negative
individuals to HIV-positive pre- and post-ART initiation (Kruskal-Wallis test).
(PNG 764 kb)

Additional file 6: Figure S3. Samples are best divided into two
enterotypes, which are primarily defined by Bacteroides or Prevotella
richness. A. Silhouette analysis shows that two clusters is the most
efficient way to divide the data. B. PCoA of Jensen-Shannon divergence
distance. The center of each enterotype/cluster is marked with a line to
each member of the cluster. Centers were calculated using Partitioning
around medoids (PAM). C. The relative abundance of the two most
abundant taxa in the clusters, Prevotella and Bacteroides. Each enterotype
is marked by a Prevotella-rich/Bacteroides-poor or Bacteroides-rich/
Prevotella-poor composition. (PNG 481 kb)

Additional file 7: Table S4. Table of significantly different OTUs
between all (HIV-negative and positive) MSM and non-MSM. OTUs signifi-
cantly increased with MSM highlighted in orange OTUs significantly de-
creased in MSM highlighted in green (Kruskal-Wallis test). (XLSX 37 kb)

Additional file 8: Table S5. Fishers exact test for enterotypes.org fit of
MSM compared to non-MSM to reference enterotypes. (XLSX 10 kb)

Additional file 9: Table S6. Table of significantly different OTUs
between only HIV-negative MSM and non-MSM. OTUs significantly in-
creased with MSM highlighted in orange OTUs significantly decreased in
MSM highlighted in green (Kruskal-Wallis test). (XLSX 39 kb)

Additional file 10: Figure S4. Co-occurrence network of HIV-negative,
Prevotella-rich MSM. Correlation network of the 345 OTUs in the 25 HIV-
negative, Prevotella-rich MSM individuals calculated using SparCC. The
value of the correlation is colored on the network edges with negative R-
values in blue and positive in red. Only correlations greater than |0.5] are
included in the network. Analysis was jackknifed 100 times on random
subsets of 9 individuals. The edge weights from the jackknife are repre-
sented by line weight, with the thickest lines corresponding to correla-
tions identified in all jackknife subsets. The network edges on this graph
are compared to a network calculated using the same methods with a
subset of 9 individuals that are HIV-negative, Prevotella-rich non-MSM.
The edges that are shared between the MSM and non-MSM networks are
dotted and the edges unique to the MSM network are solid. The OTUs

identified in the Prevotella genus are colored black. (PNG 3690 kb)
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Additional file 11: Table S7. Edge Table for HIV-negative, Prevotella-rich
MSM network displayed in Additional file 10: Figure S4. (XLSX 46 kb)

Additional file 12: Table S8. Edge Table for HIV-negative, Prevotella-rich
non-MSM network referenced in in Additional file 10: Figure S4. (XLSX 658 kb)

Additional file 13: Figure S5. Receptive anal intercourse does not
correlate with PCoA space A. Weighted UniFrac PCoA and B. Unweighted
UniFrac with points colored by orientation and shaped by HIV status.
Women who reported engaging in RAI are colored dark purple and are
larger in size than the other points. This plot highlights that women who
engage in RAI cluster apart from the MSM with the other Bacteroides-rich
women. (PNG 423 kb)

Additional file 14: Table S9. Full list of diet differences in MSM
compared to non-MSM normalized by 1000 kcal. Diet components signifi-
cantly increased with MSM highlighted in orange OTUs significantly de-
creased in MSM highlighted in green (Kruskal-Wallis test). (XLSX 71 kb)

Additional file 15: Table S10. Full list of diet differences in MSM
compared to non-MSM un-normalized data. Diet components significantly
increased with MSM highlighted in orange OTUs significantly decreased in
MSM highlighted in green (Kruskal-Wallis test). (XLSX 18 kb)

Additional file 16: Table S11. Linear modeling of diet and MSM results
analysis to determine effect of diet differences on OTUs that differed
between MSM and non-MSM/females. (XLSX 9 kb)

Additional file 17: Table S12. The Dunn's test statistic for OTUs
identified to differ between MSM who are HIV-negative, HIV-positive
untreated, and HIV-positive ART using the Kruskal-Wallis test in Table 3.
(XLSX 11 kb)

Additional file 18: Table S13. Significantly different genera between
the two clusters in the women-only comparison of HIV-positive and HIV-
negative individuals. (XLSX 99 kb)

Additional file 19: Figure S6. HIV-positive individuals improve CD4+ T
cell count and viral load after ART initiation. (Wilcoxon rank-sum; P-value:
*<0.05, ¥* <0.001). (PNG 191 kb)

Additional file 20: Markdown of analyses performed in this study.
(PDF 274 kb)
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