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ABSTRACT This study characterized compositional and functional shifts in the intestinal
and oral microbiome in HIV-positive patients on antiretroviral therapy compared to HIV-neg-
ative individuals. Seventy-nine specimens were collected from 5 HIV-positive and 12 control
subjects from five locations (colon brush, colon wash, terminal ileum [TI] brush, TI wash,
and saliva) during colonoscopy and at patient visits. Microbiome composition was character-
ized using 16S rRNA sequencing, and microbiome function was predicted using bioinfor-
matics tools (PICRUSt and BugBase). Our analysis indicated that the b-diversity of all intesti-
nal samples (colon brush, colon wash, TI brush, and TI wash) from patients with HIV was
significantly different from patients without HIV. Specifically, bacteria from genera Prevotella,
Fusobacterium, and Megasphaera were more abundant in samples from HIV-positive
patients. On the other hand, bacteria from genera Ruminococcus, Blautia, and Clostridium
were more abundant in samples from HIV-negative patients. Additionally, HIV-positive
patients had higher abundances of biofilm-forming and pathogenic bacteria. Furthermore,
pathways related to translation and nucleotide metabolism were elevated in HIV-positive
patients, whereas pathways related to lipid and carbohydrate metabolism were positively
correlated with samples from HIV-negative patients. Our analyses further showed variations
in microbiome composition in HIV-positive and negative patients by sampling site. Samples
from colon wash, colon brush, and TI wash were significant between groups, while samples
from TI brush and saliva were not significant. Taken together, here, we report altered intes-
tinal microbiome composition and predicted function in patients with HIV compared to
uninfected patients, though we found no changes in the oral microbiome.

IMPORTANCE Over 37 million people worldwide are living with HIV. Although the avail-
ability of antiretroviral therapy has significantly reduced the number of AIDS-related
deaths, individuals living with HIV are at increased risk for opportunistic infections. We
now know that HIV interacts with the trillions of bacteria, fungi, and viruses in the human
body termed the microbiome. Only a limited number of previous studies have compared
variations in the oral and gastrointestinal microbiome with HIV infection. Here, we detail
how the oral and gastrointestinal microbiome changes with HIV infection, having used 5
different sampling sites to gain a more comprehensive view of these changes by location.
Our results show site-specific changes in the intestinal microbiome associated with HIV
infection. Additionally, we show that while there were significant changes in the intestinal
microbiome, there were no significant changes in the oral microbiome.

KEYWORDS 16S RNA, HIV, antiretroviral therapy, human microbiome, intestinal
microbiome, oral microbiome

Human immunodeficiency virus (HIV) infection is characterized by profound deple-
tion of circulating and tissue-resident CD4-positive (CD41) T cells in gut-associated

lymphoid tissue and a chronic inflammatory state (1). Although the overall survival of
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HIV patients has significantly improved since the introduction of antiretroviral therapy
(ART), HIV-infected adults still have an increased risk of cardiovascular, liver, kidney,
bone, and neurologic diseases (2), which are partially driven by microbial translocation
and subsequent immune activation (3, 4).

In recent years, multiple groups have characterized the microbiome in the oral cav-
ity or intestines in patients with HIV infection, though relatively few have examined
both areas in the same patient. Although the oral cavity and the intestines are part of
the gastrointestinal tract, they harbor distinct microbial communities, with the oral cavity
dominated by Firmicutes, while the stool microbiota is mostly abundant in Bacteroidetes
(5, 6). These unique communities have been attributed to gastric acid in the stomach
and bile acids in the duodenum (5, 7, 8). Thus, while HIV is known to cause profound
changes to the gastrointestinal system at large (9–11), recognizing site-specific differ-
ences is key to fully appreciating the microbial landscape altered with HIV infection.
Still, the majority of previous studies investigating intestinal microbial alterations
with HIV infection have only utilized one sampling site, with stool/stool swab (12, 13)
samples being the most common, followed by rectal sponges (14) and rectosigmoid
biopsy specimen (15). Similarly, in the oral cavity, the most common sampling sites
utilized are saliva (16–19) and oral washes (20–22), with some studies using plaque
samples (23, 24) or biofilm (25), but relatively few using multiple areas. Despite our
understanding of site-specific microbial communities along the gastrointestinal (GI)
tract, to date, only one study has investigated the intestinal microbiome at different
sites, including the terminal ileum (TI), right colon, left colon, and feces (26); however,
the oral microbiome was not evaluated in that study.

Characterization of the intestinal microbiome, in particular, sheds light on the im-
portance of sampling methods in identifying distinct microbial communities in many
disease states. Gastrointestinal tract commensal bacteria consist of contents within the
transient luminal compartment and the mucosal adherent compartment (27). While
most studies investigating the intestinal microbiota in humans have often used fecal
samples because they are easily collected, the fecal microbiota is substantially variable
between individuals and is often influenced by food/ingested materials, which limits
our ability to identify specific disease-associated microbes (27, 28). On the other hand,
the mucosa-associated microbiota is the more stable adherent compartment that
adheres to the mucosal surface of the GI tract, though the main means of characteriz-
ing this compartment are through colonoscopic biopsies, which are relatively invasive
and limit their use (27, 28). Notably, clinical studies of microbiome changes in HIV
infection have shown differential bacterial microbiome phenotypes in intestinal biopsy
specimens, particularly in the terminal ileum, compared to fecal samples from the
same individuals (26, 29). These mucosal biopsy specimens also have permitted the ex-
amination of microbes that are most closely associated with the immune system (30).
Additionally, during colonoscopic biopsy specimens, flushing the mucosal surface with
sterile water allows for the mucosal-luminal interface to be sampled by washing off
and collecting the loose mucus layer on the surface of the intestinal wall (28).
However, few studies have compared mucosal-luminal interface sampling to biopsy
specimens, stool, or saliva.

In this study, we aimed to characterize compositional and functional shifts in the
mucosal intestinal microbiome and the oral microbiome in HIV-positive individuals on
ART compared to uninfected individuals by using 16S rRNA sequencing. Here, we used
multiple sampling sites, including brush samples and washes (colon brush, colon wash,
terminal ileum brush, and terminal ileum wash) during colonoscopic procedures, as
well as saliva samples at patient visits, to gain a comprehensive view of intestinal and
oral microbiome changes in the context of HIV infection.

RESULTS
Patient selection. A total of 17 patients were enrolled in this study. Five patients

were diagnosed with HIV, and 12 patients were HIV negative. All HIV patients were on
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antiretroviral therapy. We refer to them as HIV-positive patients throughout the text
for brevity. Patient characteristics are summarized in Table 1, and detailed clinical char-
acteristics for each subject can be found in Table S1 in the supplemental material.
Notably, there was no significant difference (P = 0.5) in the mean age of patients
between groups, though the female/male ratio significantly differed (P = 0.01).
Ethnicity in both groups was not significantly different (P = 0.60), but Hispanics were
overrepresented. Additionally, the incidence of obesity in both groups was not signifi-
cantly different (P = 0.53). Similarly, the incidence of diabetes was not significantly dif-
ferent between groups (P = 0.83).

Samples collected in this study were obtained from terminal ileum (TI) wash, TI
brush, colon wash, and colon brush of patients undergoing colonoscopy for a compre-
hensive examination of mucosa-associated microbiota (brush samples), as well as the
mucosal-luminal interface (wash samples). Saliva samples were obtained directly from
patients spitting into sterile containers to concomitantly survey the oral microbiome
from the same patient.

Altered intestinal microbiome diversity and composition in patients with HIV
on ART. On average, we obtained 178,608 sequence reads per intestinal sample and
176,926 sequence reads per saliva sample (Table S2). Among all intestinal samples,
4,310 unique amplicon sequence variants (ASVs) were identified (Table S3). Overall, our
results showed that HIV significantly alters the diversity of the intestinal microbiome.
b-Diversity was assessed by weighted UniFrac distances and visualized with principal-
coordinate analysis (PCoA) plots. Analysis of b-diversity showed that all intestinal sam-
ples (colon brush, colon wash, TI brush, and TI wash) from patients with HIV signifi-
cantly clustered apart from intestinal samples from patients without HIV (P = 0.012)
(Fig. 1A). Additionally, the a-diversity was measured by Faith’s phylogenetic diversity
and Shannon diversity index. At a sequencing depth of 80,000 reads, Faith’s phyloge-
netic diversity was not significantly different between patients with or without HIV
(P = 0.43) (Fig. 1B). However, when a-diversity was measured by Shannon diversity
index, intestinal samples from patients with HIV exhibited higher (P = 0.002) richness
and evenness than those from patients without HIV (Fig. 1B).

The bar plots of bacterial composition at phylum and genus levels in the gut sam-
ples are shown in Fig. S1. Linear discriminant analysis (LDA) effect size (LEfSe) analysis
was performed among intestinal samples to determine the bacterial taxa that were dif-
ferentially enriched. Bacteria from the genera Prevotella, Fusobacterium, Eubacterium,
Collinsella, Megasphaera, Mogibacterium, and Mitsuokella were more abundant in samples
from HIV-positive patients. On the other hand, bacteria from the genera Ruminococcus,
Blautia, and Clostridium were more abundant in samples from HIV-negative patients
(Fig. 1C).

Altered predicted intestinal microbiome function in patients with HIV on ART.
The BugBase algorithm was used to predict high-level phenotypes present in intestinal
microbiome samples by using 16S amplicon data. The BugBase phenotype predicted
the abundance of Gram-positive, Gram-negative, biofilm-forming, and potentially path-
ogenic bacteria. Intestinal samples from HIV-positive patients had a higher abundance
of both biofilm-forming (P = 0.009) and pathogenic bacteria (P = 0.005) (Fig. 2A and B).

TABLE 1 Patient characteristics

Characteristic

Data for:

HIV-negative patients HIV-positive patients on ART
No. of subjects 12 5
Mean age (yrs) 55 51
No. female/no. male 8/4 0/5

Ethnicity (no.)
Hispanic 8 4
Non-Hispanic 4 1
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FIG 1 Diversity and composition analysis of the gut samples. Samples were grouped by HIV-negative (n = 44)
and -positive (n = 18) status. (A) Principal-coordinate analysis (PCoA) plot of weighted UniFrac distances (metrics
of b-diversity). P = 0.012. (B) Faith’s phylogenic diversity and Shannon diversity index (metrics of a-diversity) at a
sequencing depth of 80,000 reads. Samples were grouped by HIV-negative (n = 44) and -positive (n = 18) status.
Error bars represent SEM. (C) Linear discriminant analysis effect size (LEfSe) analysis of top discriminative bacteria
genera between gut samples from HIV-positive and -negative patients.
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FIG 2 Predictive functional analysis of the gut samples. (A) BugBase predicted the relative abundance of biofilm-forming bacteria.
Samples grouped by HIV-negative (n = 44) and -positive status (n = 18); P = 0.009. (B) BugBase predicted the relative abundance of
potentially pathogenic bacteria. Samples grouped by HIV-negative (n = 44) and -positive (n = 18) status; P = 0.005. (C) BugBase

(Continued on next page)
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Additionally, HIV-positive samples had higher percentages of Gram-negative bacteria
(P = 0.006) and lower percentages of Gram-positive bacteria (P = 0.006) (Fig. 2C and D).

The microbial metagenome was predicted with the Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt) algorithm, and func-
tions were categorized with KEGG pathways to further elucidate the specific changes
in microbial pathways. STAMP was used for identifying pathways that were differen-
tially abundant between HIV-positive and negative patients. In total, 41 KEGG level 2
pathways were predicted among all intestinal samples (Table S4). Pathways related to
translation, nucleotide metabolism, cofactors and vitamin metabolism, and replication
and repair were positively correlated with samples from HIV-positive patients (Fig. 2E).
On the other hand, pathways related to lipid and carbohydrate metabolism, mem-
brane transport, signaling transduction, and cellular processes and signaling were posi-
tively correlated with samples from HIV-negative patients (Fig. 2E).

Differences in HIV-associated intestinal microbiome diversity, composition,
and predicted function by sampling site. Intestinal samples were collected from 4
different sampling sites. Following this, we then compared samples from HIV-positive
and HIV-negative patients at each sampling site (colon wash, colon brush, TI wash, and
TI brush). In colon wash samples, the b-diversity, measured using unweighted UniFrac
distances, between HIV-positive and HIV-negative samples was significantly different
(P = 0.013) (Fig. 3A). Additionally, in colon wash, HIV-positive samples had higher rich-
ness (P = 0.004) than HIV-negative samples when the a-diversity was measured by
Faith’s phylogenetic diversity (Fig. 3B). However, there was no difference (P = 0.34) in
sample richness or evenness between HIV-positive and -negative colon wash samples
when a-diversity was measured by Shannon diversity index (Fig. 3B). Furthermore,
LEfSe analysis showed that bacteria from the genera Succinivibrio and Aggregatibacter
were more abundant in HIV-positive colon wash samples (Fig. 3C). No bacteria were
enriched in samples from HIV-negative patients. Colon wash samples from HIV-positive
patients had similar abundance of both biofilm-forming (P = 0.16) and pathogenic bac-
teria (P = 0.06) (Fig. S2A and B). Additionally, HIV-positive samples had higher percen-
tages of Gram-negative bacteria (P = 0.02) and lower percentages of Gram-positive
bacteria (P = 0.02) (Fig. S2C and D). Pathways related to translation, nucleotide metab-
olism, and genetic information processing were positively correlated with samples
from HIV-positive patients (Fig. S2E). Pathways related to carbohydrate metabolism
and transcription were positively correlated with samples from HIV-negative patients
(Fig. S2E).

In colon brush samples, HIV-positive and HIV-negative samples showed a tendency
to cluster differently (P = 0.073) when b-diversity was measured using weighted
UniFrac distances (Fig. 4A). Additionally, there was no difference in Faith’s phylogenetic
diversity (P = 0.95) or Shannon diversity index (P = 0.1) between colon brush samples
(Fig. 4B). Notably, bacteria from Megasphaera and Slackia were enriched in HIV-positive
colon brush samples (Fig. 4C). No bacteria were enriched in samples from HIV-negative
patients. Colon brush samples from HIV-positive patients had a similar abundance of
biofilm-forming bacteria (P = 0.11) (Fig. S3A). However, colon brush samples from HIV-
negative patients had a higher abundance of potentially pathogenic bacteria
(P = 0.008) (Fig. S3B). There was no difference in the abundance of Gram-positive and
Gram-negative bacteria (P = 0.44) (Fig. S3C and D). Pathways related to translation, nu-
cleotide metabolism, cofactors and vitamin metabolism, and replication and repair
were positively correlated with samples from HIV-positive patients (Fig. S3E). Pathways
related to membrane transport, cellular processes and signaling, lipid and carbohy-

FIG 2 Legend (Continued)
predicted the relative abundance of Gram-positive bacteria. Samples grouped by HIV-negative (n = 44) and -positive (n = 18) status;
P = 0.006. (D) BugBase predicted the relative abundance of Gram-negative bacteria. Samples grouped by HIV-negative (n = 44) and
-positive (n = 18) status; P = 0.006. (E) The KEGG pathway of gut microbiota was predicted using Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt). Data are presented in a bar plot with 95% confidence intervals and
P values between gut samples from HIV-positive and -negative patients.
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FIG 3 Diversity and composition analysis of the colon wash samples. (A) Principal-coordinate analysis (PCoA)
plot of unweighted UniFrac distances (metrics of b-diversity). Samples grouped by HIV-negative (n = 12) and
-positive (n = 5) status; P = 0.013. (B) Faith’s phylogenetic diversity and Shannon diversity index (metrics of
a-diversity) at a sequencing depth of 80,000 reads. Samples were grouped by HIV-negative (n = 12) and
-positive (n = 5) status. Error bars represent SEM. (C) Linear discriminant analysis effect size (LEfSe) analysis of
top discriminative bacteria genera between gut samples from HIV-positive and -negative patients.
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FIG 4 Diversity and composition analysis of the colon brush samples. (A) Principal-coordinate analysis (PCoA) plot of weighted
UniFrac distances (metrics of b-diversity). Samples grouped by HIV-negative (n = 12) and -positive (n = 5) status, P = 0.073. (B) Faith’s
phylogenetic diversity and Shannon diversity index (metrics of a-diversity) at a sequencing depth of 80,000 reads. Samples were
grouped by HIV-negative (n = 12) and -positive (n = 5) status. Error bars represent SEM. (C) Linear discriminant analysis effect size
(LEfSe) analysis of top discriminative bacteria genera between gut samples from HIV-positive and -negative patients.
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drate metabolism, and transcription were positively correlated with samples from HIV-
negative patients (Fig. S3E).

In TI wash samples, HIV-positive and HIV-negative samples were significantly differ-
ent (P = 0.02) as assessed by unweighted UniFrac distances (Fig. 5A). There was no dif-
ference (P = 0.3) in sample richness or evenness when the a-diversity was measured by
Faith’s phylogenetic diversity (Fig. 5B). However, HIV-positive TI wash samples had
higher (P = 0.047) a-diversity when a-diversity was measured by the Shannon diversity
index (Fig. 5B). Notably, bacteria from Prevotella, Mogibacterium, Mitsuokella, and
Aggregatibacter were enriched in HIV-positive TI wash samples (Fig. 5C). No bacteria
were enriched in samples from HIV-negative patients. TI wash samples from HIV-posi-
tive patients had a similar abundance of biofilm-forming bacteria (P = 0.14) (Fig. S4A).
However, TI wash samples from HIV-positive patients had a higher abundance of
potentially pathogenic bacteria (P = 0.04) (Fig. S4B). HIV-positive samples had higher
percentages of Gram-negative bacteria (P = 0.04) and lower percentages of Gram-posi-
tive bacteria (P = 0.04) (Fig. S4C and D). Pathways related to translation, nucleotide me-
tabolism, cofactors and vitamin metabolism, and replication and repair were positively
correlated with samples from HIV-positive patients (Fig. S4E). Pathways related to
membrane transport, cellular processes and signaling, lipid and carbohydrate metabo-
lism, xenobiotics biodegradation, and metabolism and transcription were positively
correlated with samples from HIV-negative patients (Fig. S4E).

In TI brush samples, both HIV-positive and HIV-negative samples were not significantly
different (P = 0.367) as assessed by weighted UniFrac distances (Fig. 6A). Additionally, there
was no difference in Faith’s phylogenetic diversity (P = 0.89) or the Shannon diversity index
(P = 0.12) between TI wash samples between groups (Fig. 6B).

Moreover, LEfSe analysis showed no bacteria taxa enriched in either group. TI brush
samples from HIV-positive patients were not significantly different from HIV-negative
patients in biofilm-forming bacteria (P = 0.75), pathogenic bacteria (P = 0.22), or Gram-
positive (P = 0.41) or Gram-negative bacteria (P = 0.41) (Fig. S5A to D). Pathways
related to replication and repair, translation, nucleotide metabolism, and cofactors and
vitamin metabolism were positively correlated with samples from HIV-positive patients
(Fig. S5E). Pathways related to membrane transport, cellular processes and signaling,
carbohydrate metabolism, xenobiotics biodegradation, and metabolism and transcrip-
tion were positively correlated with samples from HIV-negative patients (Fig. S5E).

To investigate the impact of sampling sites on the microbiome, we first analyzed sam-
ples from HIV-negative patients alone. TI brush samples significantly clustered apart from
the three other sampling locations (TI wash, colon wash, and colon brush) in the PCoA
plot (false-discovery rate–adjusted P value [q] = 0.001) (Fig. S7A). Additionally, both TI and
colon brush samples had higher Faith’s phylogenetic diversity than TI and colon wash
samples (P, 0.001) (Fig. S7B), indicating more unique bacteria taxa are present on the in-
testinal epithelium. Additionally, there was no significance (P = 0.9) between TI and co-
lon wash samples assessed by Faith’s phylogenetic diversity.

However, when we analyzed samples from HIV-positive patients alone, we did not
observe separation in the PCoA plot between any gut samples (TI wash, TI brush, colon
wash, and colon brush) (q > 0.05) (Fig. S8A). However, TI brush exhibited a trend
(q = 0.07) toward higher Faith’s phylogenetic diversity than TI and colon wash samples
(Fig. S8B).

The oral microbiome is not altered in patients with HIV on ART. Among all oral
samples, 1,520 unique ASVs were identified (Table S3). The composition of the oral
microbiome was plotted at the phylum and genus levels and grouped by HIV status
(Fig. S6). Our results indicated that the oral microbiome is not altered with HIV infec-
tion. When b-diversity was measured using weighted UniFrac distances and visualized
with PCoA plots, salivary samples from patients with HIV did not cluster apart from sali-
vary samples from patients without HIV (P = 0.9) (Fig. 7A). Furthermore, neither Faith’s
phylogenetic diversity (P = 0.27) nor Shannon diversity index (P = 0.21) demonstrated
differences between HIV-positive and HIV-negative saliva samples (Fig. 7B). Notably,
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FIG 5 Diversity and composition analysis of the TI wash samples. (A) Principal-coordinate analysis (PCoA) plot of unweighted UniFrac
distances (metrics of b-diversity). Samples grouped by HIV-negative (n = 10) and -positive (n = 4) status; P = 0.02. (B) Faith’s
phylogenetic diversity and Shannon diversity index (metrics of a-diversity) at a sequencing depth of 80,000 reads. Samples were
grouped by HIV-negative (n = 10) and -positive (n = 4) status. Error bars represent SEM. (C) Linear discriminant analysis effect size
(LEfSe) analysis of top discriminative bacteria genera between intestinal samples from HIV-positive and -negative patients.
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the PCoA plot of HIV-negative and positive samples also confirmed that the oral micro-
biome was significantly different from the intestinal microbiome (q, 0.01) (Fig. S7 and
S8). Oral samples from HIV-positive patients were not significantly different from HIV-
negative patients in biofilm-forming bacteria (P = 0.15), pathogenic bacteria (P = 0.5),
Gram-positive (P = 0.38), or Gram-negative bacteria (P = 0.38) (data not shown). No
KEGG level 2 pathways were significantly different between groups in oral samples
(P > 0.05) (data not shown).

The microbiome does not cluster by patients. To determine if samples collected
from a given individual were clustered within the subject, we grouped samples by indi-
viduals and performed a diversity analysis. Analysis of b-diversity using weighted
UniFrac distances showed that the samples were not clustered by each individual, with
no significant difference between any individuals (q > 0.05) (Fig. S9).

DISCUSSION

In this study, we characterized both the oral and intestinal microbiome using multiple
sampling sites (colon brush, colon wash, TI brush, and TI wash) in patients with HIV, which
has not previously been described in samples from the same patients. Here, we report
alterations in the composition and predicted function of the intestinal microbiome in HIV-
infected patients on ART compared to uninfected individuals. Interestingly, we found no
differences in the composition and predicted function of the oral microbiome between
groups. In our study, we also compared the intestinal microbiome by sampling site and

FIG 6 Diversity analysis of the TI brush samples. (A) Principal-coordinate analysis (PCoA) plot of
weighted UniFrac distances (metrics of b-diversity). Samples grouped by HIV-negative (n = 11) and
-positive (n = 4); P = 0.367. (B) Faith’s phylogenic diversity and Shannon diversity index (metrics of
a-diversity) at a sequencing depth of 80,000 reads. Samples were grouped by HIV-negative (n = 11)
and -positive (n = 4) status. Error bars represent SEM.
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demonstrated site-specific alterations in the microbiome, with the microbiome unaltered
in TI brush samples, while other sites showed significant differences.

Our findings regarding the b-diversity in intestinal samples of HIV patients on ART
are largely consistent with previous studies (9, 10, 31), which have also demonstrated a
shift in the overall intestinal microbial community. It is worth noting that in some of
these studies, HIV-positive patients were viremic untreated, which could be a con-
founding factor. However, a shift in b-diversity has been shown in both HIV-infected
untreated and ART-treated populations. McHardy et al. reported that HIV-untreated
subjects were significantly different from healthy controls, whereas ART-treated sub-
jects were not statistically different from healthy controls (14). Mutlu et al. confirmed
that samples from HIV-infected and untreated subjects clustered differently than those
from controls using both UniFrac and Bray-Curtis metrics (26). In terms of a-diversity,
this study did not find a significant difference in Faith’s phylogenetic diversity; how-
ever, a significant increase in Shannon diversity index was observed. Consistently,
Vujkovic-Cvijin et al. reported no changes in community richness or evenness between
HIV-infected (untreated and on ART) and uninfected subjects in the community (15).
Dillon et al. observed similar sample richness and evenness between uninfected and
HIV-infected untreated subjects and a trend toward greater evenness in HIV-infected
individuals (29). However, other studies have reported either an increase or decrease in
a-diversity in HIV patients (untreated and on ART) (13, 14, 32, 33). Additionally, Lozupone
et al. reported that untreated HIV patients had higher a-diversity than ART-treated and

FIG 7 Diversity analysis of the saliva samples. (A) Principal-coordinate analysis (PCoA) plot of weighted
UniFrac distances (metrics of b-diversity). Samples grouped by HIV-negative (n = 12) and -positive
(n = 5) status; P = 0.9. (B) Faith’s phylogenic diversity and Shannon diversity index (metrics of
a-diversity) at a sequencing depth of 80,000 reads. Samples grouped by HIV-negative (n = 12) and
-positive (n = 5) status. Error bars represent SEM.
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HIV-negative individuals (34). The discrepancies in results are likely due to variations in diet
associated with different regions and ethnicities, relatively small sample sizes in each
study, and lack of proper control subjects.

We also identified differentially enriched bacteria with HIV infection by sampling
site. Several studies (29, 34, 35) have reported enrichment of Prevotella in HIV-positive
subjects (ART treated and untreated), which is in agreement with our study showing
that Prevotella had the highest LDA score in LEfSe analysis. Interestingly, one study
reported that Prevotella was significantly decreased after ART, suggesting its involve-
ment during HIV inflammation (13). Furthermore, Noguera-Julian et al. observed that
the balance between Prevotella and Bacteroides may be correlated with sexual prefer-
ences rather than HIV per se (36). Specifically, they found that men who have sex with
men (MSM) had increased Prevotella, whereas most non-MSM subjects were enriched
in Bacteroides, regardless of HIV-1 status. Notably, many of our identified bacteria
enriched in HIV patients were consistent with previous studies. McHardy et al. reported
Fusobacteria and Peptostreptococcus among the bacteria that were significantly
enriched in HIV-positive patients (14). Lozupone et al. also reported that Peptococcus,
Mitsuokella jalaludinii, and Megasphaera elsdenii increased in relative abundance in
patients with HIV infection (untreated and on ART) (34, 37). Mutlu et al. observed an
increase in Mogibacterium and unclassified Fusobacteriaceae associated with HIV
patients on ART (26). However, there was discordance in our studies and others regard-
ing Eubacterium, with two studies reporting that Eubacterium was depleted in HIV-
associated mucosal samples (14, 26). Discrepancies could be attributed to the method
for sample collection and diet effects associated with different regions and ethnicities.
Still, the bacteria genera we identified that were more enriched in non-HIV patients are
consistent with previous literature. For example, McHardy et al. and Mutlu et al.
reported that Ruminococcus was depleted in HIV-infected subjects (untreated and on
ART) (14, 26), which is in accordance with our finding that Ruminococcus is more abun-
dant in HIV-negative patients. Consistently, others have reported genus Blautia was
decreased in HIV patients (untreated and on ART) in accordance with our own observa-
tions (26, 29).

Previous studies also examined functional shifts in the intestinal metagenome in HIV-
infected individuals. McHardy et al. reported that the imputed microbial metagenome
from HIV patients without ART treatment was depleted of amino acids metabolism, CoA
biosynthesis, and fructose/mannose metabolism, and it was enriched for glutathione
metabolism, selenocompound metabolism, folate biosynthesis, and siderophore biosyn-
thesis (14). Additionally, Vázquez-Castellanos et al. did metagenome sequencing on the
intestinal microbiota and found enrichment of genes involved in various pathogenic
processes, lipopolysaccharide biosynthesis, bacterial translocation, and other inflamma-
tory pathways in HIV-positive individuals on ART. Furthermore, genes involved in amino
acid metabolism and energy processes were depleted in HIV-positive individuals (1). Our
own observations of altered microbiome functions largely agreed with previous studies.
BugBase and PICRUSt functional algorithms predicted that potentially pathogenic bacte-
ria and Gram-negative bacteria were enriched in HIV-positive patients. Similarly, our
functional profiling predicted depletion of carbohydrates and lipids metabolism in HIV-
positive individuals, which are both related to overall energy metabolism. However, we
did not observe significant changes in amino acid metabolism in our study, which could
be partially attributed to the diet of the study subjects.

To date, very few studies have investigated changes in the intestinal microbiome using
multiple sampling sites. One study concluded that fecal aspirates and stool samples gener-
ally represent the same pattern of bacteria from Bacteroidetes in mucosa-adherent bacteria,
but HIV-1-associated changes in Proteobacteria and Firmicutes were mucosa specific (29).
Furthermore, Yang et al. found that the difference between HIV-positive (untreated and
on ART) and -negative groups was not significant when all four body sites (mouth, esopha-
gus, stomach, and duodenum) were included, but the difference became significant when
the proximal intestinal (esophagus, stomach, and duodenum) was analyzed. In site-specific
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analyses, the separation between HIV patients and controls was only significant in the duo-
denum but not significant in each of the three other body sites examined (38). Mutlu et al.
reported that all sample types (terminal ileum, right colon, left colon, and feces) had fewer
operational taxonomic units (OTUs) in the HIV group on ART than in healthy controls.
Additionally, they observed the separation of samples for each sample type when b-diversity
was measured by UniFrac metric. The dispersion of samples was visually more apparent for
the terminal ileum and right colon samples and less overlapping in the left colon and fecal
samples (26). Our study also reflects sampling-site-specific variations in the intestinal micro-
biome. Samples from colon wash, colon brush, and TI wash were significantly different in mi-
crobial composition between HIV-infected and uninfected subjects, while samples from TI
brush and saliva were not significant. Moreover, we demonstrated that TI brush samples
were very different from the three other sampling locations in HIV-negative patients (TI wash,
colon wash, and colon brush) in the b-diversity plot (see Fig. S7 in the supplemental mate-
rial). Our study also highlighted differences in a-diversity in sampling site (lumen wash versus
lumen brush), as both TI and colon brush samples had higher Faith’s phylogenetic diversity
than TI and colon wash samples (Fig. S7), indicating more unique bacteria taxa are present
on the intestinal epithelium. Overall, our results suggested that HIV infection affected the
microbiome in a site-specific manner.

Previous studies have also profiled the oral microbiome with HIV infection. However,
there have been inconsistent reports on the effect on a-diversity. For instance, one group
reported that the oral microbiota in HIV-infected patients (untreated and on ART) had
higher a-diversity as well as higher bacterial loads (19). However, others reported a lower
oral microbiome richness in HIV-infected individuals on ART (21, 39). The increase in a-di-
versity could be the result of an increase in pathogen colonization, and the decrease could
be the result of a few pathogens that dominated the oral environment. Furthermore, a
range of secretory antimicrobial peptides could also play a significant role in the balance
(40). That being said, while several studies have demonstrated that the oral microbiome
composition changes during HIV infection (untreated and on ART) (16, 39), other studies
have reported no major change in the oral microbiome or attributed changes to comorbid
periodontal disease (21, 23, 41). In the current study, we did not observe any significant
change in oral microbiome richness, evenness, composition, or predicted functions.

Collectively, our study highlighted site-specific alterations in the microbiome and sup-
ported the possibility of targeting certain regions in the gastrointestinal tract to mitigate
dysbiosis in HIV-positive patients on ART. Additionally, the use of brush and wash samples
allowed us to determine changes in adherent or loosely associated mucosa microbiota.
Broadly, our findings add to the general knowledge to aid the development of precise loca-
tion and microbial targeted interventions. This study also had several limitations, which
must be noted. First, this study had a small sample size (HIV positive, 5 individuals; HIV neg-
ative, 12 individuals), reflecting the difficulty in recruiting subjects for biopsy and/or poor
adherence with patients’ follow-up visits for saliva samples. A larger sampling size would
have permitted more differentially abundant bacteria taxa to be detected. Next, this study
did not correlate microbiome findings with immune measurements. Importantly, the corre-
lation of CD41 T cells has often been associated with specific bacteria taxa, and these asso-
ciations were lacking in this study. Moreover, the vast majority of the subjects in our study
were obese, which was known to have independent effects on the microbiome. Enrollment
of more subjects within the normal body mass index (BMI) range could have increased the
representativeness of the current study.

As this study collected samples from biopsy rather than stool, microbiome analyses
presented here are less biased by the substantial variations caused by food/ingested
materials in human subjects. Still, it must be noted that some studies investigating the
intestinal and oral microbiome with HIV have been inconsistent in their metrics, which
have largely been attributed to diet. For instance, some studies have reported patients
with HIV had lower a-diversity (13, 14, 26) in intestinal samples; however, others have
claimed HIV patients had higher (34) or no change in intestinal a-diversity (15, 29).
Similarly, there have been differences in enriched bacterial taxa across studies in
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intestinal samples in HIV patients. Some groups reported depletion of Bacteroides and
enrichment of Prevotella in HIV (26, 34). Others reported depletion of Clostridiales in
untreated HIV patients (14). Furthermore, increased Proteobacteria and decreased
Firmicutes in HIV have also been reported (38). Additionally, there have been inconsis-
tencies in the reporting of the oral microbiome between HIV-infected patients and
healthy controls (42). Jiménez-Hernández et al. reported that the salivary a-diversity in
HIV-infected individuals was significantly higher than those in HIV-uninfected samples
(19). Others revealed that the oral a-diversity in patients with HIV was significantly
lower than the uninfected individuals (16, 21, 39). Thus, we consider our approach
using biopsy specimens to profile the mucosal microbiota at specific sites within the
gastrointestinal tract and saliva samples to characterize the oral microbiome more ad-
vantageous than these aforementioned studies.

In conclusion, in the current study, we showed altered intestinal microbiome com-
position and function in patients with HIV on ART, with no significant differences in the
oral microbiome between HIV-infected and uninfected patients. Here, we also charac-
terized changes in the intestinal microbiome by sampling site and found that samples
from colon wash, colon brush, and TI wash were significant between groups, while
samples from TI brush and saliva were not significant. As the role of the microbiota is
becoming increasingly clear in HIV infection, our study, which profiled the oral micro-
biota, strongly adherent mucosal communities (brush), and loosely mucosa-associated
microbiota (wash) helps put into context site-specific changes with HIV infection.

MATERIALS ANDMETHODS
Study subjects and sample collection. Inclusion criteria were individuals who were 18 years and

older who consented to this study and were scheduled to undergo endoscopy and/or colonoscopy or sig-
moidoscopy at either the University of Miami Hospital or the University of Miami Hospital & Clinics/
Sylvester Comprehensive Cancer Center. HIV-positive patients were defined as having a previous diagnosis
of HIV per electronic medical record. Exclusion criteria were patients who had not agreed to participate
and had not signed the consent form; patients with diagnosis of irritable bowel syndrome, inflammatory
bowel disease, and colon cancer; and patients on antibiotics or steroids within 30 days before visits.
Patients provided >5 mL saliva during hospital visits, using the Omnigene oral kit (DNA Genotek; catalog
no. OM-501). TI brush and colon brush were collected during colonoscopy or sigmoidoscopy with a
sheathed cytology brush (ConMed; catalog no. 000110). TI wash and colon wash were collected during
colonoscopy or sigmoidoscopy, with sterile saline flushing the TI or colon when the microscope reached
the target compartment. All samples were stored at280°C until processing.

DNA extraction and 16S rRNA gene sequencing. For intestinal samples (colon brush, colon wash,
TI brush, and TI wash), DNA was isolated using DNeasy PowerSoil Pro kit (Qiagen; catalog no. 47016). For
saliva samples, DNA was isolated using QIAamp DNA blood minikit (Qiagen; catalog no. 51104). During
DNA extraction, two extraction controls in each batch were included to remove potential contamination
from kit reagents. Sequencing was performed by the University of Minnesota Genomics Center. The
hypervariable V4 region of the 16S rRNA gene was PCR amplified using the forward primer 515F
(GTGCCAFCMGCCGCGGTAA), reverse primer 806R (GGACTACHVGGGTWTCTAAT), Illumina adaptors, and
molecular barcodes to produce 427-bp amplicons. Amplicons were sequenced with the Illumina MiSeq
version 3 platform, generating 300-bp paired-end reads. The extraction controls could not be PCR ampli-
fied due to very low copy number (less than 10 in extraction control versus 10e-8 copies in experimental
samples) and were therefore excluded from the sequencing process.

Bioinformatics analysis. Demultiplexed sequence reads were clustered into amplicon sequence
variants (ASVs) with the DADA2 package (version 1.21.0) (43) implemented in R (version 4.0.3) and
RStudio (version 1.1.463). The steps of the DADA2 pipeline include error filtering, trimming, learning of
error rates, denoising, merging of paired reads, and removal of chimeras. On average, 178,608 sequence
reads per intestinal sample and 176,926 sequence reads per saliva sample were kept after error filtering
and other steps (see Table S2 in the supplemental material). During trimming, the forward and reverse
reads were truncated at positions 230 and 180 to remove low-quality tails. The ASV table generated by
DADA2 was imported into the QIIME2 pipeline (44) for diversity analyses and taxonomic assignment.
Diversity analyses were performed by using the QIIME diversity core-metrics-phylogenetic script with a
sampling depth of 80,000. Taxonomic assignment of ASVs was done to the genus level using a naive
Bayesian classifier (45) implemented in QIIME2 with the Greengenes reference database (13_8 99%) (46).
MicrobiomeAnalyst (47) was used for generating bar plots and linear discriminant analysis effect size
(LEfSe)(48) plot. The threshold on the logarithmic LDA score for discriminative features was set to 2. The
cutoff for false-discovery rate–adjusted P value (q value) was set to 0.1 for LEfSe analysis.

PICRUSt (49) is a computational approach to predict the functional composition of a metagenome
using 16S data with reference genomes from Greengenes (46) and IMG (50) databases. PICRUSt pathway
prediction was implemented within the galaxy app (https://huttenhower.sph.harvard.edu/galaxy/).
KEGG Orthology (51) was used to predict the metagenome. The KEGG pathway was categorized into
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pathway hierarchy level 2. STAMP (52) was used for identifying pathways that were differentially abun-
dant and for generating extended error bar plots. BugBase (53) is a microbiome analysis algorithm that
predicts high-level phenotypes present in microbiome samples using 16S amplicon data. The BugBase
phenotype predictions were implemented using the online web app (https://bugbase.cs.umn.edu/).

Statistical analysis. Mann-Whitney test or Kruskal-Wallis test was used to detect if a-diversity dif-
fered across treatments. Permutational multivariate analysis of variance (PERMANOVA) was used to
detect if b-diversity differed across treatments. The Benjamini-Hochberg method was used for control-
ling the false-discovery rate (q value). A P value of ,0.05 was considered to be statistically significant.

Ethics statement. The study protocol was approved by The University of Miami Institutional Review
Board (20160338). Written and informed consent was obtained from each patient before enrollment. All
patients were enrolled at the University of Miami Hospital.

Data availability. Sequence data are available at the BioStudies database (54) (https://www.ebi.ac
.uk/biostudies/) under accession number S-BSST836.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3.8 MB.
SUPPLEMENTAL FILE 2, XLSX file, 1.6 MB.

ACKNOWLEDGMENT
We thank Valerie Gramling (University of Miami) for reviewing the manuscript.

REFERENCES
1. Vázquez-Castellanos JF, Serrano-Villar S, Latorre A, Artacho A, Ferrús ML,

Madrid N, Vallejo A, Sainz T, Martínez-Botas J, Ferrando-Martínez S, Vera M,
Dronda F, Leal M, Del Romero J, Moreno S, Estrada V, Gosalbes MJ, Moya A.
2015. Altered metabolism of gut microbiota contributes to chronic immune
activation in HIV-infected individuals. Mucosal Immunol 8:760–772. https://
doi.org/10.1038/mi.2014.107.

2. Deeks SG, Tracy R, Douek DC. 2013. Systemic effects of inflammation on
health during chronic HIV infection. Immunity 39:633–645. https://doi
.org/10.1016/j.immuni.2013.10.001.

3. Klatt NR, Funderburg NT, Brenchley JM. 2013. Microbial translocation,
immune activation, and HIV disease. Trends in Microbiology 21:6–13.
https://doi.org/10.1016/j.tim.2012.09.001.

4. Hunt PW, Sinclair E, Rodriguez B, Shive C, Clagett B, Funderburg N,
Robinson J, Huang Y, Epling L, Martin JN, Deeks SG, Meinert CL, Van Natta
ML, Jabs DA, Lederman MM. 2014. Gut epithelial barrier dysfunction and
innate immune activation predict mortality in treated HIV infection. J
Infect Dis 210:1228–1238. https://doi.org/10.1093/infdis/jiu238.

5. Park S-Y, Hwang B-O, Lim M, Ok S-H, Lee S-K, Chun K-S, Park K-K, Hu Y, Chung
W-Y, Song N-Y. 2021. Oral–gut microbiome axis in gastrointestinal disease and
cancer. Cancers 13:2124. https://doi.org/10.3390/cancers13092124.

6. Segata N, Haake SK, Mannon P, Lemon KP, Waldron L, Gevers D,
Huttenhower C, Izard J. 2012. Composition of the adult digestive tract bac-
terial microbiome based on seven mouth surfaces, tonsils, throat and stool
samples. Genome Biol 13:R42. https://doi.org/10.1186/gb-2012-13-6-r42.

7. Martinsen TC, Bergh K, Waldum HL. 2005. Gastric juice: a barrier against
infectious diseases. Basic Clin Pharmacol Toxicol 96:94–102. https://doi
.org/10.1111/j.1742-7843.2005.pto960202.x.

8. Ridlon JM, Kang DJ, Hylemon PB, Bajaj JS. 2014. Bile acids and the gut
microbiome. Curr Opin Gastroenterol 30:332–338. https://doi.org/10.1097/
MOG.0000000000000057.

9. Williams B, Landay A, Presti RM. 2016. Microbiome alterations in HIV infection
a review. Cell Microbiol 18:645–651. https://doi.org/10.1111/cmi.12588.

10. Dillon SM, Frank DN, Wilson CC. 2016. The gut microbiome and HIV-1 patho-
genesis: a two-way street. Aids 30:2737–2751. https://doi.org/10.1097/QAD
.0000000000001289.

11. Bandera A, De Benedetto I, Bozzi G, Gori A. 2018. Altered gut microbiome
composition in HIV infection: causes, effects and potential intervention. Curr
Opin HIV AIDS 13:73–80. https://doi.org/10.1097/COH.0000000000000429.

12. Dinh DM, Volpe GE, Duffalo C, Bhalchandra S, Tai AK, Kane AV, Wanke CA,
Ward HD. 2015. Intestinal microbiota, microbial translocation, and systemic
inflammation in chronic HIV infection. J Infect Dis 211:19–27. https://doi
.org/10.1093/infdis/jiu409.

13. Nowak P, Troseid M, Avershina E, Barqasho B, Neogi U, Holm K, Hov JR,
Noyan K, Vesterbacka J, Svärd J, Rudi K, Sönnerborg A. 2015. Gut microbiota
diversity predicts immune status in HIV-1 infection. AIDS 29:2409–2418.
https://doi.org/10.1097/QAD.0000000000000869.

14. McHardy IH, Li X, Tong M, Ruegger P, Jacobs J, Borneman J, Anton P,
Braun J. 2013. HIV infection is associated with compositional and func-
tional shifts in the rectal mucosal microbiota. Microbiome 1:26. https://
doi.org/10.1186/2049-2618-1-26.

15. Vujkovic-Cvijin I, Dunham RM, Iwai S, Maher MC, Albright RG, Broadhurst
MJ, Hernandez RD, Lederman MM, Huang Y, Somsouk M, Deeks SG, Hunt
PW, Lynch SV, McCune JM. 2013. Dysbiosis of the gut microbiota is associ-
ated with HIV disease progression and tryptophan catabolism. Sci Transl
Med 5:193ra91. https://doi.org/10.1126/scitranslmed.3006438.

16. Li Y, Saxena D, Chen Z, Liu G, Abrams WR, Phelan JA, Norman RG, Fisch
GS, Corby PM, Dewhirst F, Paster BJ, Kokaras AS, Malamud D. 2014. HIV
infection and microbial diversity in saliva. J Clin Microbiol 52:1400–1411.
https://doi.org/10.1128/JCM.02954-13.

17. Saxena D, Li Y, Devota A, Pushalkar S, Abrams W, Barber C, Corby P, Poles
M, Phelan J, Malamud D. 2016. Modulation of the orodigestive tract
microbiome in HIV-infected patients. Oral Dis 22:73–78. https://doi.org/
10.1111/odi.12392.

18. Presti RM, Handley S, Droit L, Ghannoum M, Jacobson M, Shiboski CH,
Webster-Cyriaque J, Brown T, Yin MT, Overton ET. 2018. Alterations in the
oral microbiome in HIV-infected participants after ART administration are
influenced by immune status. AIDS 32:1279–1287. https://doi.org/10.1097/
QAD.0000000000001811.

19. Jiménez-Hernández N, Serrano-Villar S, Domingo A, Pons X, Artacho A,
Estrada V, Moya A, Gosalbes MJ. 2019. Modulation of saliva microbiota
through prebiotic intervention in HIV-infected individuals. Nutrients 11:
1346. https://doi.org/10.3390/nu11061346.

20. Beck JM, Schloss PD, Venkataraman A, Twigg H, Jablonski KA, Bushman FD,
Campbell TB, Charlson ES, Collman RG, Crothers K, Curtis JL, Drews KL, Flores
SC, Fontenot AP, Foulkes MA, Frank I, Ghedin E, Huang L, Lynch SV, Morris A,
Palmer BE, Schmidt TM, Sodergren E, Weinstock GM, Young VB, Lung HIV
Microbiome Project. 2015. Multicenter comparison of lung and oral micro-
biomes of HIV-infected and HIV-uninfected individuals. Am J Respir Crit
Care Med 192:1335–1344. https://doi.org/10.1164/rccm.201501-0128OC.

21. Mukherjee PK, Chandra J, Retuerto M, Tatsuoka C, Ghannoum MA,
McComsey GA. 2018. Dysbiosis in the oral bacterial and fungal microbiome
of HIV-infected subjects is associated with clinical and immunologic varia-
bles of HIV infection. PLoS One 13:e0200285. https://doi.org/10.1371/
journal.pone.0200285.

22. Griffen AL, Thompson ZA, Beall CJ, Lilly EA, Granada C, Treas KD, DuBois
KR, Hashmi SB, Mukherjee C, Gilliland AE, Vazquez JA, Hagensee ME, Leys
EJ, Fidel PL. 2019. Significant effect of HIV/HAART on oral microbiota
using multivariate analysis. Sci Rep 9:19946. https://doi.org/10.1038/
s41598-019-55703-9.

23. Starr JR, Huang Y, Lee KH, Murphy CM, Moscicki A-B, Shiboski CH, Ryder MI,
Yao T-J, Faller LL, Van Dyke RB, Paster BJ, for the Pediatric HIV/AIDS Cohort

Oral and Intestinal Microbial Alterations in HIV Patients on ART Microbiology Spectrum

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.02472-22 16

https://bugbase.cs.umn.edu/
https://www.ebi.ac.uk/biostudies/
https://www.ebi.ac.uk/biostudies/
https://www.ebi.ac.uk/biostudies/studies/S-BSST836
https://doi.org/10.1038/mi.2014.107
https://doi.org/10.1038/mi.2014.107
https://doi.org/10.1016/j.immuni.2013.10.001
https://doi.org/10.1016/j.immuni.2013.10.001
https://doi.org/10.1016/j.tim.2012.09.001
https://doi.org/10.1093/infdis/jiu238
https://doi.org/10.3390/cancers13092124
https://doi.org/10.1186/gb-2012-13-6-r42
https://doi.org/10.1111/j.1742-7843.2005.pto960202.x
https://doi.org/10.1111/j.1742-7843.2005.pto960202.x
https://doi.org/10.1097/MOG.0000000000000057
https://doi.org/10.1097/MOG.0000000000000057
https://doi.org/10.1111/cmi.12588
https://doi.org/10.1097/QAD.0000000000001289
https://doi.org/10.1097/QAD.0000000000001289
https://doi.org/10.1097/COH.0000000000000429
https://doi.org/10.1093/infdis/jiu409
https://doi.org/10.1093/infdis/jiu409
https://doi.org/10.1097/QAD.0000000000000869
https://doi.org/10.1186/2049-2618-1-26
https://doi.org/10.1186/2049-2618-1-26
https://doi.org/10.1126/scitranslmed.3006438
https://doi.org/10.1128/JCM.02954-13
https://doi.org/10.1111/odi.12392
https://doi.org/10.1111/odi.12392
https://doi.org/10.1097/QAD.0000000000001811
https://doi.org/10.1097/QAD.0000000000001811
https://doi.org/10.3390/nu11061346
https://doi.org/10.1164/rccm.201501-0128OC
https://doi.org/10.1371/journal.pone.0200285
https://doi.org/10.1371/journal.pone.0200285
https://doi.org/10.1038/s41598-019-55703-9
https://doi.org/10.1038/s41598-019-55703-9
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02472-22


Study. 2018. Oral microbiota in youth with perinatally acquired HIV infec-
tion. Microbiome 6:100. https://doi.org/10.1186/s40168-018-0484-6.

24. Annavajhala MK, Khan SD, Sullivan SB, Shah J, Pass L, Kister K, Kunen H,
Chiang V, Monnot GC, Ricupero CL, Mazur RA, Gordon P, de Jong A,
Wadhwa S, Yin MT, Demmer RT, Uhlemann A-C. 2020. Oral and gut microbial
diversity and immune regulation in patients with HIV on antiretroviral ther-
apy. mSphere 5:e00798-19. https://doi.org/10.1128/mSphere.00798-19.

25. Gonçalves LS, Ferreira DdC, Heng NCK, Vidal F, Santos HF, Zanicotti DG,
Vasconcellos M, Stambovsky M, Lawley B, Rubini NdPM, Dos Santos KRN,
Seymour GJ. 2019. Oral bacteriome of HIV-1-infected children from Rio de
Janeiro, Brazil: next-generation DNA sequencing analysis. J Clin Periodon-
tol 46:1192–1204. https://doi.org/10.1111/jcpe.13176.

26. Mutlu EA, Keshavarzian A, Losurdo J, Swanson G, Siewe B, Forsyth C,
French A, Demarais P, Sun Y, Koenig L, Cox S, Engen P, Chakradeo P,
Abbasi R, Gorenz A, Burns C, Landay A. 2014. A compositional look at the
human gastrointestinal microbiome and immune activation parameters
in HIV infected subjects. PLoS Pathog 10:e1003829. https://doi.org/10
.1371/journal.ppat.1003829.

27. Matsumoto H, Kuroki Y, Higashi S, Goda K, Fukushima S, Katsumoto R,
Oosawa M, Murao T, Ishii M, Oka K, Takahashi M, Osaki T, Kamiya S,
Shiotani A. 2019. Analysis of the colonic mucosa associated microbiota
(MAM) using brushing samples during colonic endoscopic procedures.
J Clin Biochem Nutr 65:132–137. https://doi.org/10.3164/jcbn.19-3.

28. Mottawea W, Butcher J, Li J, Abujamel T, Manoogian J, Mack D, Stintzi A.
2019. The mucosal–luminal interface: an ideal sample to study the mu-
cosa-associated microbiota and the intestinal microbial biogeography.
Pediatr Res 85:895–903. https://doi.org/10.1038/s41390-019-0326-7.

29. Dillon SM, Lee EJ, Kotter CV, Austin GL, Dong Z, Hecht DK, Gianella S,
Siewe B, Smith DM, Landay AL, Robertson CE, Frank DN, Wilson CC. 2014.
An altered intestinal mucosal microbiome in HIV-1 infection is associated
with mucosal and systemic immune activation and endotoxemia. Muco-
sal Immunol 7:983–994. https://doi.org/10.1038/mi.2013.116.

30. Palmer BE, Li SX, Lozupone CA. 2016. The HIV-associated enteric micro-
biome has gone viral. Cell Host Microbe 19:270–272. https://doi.org/10
.1016/j.chom.2016.02.014.

31. Crakes KR, Jiang G. 2019. Gut microbiome alterations during HIV/SIV
infection: implications for HIV cure. Front Microbiol 10:1104. https://doi
.org/10.3389/fmicb.2019.01104.

32. Ishizaka A, Koga M, Mizutani T, Parbie PK, Prawisuda D, Yusa N, Sedohara
A, Kikuchi T, Ikeuchi K, Adachi E, Koibuchi T, Furukawa Y, Tojo A, Imoto S,
Suzuki Y, Tsutsumi T, Kiyono H, Matano T, Yotsuyanagi H. 2021. Unique
gut microbiome in HIV patients on antiretroviral therapy (ART) suggests
association with chronic inflammation. Microbiol Spectr 9:e00708-21.
https://doi.org/10.1128/Spectrum.00708-21.

33. Monaco CL, Gootenberg DB, Zhao G, Handley SA, Ghebremichael MS, Lim
ES, Lankowski A, Baldridge MT, Wilen CB, Flagg M, Norman JM, Keller BC,
Luévano JM, Wang D, Boum Y, Martin JN, Hunt PW, Bangsberg DR,
Siedner MJ, Kwon DS, Virgin HW. 2016. Altered virome and bacterial
microbiome in human immunodeficiency virus-associated acquired im-
munodeficiency syndrome. Cell Host Microbe 19:311–322. https://doi
.org/10.1016/j.chom.2016.02.011.

34. Lozupone CA, Li M, Campbell TB, Flores SC, Linderman D, Gebert MJ,
Knight R, Fontenot AP, Palmer BE. 2013. Alterations in the gut microbiota
associated with HIV-1 infection. Cell Host Microbe 14:329–339. https://doi
.org/10.1016/j.chom.2013.08.006.

35. Ling Z, Jin C, Xie T, Cheng Y, Li L, Wu N. 2016. Alterations in the fecal
microbiota of patients with HIV-1 infection: an observational study in a
Chinese population. Sci Rep 6:30673. https://doi.org/10.1038/srep30673.

36. Noguera-Julian M, Rocafort M, Guillén Y, Rivera J, Casadellà M, Nowak P,
Hildebrand F, Zeller G, Parera M, Bellido R, Rodríguez C, Carrillo J, Mothe
B, Coll J, Bravo I, Estany C, Herrero C, Saz J, Sirera G, Torrela A, Navarro J,
Crespo M, Brander C, Negredo E, Blanco J, Guarner F, Calle ML, Bork P,
Sönnerborg A, Clotet B, Paredes R. 2016. Gut microbiota linked to sexual
preference and HIV infection. EBioMedicine 5:135–146. https://doi.org/10
.1016/j.ebiom.2016.01.032.

37. Lozupone CA, Rhodes ME, Neff CP, Fontenot AP, Campbell TB, Palmer BE.
2014. HIV-induced alteration in gut microbiota: driving factors, conse-
quences, and effects of antiretroviral therapy. Gut Microbes 5:562–570.
https://doi.org/10.4161/gmic.32132.

38. Yang L, Poles MA, Fisch GS, Ma Y, Nossa C, Phelan JA, Pei Z. 2016. HIV-
induced immunosuppression is associated with colonization of the proxi-
mal gut by environmental bacteria. AIDS 30:19–29. https://doi.org/10
.1097/QAD.0000000000000935.

39. Yang L, Dunlap DG, Qin S, Fitch A, Li K, Koch CD, Nouraie M, DeSensi R, Ho
KS, Martinson JJ, Methé B, Morris A. 2020. Alterations in oral microbiota in
HIV are related to decreased pulmonary function. Am J Respir Crit Care
Med 201:445–457. https://doi.org/10.1164/rccm.201905-1016OC.

40. Wade WG. 2021. Resilience of the oral microbiome. Periodontol 2000 86:
113–122. https://doi.org/10.1111/prd.12365.

41. Imahashi M, Ode H, Kobayashi A, Nemoto M, Matsuda M, Hashiba C,
Hamano A, Nakata Y, Mori M, Seko K, Nakahata M, Kogure A, Tanaka Y,
Sugiura W, Yokomaku Y, Iwatani Y. 2021. Impact of long-term antiretrovi-
ral therapy on gut and oral microbiotas in HIV-1-infected patients. Sci Rep
11:960. https://doi.org/10.1038/s41598-020-80247-8.

42. Li S, Su B, He Q-S, Wu H, Zhang T. 2021. Alterations in the oral microbiome
in HIV infection: causes, effects and potential interventions. Chin Med J
(Engl) 134:2788–2798. https://doi.org/10.1097/CM9.0000000000001825.

43. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
2016. DADA2: high-resolution sample inference from Illumina amplicon
data. Nat Methods 13:581–583. https://doi.org/10.1038/nmeth.3869.

44. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K,
Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodríguez AM,
Chase J, Cope EK, Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall
DM, Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM,
Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes
S, Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, Jiang L,
Kaehler BD, Kang KB, Keefe CR, Keim P, Kelley ST, Knights D, et al. 2019.
Reproducible, interactive, scalable and extensible microbiome data sci-
ence using QIIME 2. Nat Biotechnol 37:852–857. https://doi.org/10.1038/
s41587-019-0209-9.

45. Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, Huttley
GA, Caporaso JG. 2018. Optimizing taxonomic classification of marker-
gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin.
Microbiome 6:90. https://doi.org/10.1186/s40168-018-0470-z.

46. McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A,
Andersen GL, Knight R, Hugenholtz P. 2012. An improved Greengenes
taxonomy with explicit ranks for ecological and evolutionary analyses of
bacteria and archaea. ISME J 6:610–618. https://doi.org/10.1038/ismej
.2011.139.

47. Chong J, Liu P, Zhou G, Xia J. 2020. Using MicrobiomeAnalyst for compre-
hensive statistical, functional, and meta-analysis of microbiome data. Nat
Protoc 15:799–821. https://doi.org/10.1038/s41596-019-0264-1.

48. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower
C. 2011. Metagenomic biomarker discovery and explanation. Genome Biol 12:
R60. https://doi.org/10.1186/gb-2011-12-s1-p47.

49. Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA,
Clemente JC, Burkepile DE, Vega Thurber RL, Knight R, Beiko RG, Huttenhower
C. 2013. Predictive functional profiling of microbial communities using 16S
rRNA marker gene sequences. Nat Biotechnol 31:814–821. https://doi.org/10
.1038/nbt.2676.

50. Markowitz VM, Chen I-MA, Palaniappan K, Chu K, Szeto E, Grechkin Y,
Ratner A, Jacob B, Huang J, Williams P, Huntemann M, Anderson I,
Mavromatis K, Ivanova NN, Kyrpides NC. 2012. IMG: the integrated micro-
bial genomes database and comparative analysis system. Nucleic Acids
Res 40:D115–D122. https://doi.org/10.1093/nar/gkr1044.

51. Kanehisa M, Sato Y, Kawashima M, Furumichi M, Tanabe M. 2016. KEGG as
a reference resource for gene and protein annotation. Nucleic Acids Res
44:D457–D462. https://doi.org/10.1093/nar/gkv1070.

52. Parks DH, Tyson GW, Hugenholtz P, Beiko RG. 2014. STAMP: statistical anal-
ysis of taxonomic and functional profiles. Bioinformatics 30:3123–3124.
https://doi.org/10.1093/bioinformatics/btu494.

53. Ward T, Larson J, Meulemans J, Hillmann B, Lynch J, Sidiropoulos D, Spear
JR, Caporaso G, Blekhman R, Knight R. 2017. BugBase predicts organism-
level microbiome phenotypes. bioRxiv. https://doi.org/10.1101/133462.

54. Sarkans U, Gostev M, Athar A, Behrangi E, Melnichuk O, Ali A, Minguet J,
Rada JC, Snow C, Tikhonov A, Brazma A, McEntyre J. 2018. The BioStudies
database—one stop shop for all data supporting a life sciences study.
Nucleic Acids Res 46:D1266–D1270. https://doi.org/10.1093/nar/gkx965.

Oral and Intestinal Microbial Alterations in HIV Patients on ART Microbiology Spectrum

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.02472-22 17

https://doi.org/10.1186/s40168-018-0484-6
https://doi.org/10.1128/mSphere.00798-19
https://doi.org/10.1111/jcpe.13176
https://doi.org/10.1371/journal.ppat.1003829
https://doi.org/10.1371/journal.ppat.1003829
https://doi.org/10.3164/jcbn.19-3
https://doi.org/10.1038/s41390-019-0326-7
https://doi.org/10.1038/mi.2013.116
https://doi.org/10.1016/j.chom.2016.02.014
https://doi.org/10.1016/j.chom.2016.02.014
https://doi.org/10.3389/fmicb.2019.01104
https://doi.org/10.3389/fmicb.2019.01104
https://doi.org/10.1128/Spectrum.00708-21
https://doi.org/10.1016/j.chom.2016.02.011
https://doi.org/10.1016/j.chom.2016.02.011
https://doi.org/10.1016/j.chom.2013.08.006
https://doi.org/10.1016/j.chom.2013.08.006
https://doi.org/10.1038/srep30673
https://doi.org/10.1016/j.ebiom.2016.01.032
https://doi.org/10.1016/j.ebiom.2016.01.032
https://doi.org/10.4161/gmic.32132
https://doi.org/10.1097/QAD.0000000000000935
https://doi.org/10.1097/QAD.0000000000000935
https://doi.org/10.1164/rccm.201905-1016OC
https://doi.org/10.1111/prd.12365
https://doi.org/10.1038/s41598-020-80247-8
https://doi.org/10.1097/CM9.0000000000001825
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1038/s41596-019-0264-1
https://doi.org/10.1186/gb-2011-12-s1-p47
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1093/nar/gkr1044
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1101/133462
https://doi.org/10.1093/nar/gkx965
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02472-22

	RESULTS
	Patient selection.
	Altered intestinal microbiome diversity and composition in patients with HIV on ART.
	Altered predicted intestinal microbiome function in patients with HIV on ART.
	Differences in HIV-associated intestinal microbiome diversity, composition, and predicted function by sampling site.
	The oral microbiome is not altered in patients with HIV on ART.
	The microbiome does not cluster by patients.

	DISCUSSION
	MATERIALS AND METHODS
	Study subjects and sample collection.
	DNA extraction and 16S rRNA gene sequencing.
	Bioinformatics analysis.
	Statistical analysis.
	Ethics statement.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENT
	REFERENCES

