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Abstract

HIV infection is associated with an altered gut microbiome that is not consistently restored with
effective antiretroviral therapy (ART). Interpretation of the specific microbiome changes observed
during HIV infection is complicated by factors like population, sample type, and ART — each of
which may have dramatic effects on gut bacteria. Understanding how these factors shape the
microbiome during HIV infection (which we refer to as the HIV-associated microbiome) is critical
for defining its role in HIV disease, and for developing therapies that restore gut health during
infection.
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Introduction

Antiretroviral therapy (ART) effectively halts replication of the Human Immunodeficiency
Virus (HIV), however, infection is still associated with chronic inflammation and immune
activation (1) as well as increased incidence of disorders including metabolic and
cardiovascular disease (2). It is becoming increasingly clear that the collection of trillions of
bacteria, fungi and viruses that colonize the intestine, the gut microbiome, plays a significant
role in shaping health and disease including diseases that occur at increased incidence in
individuals living with HIV (3). Recent findings of an altered, or “dysbiotic” microbiome in
HIV-infected individuals supports this hypothesis. Since HIV infection results in massive
depletion of CD4+ T cells in the gut-associated lymphoid tissue (GALT) and destruction of
the gut epithelial barrier (4, 5), it is likely that HIV infection and the gut microbiome are
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intimately linked. Interestingly, ART has not consistently been found to restore a healthy gut
microbiome in HIV-infected subjects, and the drugs themselves may in fact further promote
dysbiosis. Thus, defining the mechanisms that cause dysbiosis during HIV infection and
ART may reveal novel targets for therapies aimed at restoring a healthy gut microbiome and
ameliorating HIV-associated diseases.

HIV disrupts gut immunity

The primary hallmark of HIV infection is depletion of CD4+ T cells. This is most evident in
the GALT (5) which contains the majority of lymphocytes in the body (6). Although ART
can restore CD4+ T cells in the periphery, GALT lymphocytes in most cases are slow to
return to normal levels and restoration is most often incomplete (4). CD4+ lymphocytes in
the GALT of healthy individuals consist primarily of effector T cells, such as IL-17-
producing T-helper 17 (Th17) cells and regulatory T cells (Tregs). During HIV infection, the
CDA4+ T cell compartment in GALT suffers a significant loss of Th17 cells (7), which play
critical roles in mitigating microbial invasion through the recruitment of neutrophils (8) and
in maintaining the integrity of the gastrointestinal barrier (7). One potential driving factor of
HIV-caused Th17 cell loss is that certain human-associated bacteria, such as Escherichia
coli, can enhance HIV infection by inducing an activated state in these cells (9). Thus, HIV/
bacterial-induced loss of Th17 cells in the gut may contribute to impaired mucosal T cell
immunity, loss of barrier function, and microbial translocation (7).

Another hallmark of HIV infection is chronic immune activation, which could be caused by
the loss of CD4+ Tregs — cells that can promote immune homeostasis and down-modulate
effector activity of other immune cells by the production of IL-10 and TGF-beta (1). In
contrast to the rapid loss of Th17 cells in blood, circulating Tregs are progressively lost
during HIV infection and this decline has been associated with immune activation (10). In
the gut compartment, Tregs have been shown to be more refractory to HIV infection than
other CD4+ T cell subpopulations (11). However, the absolute number and function of Tregs
in the gut is still decreased, suggesting HIV-driven Treg cell death and loss of Treg-mediated
immune regulation (12). This is consistent with the observation of high levels of
inflammation in both the periphery and in the gut of untreated HIV-infected individuals (13).
Furthermore, Tregs have been shown to be important for colonization of some bacteria in the
gut suggesting that loss of Treg function during HIV infection may contribute to dysbiosis
(14).

Dysbiosis in HIV infection

The innate and adaptive immune systems are critical for maintaining a healthy gut
microbiome. Knockout and transgenic mouse models have been particularly useful for
demonstrating this; for example, loss of innate immune sensing in mice leads to alterations
in bacterial species composition and increased gut inflammation, while B cell and T cell
deficiencies in mice have been associated with reduced gut microbial diversity (15). Though
precise mechanisms of immune interactions with gut microbes are still being elucidated,
studies have shown that immunoglobulin A (IgA) binding to commensal bacteria may alter
microbial gene expression (16), and that transfer of Tregs to T cell-knockout mice could
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restore gut microbial diversity (17). Antibody production by B cells and immune regulation
by CD4+ T cells may therefore play essential roles in maintaining a healthy gut microbial
environment. It would not be surprising then, that the rapid and profound breakdown in
intestinal immunity caused by HIV infection, in particular the loss of CD4+ T cells, would
have dramatic effects on the gut microbiome.

Initial studies of the effects of HIV infection on the gut microbiome were limited to gPCR-
based methods for detection of only a few types of microbes. These studies found that feces
from untreated HIV-infected subjects harbored higher amounts of bacterial DNA from the
Proteobacteria phylum (18), and more frequently contained DNA from opportunistic
pathogens such as Pseudomonas aeruginosa and Candida albicans (19). With the advent of
next-generation sequencing (NGS) and informatics tools to analyze the millions of
sequences generated by this technology, detailed microbiome profiling has offered a more
descriptive picture of HIV-associated dysbiosis (Table 1). Measurements of alpha and beta
diversity — which respectively describe the organismal richness and evenness within a single
sample, and the similarity of microbiome composition between samples — have allowed
recent NGS studies to consistently reveal an HIV-associated gut microbiome divergent from
that of healthy control populations. Although some papers published by independent
research groups show striking consistency in the nature of changes observed, other papers
have produced unique findings. Comparing the results of these different studies to produce a
comprehensive picture of the nature of community changes that occur with HIV and with
ART is challenged by the complexity of the human microbiome, the diversity of populations
examined and gastrointestinal sites surveyed, the complexity of HIV disease itself, and
methodological differences between the studies (Fig. 1). Taken together, these papers have
shed light on microbiome changes that occur with HIV infection throughout the
gastrointestinal tract, but there are still open questions to be resolved.

Effects of study population

A major confounding factor that has recently come to light is the effects of sexual behavior
on fecal microbiome composition. One study that compared anal microbiome profiles
between HIV-positive and HIV-negative men who have sex with men (MSM), found
unprotected receptive anal intercourse to be significantly associated with alpha diversity
(20). A recent study has shown that both HIV-positive and HIV-negative (MSM) have fecal
microbiomes with increased alpha diversity and with high altered beta diversity associated
with compositions enriched in the genus Prevotella and depleted in the genus Bacteroides
(21). This microbiome profile was not evident in individuals who acquired HIV via
heterosexual transmission or 1V drug use. Studies of HIV-infected individuals conducted to
date have most often used healthy control populations from the same geographic location
that were matched for factors such as age and gender (22—-26) but not for the practice of
behaviors that lead to increased risk of contracting HIV. A Prevotella-rich/Bacteroides poor
MSM-related microbiome type has been associated with HIV infection in multiple studies
that did not control for sexual behavior (22-25). However, it was not observed in a study that
had a cohort dominated by documented heterosexual transmission (27). This observation of
MSM as a driving factor of large microbiome differences also potentially explains apparent
discordant observations across studies with regards to alpha diversity, with one study
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showing an increase (23), others showing a decrease (22, 27) and others showing no change.
When Nogera-Julian et al. examined alpha diversity while controlling for sexual behavior,
they found MSM behavior leading to an increase in alpha diversity and within MSM, HIV-
infection leading to a decrease (21). Controlling for sexual behavior will be crucial moving
forward for determining which microbiome differences are related to HIV-induced immune
dysfunction versus MSM sexual behavior.

Another important complexity to consider is the baseline microbiome composition of the
study population. Studies of healthy individuals have revealed that cultural differences
between Western populations and agrarian societies in the developing world coincide with
dramatic differences in gut microbiome composition, for instance with individuals in
agrarian cultures having higher diversity microbiomes in health with relatively Prevotella-
rich/Bacteroides-poor compaositions that show a resemblance to that of MSM in Western
cultures (28). The mode of transmission of HIV infection varies greatly across populations,
with for instance transmission by MSM and 1V drug use being more prevalent in the US and
Europe and heterosexual and mother to child transmission being more important in the
developing world (29). This leads to dramatic differences in demographic features of HIV-
infected cohorts across populations that may also affect the microbiome at baseline or its
response to disease, including age and sex. The studies of the HIV-associated gut
microbiome published to date have largely focused on populations in the US and Europe and
not the parts of the world where HIV is the most prevalent, including African populations
(Fig. 2). Expanding HIV microbiome studies into the populations most affected by HIV is an
important future direction.

Effects of disease stage/severity

Gut microbiome dysbiosis has the potential to affect HIV disease in various ways throughout
all phases in the natural history of HIV disease progression, from transmission through end-
stage disease (Fig. 3). The degree and nature of immune dysfunction throughout HIV
disease progression also varies substantially across individuals. Thus, important cohorts to
consider include: 1) Those in the acute stage of HIV-infection, which occurs within 2-10
weeks of exposure and is characterized by flu-like symptoms and a marked decline in
circulating CD4+ T cells, 2) Those with chronic (latent phase) infection, which typically
lasts for 7-10 years in the absence of treatment and is characterized by recovered circulating
CDA4+ T cells that then slowly decline over time, 3) Those with severe immune deterioration
(CD4+ T cells < 200 cells/ul) that leads to opportunistic infections and AIDS and 4) Elite
controllers, individuals who have stable peripheral CD4+ T cell counts for many years in the
absence of ART. Assessing microbiome composition in each of these different cohorts has
unique challenges.

Gut microbiome changes that may occur in early/acute infection with HIV are very difficult
to study, as individuals are usually past this stage of infection at the time of diagnosis.
Longitudinal studies of high-risk cohorts have the most potential for catching this early stage
of disease. In our cohort in Colorado, we characterized the fecal microbiome of 3 individuals
with “recent” infection, characterized by likely acquisition within the prior year (23). Even
these individuals, however, were most likely not within the acute phase of infection and data
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from only 3 individuals lacks statistical power to make definitive conclusions. The best
existing data on what may be occurring in early infection comes from studies of the gut
microbiome of non-human primates (NHPs) infected with Simian Immunodeficiency Virus
(SIV). A spike in the abundance of Proteobacteria was observed in acutely infected
macaques (30, 31), but this increase was temporary, with increased levels returning to
normal levels at subsequent timepoints representing the chronic stage of infection. In
general, fecal microbiome changes that occur in chronic infection have been more readily
detectable in humans compared to NHPs. Multiple studies of SIV-infected macaques failed
to detect any significant change in gut bacteria in animals with chronic infection (32, 33).
This discrepancy may be in part due to MSM sexual behavior being a driving factor in
humans. However human studies have uniquely used mucosal biopsies to assay microbiome
differences in chronic infection and found a stronger microbiome change in that sample type
(22, 24).

The majority of data produced thus far in HIV-infected humans not on ART are from
individuals in the chronic phase of infection with mild to moderate immunodeficiency.
However, a small number of individuals with a highly deteriorated immune system,
indicative of AIDS, have been evaluated. Since advanced disease has been associated with
higher incidences of opportunistic infections of many organs, including the gut, there is
strong reason to believe that advanced disease will have a distinct microbiome signature
compared to the chronic latent stage. In one study that included 6 individuals with a highly
deteriorated immune status (CD4+ T cell counts between 120 and 150 cells/ul), decreased
alpha diversity measured as the number of bacterial taxa in fecal samples was observed in
this highly immune-deficient group compared to other individuals with chronic untreated
infection (27), indicating a potential role for a breakdown in colonization resistance in
opportunistic infections that occur with advanced disease. Consistent with this notion, in a
comparison of the microbiome of the proximal gut (esophagus, stomach, and duodenum) of
individuals with untreated HIV infection and controls, the environmental species
Burkholdaria fungorum and Bradyrhizobium pachyrhizi colonized the duodenum of HIV-
infected individuals with advanced disease but not those with normal CD4+ T cell counts
(34). One study that compared anal microbiome profiles in HIV-positive and HIV-negative
MSM surveyed many individuals with more advanced disease. These samples were collected
at two time points from HIV-positive and HIV-negative MSM between 1989 and 1994, when
clinicians collected swabs from the anal canal for evaluation of human papillomavirus
(HPV) and anal cytology. Since these samples were collected before the advent of
combination effective ART, the cohort was characterized by advancing disease between
timepoint 1 and timepoint 2. At swab-1, the HIV-positive men had CD4+ T cell counts with
a median of 580 (interquartile range (IQR): 432—721) cells/ul), and by the time of swab-2,
1-5 years later, CD4+ T cell counts in the HIV-positive men had fallen significantly [median
(IQR) 232 (32-415) cells/ul] and 16 more HIV-positive men had developed AIDS. Despite
this advancing disease between swab-1 and swab-2, microbiome differences between swabs
were subtle, with some evidence for a decrease in diversity at swab-2 (20). Study of the gut
microbiome in advanced AIDS is complicated by the high rates of antibiotic use in this
population. Antibiotics can cause profound changes in gut microbiota composition so many
studies of the HIV enteric microbiome have used recent antibiotic usage as an exclusion
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criteria. As a result few studies have examined HIV-infected subjects on antibiotics, which in
turn has limited the numbers of studies of subjects with advance disease and co-infections.
Further studies of cohorts that include individuals with advanced HIV disease will help to
understand the effects of severe immunodeficiency on gut microbiome composition.

On the other end of the spectrum, two studies have included small numbers of “elite-
controllers” or “long-term non-progressors.” In one study, an HIV-positive individual who
had a stable peripheral blood CD4+ count despite over 21 years of untreated infection, had a
gut community similar to that of healthy subjects (26). Another study that surveyed the
microbiome of 3 elite controllers, found that the microbiomes of the elite controllers were
highly similar to one another but less similar to both viremic and HIV-negative groups. This
study also reported that elite controllers had increased Bacteroidetes and decreased
Actinobacteria and Proteobacteria compared to viremic patients (27). These results present
the interesting possibility that non-progressive disease may be linked to host-microbiome
homeostasis (26, 27).

Effects of Gastrointestinal site

Various studies have also targeted different regions of the gastrointestinal tract when
surveying changes in the gut microbiome that occur with HIV. Fecal samples are commonly
assayed (22, 23, 25), in part because of the ease in which they can be collected. Mucosal
biopsies or brushings have been assayed in several studies (22, 26, 34), and have the
potential to shed light on the bacteria that most intimately interact with the host immune
system. Mucosal samples have been compared in HIV-infected individuals versus controls
from various sites throughout the gastrointestinal tract, including from the duodenum (34),
terminal ileum (24), and colon (22, 24, 26). The mucosa-associated microbiome can
significantly differ down the length of the Gl tract and from the microbiome of the feces
(35). The anal microbiome of MSM may be of particular interest because of a potential role
in HIV disease transmission (20). Not surprisingly, different sites of the Gl tract had unique
differences in the nature of microbiome changes that occurred with HIV, although these
differences were also confounded by other varying factors between studies including
underlying demographics of study populations, sexual behavior, disease stage/severity, or
ART status.

The best studies for looking at the effects of sample type on observed differences with HIV
infection are therefore those that assayed multiple sites from the same individuals. Dillon et
al. observed enrichment of Prevotellaand depletion of Bacteroides species in individuals
with chronic untreated HIV infection in both colon biopsy and fecal samples but changes in
abundance of various taxa from the Proteobacteria and Firmicutes phyla were only observed
in the biopsies (22). Dillon ef al. also observed a decrease in alpha diversity of individuals
with chronic untreated infection in colon biopsy but not fecal samples. Another study that
compared the microbiome of HIV-infected individuals on ART versus healthy controls using
matched fecal, terminal ileum and left and right colonic biopsy samples found clustering by
HIV status at all sites, but the most pronounced clustering was found in the terminal ileum
and least pronounced difference in feces (24). Consistent with Dillon ef al., decreased alpha
diversity with HIV infection was found in biopsies but not in fecal samples. One further
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study used mucosal biopsy samples from the rectosigmoid region to compare the HIV-
associated microbiome to healthy controls using Microarray (PhyloChip) analysis, and
showed that the strongest changes with untreated HIV infection were increases in abundance
of opportunistic pathogens (such as Staphylococcus and Pseudomonas species) and
Proteobacteria, and decreases in abundance of bacteria from Bacteroides and Alistipes
genera (26). Taken together, these results suggest that reduction in Bacteroides species is
consistent across both mucosa and fecal samples in most studies, but that changes in
Proteobacteria may occur more readily in specific mucosa-associated sites. Furthermore,
decreases in alpha diversity with untreated HIV infection are evident in mucosal samples
and not fecal samples in studies that are confounded by MSM sexual behavior (22, 24),
except in the case of advanced disease, where decreased alpha diversity has been observed in
feces (27). Decreased alpha diversity in feces was also observed in a study that controlled
for MSM sexual behavior (21).

Studies that have examined the microbiome in the rectum yielded results that were in some
respects distinct and in other respects consistent with studies that used feces and biopsies to
assay gut microbiome composition. One study used an absorbent ophthalmic sponge applied
under direct vision via anoscope to opposing sides of the rectal mucosa to compare the rectal
mucosa of HIV-infected individuals to healthy controls (24). Some consistencies in HIV-
associated alterations in fecal/biopsy samples of less prominent taxa were observed, such as
depletion of Alistipes (23) and Coprococcus species (22) with untreated HIV infection.
However, other commonly observed changes, such as those in abundance of Prevotella or
Bacteroides organisms, did not occur (36). The observation of increased Fusobacterium and
decreased Ruminococcuswith HIV infection in the rectal mucosa was consistent with the
results of a further study that compared anal swabs of HIV-positive and -negative MSM (20).

Effects of ART on the gut microbiota

Antiretroviral therapy (ART) has greatly decreased the morbidity and mortality of HIV
infection (37), however, up to 40% of HIV-positive individuals receiving ART experience
moderate to severe gastrointestinal (GI) symptoms (38). ART is also associated with
potentially gut-linked diseases, such as elevated liver enzymes, diabetes, cardiovascular
disease, alteration of fat deposits associated with metabolic disease, accelerated aging, and
cognitive defects (39). Little is known about the role of the gut microbiome in Gl disease
during HIV infection, and why ART treatment may lead to an increased incidence of these
diseases.

To date, eight papers have evaluated gut microbiome composition in HIV-infected
individuals on ART, and all indicated that HIV-positive individuals on ART have a gut
microbiome composition that differs from that of healthy control populations (21, 23, 24, 26,
27, 36, 40, 41). However, these studies differed in the magnitude of the observed changes,
with some studies showing strong community level clustering between HIV-infected
individuals on ART and HIV-negative controls (23, 24, 26) and others not (36). These
studies varied in the degree to which the study design could differentiate whether
microbiome differences observed in individuals on ART are driven by the drugs versus
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chronic HIV infection itself, and in the degree to which the observed results may have been
confounded by MSM sexual behavior.

Studies that have compared untreated HIV-positive individuals, individuals on ART, and
HIV-negative controls give more robust insights into ART-associated microbiome changes.
These studies have indicated that at least some of the differences between HIV-positive
individuals on ART and HIV-negative controls are consistent with those differentiating
individuals with untreated HIV infection and HIV-negative controls. However, these studies
largely did not control for MSM sexual behavior. For instance in our cohort, we observed no
consistent movement towards the HIV-negative group at the community level with ART in
individuals sampled before and after 6-12 months of ART and that most individuals on
long-term (1-5 years) of ART clustered with individuals with untreated infection rather than
healthy controls with a Bacteroides-poor/Prevotella-rich microbiome type (23). This result
was initially interpreted to potentially indicate that HIV-associated microbiome changes
were not completely ameliorated by ART. However, new data regarding the profound effects
of MSM on the fecal microbiome indicates that the result may have more to do with the
degree to which MSM sexual behavior persists in individuals on ART. However, we did find
that certain taxa with increased relative abundance in individuals with untreated HIV
infection compared to HIV-negative controls decreased strongly with ART, such as
Peptococcus and Desulfovibrio (42). Robust response to ART suggests that these taxa are
more likely differing because of HIV-associated immune dysfunction rather than MSM
behavior.

Evaluation of sigmoid biopsies (26) also has revealed that patients receiving ART had highly
variable gut microbiomes, with the composition of some individuals more similar to a
healthy control group and others more similar to the untreated HIV-positive group, however
the results of this study that may also have been confounded because they did not control for
sexual behavior. Nowak ef a/. also observed higher beta diversity with ART in a cohort
dominated by heterosexual transmission, indicating high variability in microbiome
composition with treatment that is likely not driven by behavior. A study that compared
untreated HIV-positive individuals, individuals on ART, and HIV-negative controls using
rectal sponge showed that individuals on ART exhibited similar compositional changes to
those observed with untreated HIV infection but of intermediate magnitude (36).

There is also evidence that ART induces microbiome changes that are independent of those
driven by HIV infection. For instance, one study that evaluated 19 individuals pre and post a
median of 10 months of ART, described ART-associated compositional changes that were
not related to differences observed between the untreated HIV-infected cohort and healthy
controls (27). Three studies have now reported decreased alpha diversity in ART-treated
individuals compared to untreated HIV-positive individuals (21, 27, 42), which may be
indicative of further dysbiosis with ART, since low alpha diversity is often associated with
disease states (43, 44). This result may be consistent with known Gl side-effects such as
diarrhea with particular ART drugs (38). Noguera-Julian et al observed lowest alpha
diversity in individuals on unsuccessful ART, suggesting a compounding effect of HIV and
ART on gut microbiome dysbiosis. However, McHardy et al. observed the opposite with
regards to alpha diversity, with a slight but significant reduction in alpha diversity of rectal
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sponge samples in untreated HIV infection compared to healthy controls that was reversed to
near equivalence to healthy controls in ART-treated patients (36). One potential confounding
factor that may explain discrepancies with regards to alpha diversity between studies is the
duration of ART. In fact, in an SIV model, ART initially increased gut dysbiosis, but this
increase was ameliorated over time (31). This change in alpha diversity is likely due to the
immune changes throughout ART duration as alpha diversity has been shown to be
positively correlated with CD4+ T cell count (27). The discrepancies in alpha-diversity
results may also be an artifact of sampling site, with different results possible in rectal
sponge versus fecal samples.

Consistent with the notion that ART drugs can directly affect intestinal microbiota
composition, there is evidence from early studies that proteinase inhibitors (PIs) can exert a
direct effect on Candida albicans by reducing adherence of C. albicansto an epithelial cell
layers in vitro (45). Both reduced adherence and immune reconstitution associated with ART
could have contributed to the observed reduction of oral Candida infections in ART-treated,
HIV-infected individuals. In a similar vein, a study investigating the link between the
attachment and entry inhibitor (AEI), maraviroc, metabolic parameters, and the microbiome,
observed a dramatic increase in intestinal Enterobacteriales in mice fed a high fat diet, which
was significantly reduced when mice on the high fat diet were treated with a maraviroc
regimen (46). Interestingly, mice fed a high fat diet and treated with maraviroc had
significantly decreased body weight gains, liver weight, and alanine aminotransferase (ALT)
levels compared to untreated high fat diet mice. Though direct antimicrobial effects cannot
be determined from this study, it does suggest that even in the absence of HIV infection,
ART influences the intestinal microbiome community composition, which in turn may affect
metabolism.

The complex interaction between ART and microbiome composition may be even more
confounded by direct drug metabolism by gut microbes. Although, there are currently no
studies that specifically examine whether gut microbes can metabolically transform ART
drugs, the microbiome has been shown to affect activity and toxicity of several other drugs.
Gut microbiome composition influences the response to cancer therapy (47), the toxicity of
acetaminophen (48), and the activity of cardiac drugs (49). As a result, baseline differences
in the microbiome of HIV-infected individuals may affect both the effectiveness of therapy
as well as the potential restoration of a healthy gut flora, contributing to the observed
variation in microbiome community change in ART-treated patients. Studies which examine
the effects of the gut microbiome on ART metabolism are needed.

Studies examining the impact of ART on intestinal microbiome composition are challenged
by additional possible confounding factors including ART regimen (i.e. drug classes),
duration of ART, and the degree to which the ART is successful in controlling viral load, in
addition to all of the other factors already discussed (Fig. 1). For instance, even ART-treated
cohorts can vary substantially in disease severity, with many studies restricting ART cohorts
to individuals with negligible virus detected in plasma samples (23) and others including
individuals with detectable viral loads and low CD4+ T cell counts despite being on ART
(24). Further studies that include HIV-positive individuals with and without ART as well as
HIV-negative controls, and those that data before and over time with treatment with specific
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drug combinations will further elucidate ART-associated microbiome differences.
Examining the effects of ART in HIV-seronegative individuals also has the potential to
produce insights into drug effects in the absence of HIV-induced immune dysfunction. These
studies may also be relevant since treatment of high risk HI\-negative individuals with ART
drugs (Pre-exposure prophylaxsis or PrEP) has been shown to be an effective HIV
prophylactic (50), and thus understanding potential microbiome mediated side-effects is of
increased importance.

The impact of HIV infection on the virome

The works that we have discussed thus far have all focused on gut bacteria. We know very
little about how the composition of fungi, viruses and parasites living in the gut varies across
the different stages of HIV disease and with ART, although opportunistic infections with all
of these classes of organisms that occur in advanced disease suggest that subclinical
manifestations may also happen. Of all of these groups, the most is known about viruses.

The majority of gut-associated virus is in the form of bacteriophage (or simply, phage),
which are viruses that interact with microbes. Phage integrate into bacterial host genomes
for varying periods of time and can mediate horizontal transfer of genes for antibiotic
resistance, virulence, and host immune interaction (51). Given the co-dependent relationship
between bacteria and phage, alterations in phage composition may have large effects on the
gut microbiome and vice versa. Indeed, phage richness is greatly increased in IBD and is
associated with an increase in gut bacterial diversity (52). Viruses that infect eukaryotic cells
also inhabit the gut (53), and several have been linked to enteric disease. For example,
diarrhea has been associated with multiple viruses in humans, including Picobirnaviruses
(54), Adenoviruses, and Enteroviruses (55). Thus, viruses may impact gut health by altering
the microbiome or by directly infecting human cells.

Recent evidence has suggested that HIV/SIV infection could induce alterations in the
virome. RNA and DNA sequencing of feces from SIV-infected macaques showed an SIV-
altered virome that was associated with enteric disease (32). SIV infection resulted in a
significant increase in the abundance of vertebrate viral sequences in the feces, with the most
prominent changes observed in viral sequences from the Picornaviridae and Adenoviridae
families. Histology and viral antigen staining demonstrated an association between enteric
disease and the presence of intestinal Adenovirus infection. These findings strongly suggest
that virome changes may also play a role in HIV-associated enteric disease and microbial
translocation.

Significant alterations of phage sequence abundance in the feces of SIV-infected macaques
were also detected (32). Though changes in phage abundance did not associate with changes
in gut bacteria or with enteric disease in SIV-infected monkeys (32), phage may still play a
role in disease during HIV infection. In support of this notion, sequencing of DNA extracted
from human plasma revealed a virome composed heavily of phage DNA in untreated HIV-
infected subjects, and a virome completely lacking of phage sequence in healthy subjects
(56). Though the disease impacts of increased phage in the blood were undetermined, it may
be an indicator of bacterial translocation and therefore the severity of immune activation.
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Furthermore, there is evidence for the ability of phage to directly modulate immune cells
(57), thus the direct contribution of phage to immune activation during HIV infection is an
interesting possibility.

Disease implications of a dysbiotic gut

A dysbiotic gut has potential health implications through the entire life history of HIV
infection, from transmission, early disease progression, chronic disease with and without
ART, and end stage disease (Fig. 3). Transmission of HIV is a critical step in the viral life
cycle, and early replication is essential for establishing viral reservoirs that allow for HIV to
persist and cause immunodeficiency. Microbiome composition at mucosal sites where HIV
is first encountered may have a significant impact on early HIV infection and therefore
disease progression. Several studies have shown that dyshiosis of the vaginal microbiome in
the form of Bacterial Vaginosis (BV), characterized by a depletion of Lactobacillus spp., can
affect rates of heterosexual transmission of HIV both by increasing viral activity in the
vagina of an infected woman so that the virus is more readily transmitted to a male partner
(58), and by increasing the immune activation state in the HIV-negative woman such that the
virus can more readily establish infection after exposure from her male partner (59). The
degree to which gut dysbiosis may impact the transmission of HIV between couples
engaging in anal intercourse is not known. However, interestingly, anal swabs collected from
untreated HIV-infected subjects contained microbiomes dominated by Lactobacillales
organisms, the abundance of which positively correlated with CD4+ T cell count and
negatively correlated with inflammatory markers (41), suggesting the potential for
Lactobacillus to play a protective role in the context of transmission via anal intercourse.
The association of Lactobacillales bacteria with higher CD4+ T cell counts suggests a role
for these organisms in controlling immunodeficiency; however, lack of a strong presence of
Lactobacillales bacteria in colon biopsies and feces (22, 23) may indicate that they play a
site-specific role in the anal mucosa.

Following transmission, HIV infection is associated with increased intestinal permeability,
allowing for elevated microbial movement from the intestinal lumen into circulation,
contributing to systemic, chronic inflammation which has been shown to drive HIV infection
and disease progression (60) (Fig. 4). Increased serum levels of intestinal fatty acid binding
protein (I-FABP) — which is indicative of enterocyte damage (61), serum levels of LPS (40,
62), sCD14 (40, 61, 62), and anti-flagellin antibodies (61, 62) — all markers of increased
microbial translocation, are significantly increased in HIV-infected individuals compared to
typical levels for healthy individuals. The degree to which changes in bacterial community
composition that occur with HIV, such as the colonization of more pro-inflammatory types
of microbes, are a driving factor of increased bacterial translocation, is not completely
understood. However, preliminary studies have shown a negative correlation between sCD14
and Lactobacillales levels in anal swabs (41) and a positive correlation with
Enterobacteriales levels in colonic biopsies (40). In principle, positive associations between
T cell activation and the prevalence of particular bacteria indicate the potential to promote
HIV infection, since HIV replicates most effectively in activated CD4+ T cells. Studies that
examined the HIV-associated microbiome in biopsies found that particular bacteria (i.e.
Staphylococcus and Prevotella) positively correlated with immune cell activation, including
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CDA4+ T cells, in both the blood and the gut (22, 26). In contrast, Bacteroides abundance was
negatively correlated with inflammatory markers in HIV infected individuals on and off of
ART (24, 26), suggesting that Bacteroides organisms may offer a protective effect against
HIV-associated inflammation. Controlling the abundance of pro-inflammatory bacteria or
increasing the abundance of anti-inflammatory bacteria may therefore significantly limit
inflammatory disease as well as HIV replication. Even with immune reconstitution
following ART, patients still exhibit signs of intestinal damage and increased microbial
translocation (40, 61, 62). In fact, sCD14 has been reported to be higher in subjects on ART
compared to untreated subjects (61). This suggests that chronic inflammation that persists
with ART can be related to gut dysbiosis.

HIV infection has also been associated with a higher risk for other complications such as
metabolic and cardiovascular diseases (2). These diseases have been associated with
compositional differences in the gut microbiome in HIV-negative individuals (3), which
would suggest that microbiome disturbances caused by HIV could be the source of their
association with HIV infection. One of the earliest described metabolic diseases in HIV-
infected patients was lipodystrophy, a syndrome characterized by fat gain at central body
sites (i.e. abdomen) and fat loss in peripheral sites (i.e. face, arms), as well as insulin
resistance (2) — diseases that are known to be affected by the gut microbiome (3). ART has
also been suggested to play a role in metabolic disease during HIV infection (2), and since
ART could have its own impact on microbiome composition as discussed above, it may
worsen HIV-associated metabolic disease by independently altering the microbiome.

Increased risk of cardiovascular diseases such as atherosclerosis and myocardial infarction in
HIV-infected individuals may also be linked to the microbiome (2). There is increasing
evidence for the association of microbial metabolites like trimethylamine (TMA) and its
derivative trimethylamine N-oxide (TMAQ) with greater risk of cardiovascular disease in
both humans and experimental mouse models (3). TMA has been associated with the
severity of atherosclerosis in HIV-infected patients (63), and another study indicated that
while plasma levels of TMAO did not differ between HIV-negative and HIV-positive
individuals, levels increased after ART introduction and was associated with the use of Pls;
furthermore, plasma TMAO was associated with myocardial perfusion defects in these HIV-
infected individuals (64). Shifts in the microbial metabolome during HIV infection may
therefore be drivers for cardiovascular disease. Integrative microbiome and metabolome
analyses of HIV-infected cohorts will better define these links.

Microbiome-targeted therapy

Clinical trials evaluating the effects of certain probiotics (dietary supplements containing
live bacteria) on HIV-infected individuals have yielded positive results. ART-treated patients
with suppressed viral load responded to daily probiotic supplementation with decreases in
immune cell activation (65), decreases in levels of serum inflammatory markers (66), and
decreases in microbial translocation (67). Additionally, the use of prebiotics (dietary
supplements containing nutrients that encourage growth of certain gut bacteria) by ART-
naive patients resulted in reduced inflammation and CD4+ T cell activation (19). Thus,
microbiome-targeted therapy in the form of pro- and prebiotics may be an effective way to
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reduce chronic inflammation and immune activation during HIV infection. An additional use
for probiotics may be for the prevention of outgrowth of inflammatory or pathogenic
bacteria that are increased with HIV infection. For example, there is evidence that probiotics
could reduce growth of antibiotic-resistant Enterococci in humans and mice (68).
Microbiome analyses of HIV-positive individuals treated with probiotics will help determine
if a healthy gut microbiome can be recovered with probiotic therapy (Fig. 4).

Another approach to limit gut microbiome-mediated disease progression is treatments that
directly restrict microbial translocation. A prophylactic antibiotic regimen of co-trimoxazole
(TMP-SMX) has been shown to significantly reduce microbial translocation a year after
starting ART (62). However, antibiotic treatment may lead to the loss of healthy gut flora
and exacerbate a loss of diversity that is already observed with ART. Drugs that directly bind
or neutralize LPS, such as sevelamer, could be another method for reducing immune
activation caused by microbial translocation. Treatment of SIV-infected macaques with
sevelamer was found to reduce systemic immune activation and inflammation (69), while a
sevelamer trial in HIV-infected subjects found that the drug could improve cardiovascular
health (70).

Combination therapy may be needed to fully restore gastrointestinal health during HIV
infection. Studies using SIV-infected macaques showed that although pro- and prebiotics
could aid in the recovery of CD4+ T cell numbers and functionality in ART-treated animals,
it had no significant effect on microbial translocation (71). Supplementation with
immunotherapy in addition to probiotics and ART was needed for full reconstitution of Th17
cells critical for gut immunity and reduction of microbial translocation in SIV-infected
macaques (72). Full reconstitution of immune cells in the gut may also lead to restored
immune regulation of the gut microbiome, which would in turn lead to recovery from HIV-
associated dysbiosis. Immunotherapies aimed at boosting the function of monocytes/
macrophages in the gut may also be effective for restoring gut health, particularly for
reducing microbial translocation and subsequent inflammation. In support of this notion,
elevated LPS levels in HIV-infected humanized mice was associated with poor clearance of
translocated microbial products by macrophages (73). A multi-pronged approach of boosting
both innate and adaptive immune function, along with probiotic therapy, may be needed for
the full recovery of gut health in HIV-infected people (Fig. 4).

Conclusions

Although some studies have reported consistent observations of microbiome changes in
HIV-infected cohorts, other studies have produced unique results. Understanding the impact
of factors like population, disease state, ART, sexual behavior and even the virome on gut
bacteria will be essential for interpreting the variation that is observed across studies. What
is suggested from the current evidence is that HIV infection is associated with an altered gut
microbiome, particularly with advanced disease and in mucosal tissue, and that ART is
unable to consistently restore gut health. Given the increasing number of studies linking the
microbiome to human disease, HIV-associated dysbiosis may be at the root of the cause for
chronic diseases that persist during HIV infection, despite control of viral load by ART.
Uncovering links between gut bacteria and HIV-associated disease will open the door for
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new therapies aimed at manipulating the microbiome. Probiotics have already been shown to
have positive effects during HIV infection, including reducing immune activation and
microbial translocation, and may even play a role in reducing mucosal HIV transmission. In
conclusion, the microbiome has the potential to impact HIV disease at each step of the viral
life cycle, from transmission to AIDS, which presents the opportunity for microbiome-
targeted therapeutic intervention at each of these stages.
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Figure 1. Themyriad of variablesin HIV microbiome studies may confound study results
Many factors influence the intestinal microbiome throughout the course of HIV infection

and treatment. An individual’s microbiome at baseline, before infection, will influence HIV-
associated changes. These HIV-associated alterations themselves are influenced by the
course of infection as well as any co-infection and treatment. In turn, these changes are
further influenced by each patient’s course of ART. As a result, these confounding factors
may hide ART-associated microbiome changes.
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Figure 2.
Studies of the HIV-associated microbiome have not been published in the populations most

impacted by HIV.
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Figure 3. Microbiomeinfluence through all stages of HIV infection
The microbiome has the potential to have an influence throughout the entire natural history

of HIV disease. Transmission. Since HIV preferentially infects activated T cells, dysbiotic
microbiomes that activate CD4+ T cells can enhance disease transmission at mucosal sites.
Disease Progression: The translocation of gut microbes through the intestinal barrier is
thought to drive immune activation and disease progression. Chronic Infection: The gut
microbiome differs from that of HIV-negative controls in chronic infection, and the myriad
of health effects that may result from this dysbiotic microbiome are not understood. A/DS:
Even more dramatic gut microbiome differences from healthy controls may occur with
AIDS. Diarrhea, malabsorption, wasting and opportunistic infections that originate in the gut
are common. ART: The gut microbiome of HIV-infected individuals on ART still differs
from that of healthy controls. The effects of this dysbiotic microbiome on the health of
individuals living a long time with HIV on ART are unknown, but many diseases that HIV-
positive individuals on ART suffer from at increased incidence have been linked with gut
microbiota compositional differences in HIV-negative individuals.
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Figure 4. Gut health during HIV infection
1) A healthy gut is characterized by homeostasis between the immune system and the

microbiome. 2) Though the impact of the baseline microbiota on HIV infection is unknown,
it is possible that gut microbes could impact (A) transmission, potentially by activating
CDA4+ T cells. (B) HIV infection leads to CD4+ T cell death and immune depletion, and loss
of immune regulation of gut bacteria, resulting in a dysbiotic microbiome. (C) Translocation
of dysbiotic bacteria leads to (D) immune activation and further HIV infection of activated
CDA4+ T cells. 3) ART suppresses viral replication but does not fully restore gut immunity;
dysbiosis is sustained during ART and microbial translocation continues to cause chronic
immune activation. 4) A healthy gut may be restored by supplementing ART with pro/
prebiotics or diets that encourage growth of beneficial bacteria, and with immunotherapy
that could help reconstitute gut immunity and restore immune regulation of the microbiome.
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