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Abstract

HIV-1 infection is associated with substantial damage to the gastrointestinal (GI) tract resulting in
structural impairment of the epithelial barrier and a disruption of intestinal homeostasis. The
accompanying translocation of microbial products and potentially microbes themselves from the
lumen into systemic circulation has been linked to immune activation, inflammation, and HIV-1
disease progression. The importance of microbial translocation in the setting of HIV-1 infection
has led to a recent focus on understanding how the communities of microbes that make up the
intestinal microbiome are altered during HIV-1 infection and how they interact with mucosal
immune cells to contribute to inflammation. This review details the dysbiotic intestinal
communities associated with HIV-1 infection and their potential link to HIV-1 pathogenesis. We
detail studies that begin to address the mechanisms driving microbiota-associated immune
activation and inflammation and the various treatment strategies aimed at correcting dysbiosis and
improving the overall health of HIV-1 infected individuals. Finally, we discuss how this relatively
new field of research can advance to provide a more comprehensive understanding of the
contribution of the gut microbiome to HIV-1 pathogenesis.

Introduction

HIV-1 infection dramatically alters the intestinal landscape resulting in pronounced changes
in the structural and immunological properties of this critical organ system[1-11]. HIV-1
replicates in gut-associated lymphoid tissue in the early stages of infection, resulting in a
massive depletion of mucosal effector CD4+ T cells, including T helper (Th) 17 and Th22
cells which are critical in maintaining the integrity of the gut. HIV-1 infection is also
associated with enteropathy, mucosal inflammation and aberrant cytokine production, and
with substantial intestinal epithelial cell damage. Disruption of the epithelial barrier is a
major factor associated with local and systemic inflammation during HIV infection by
allowing the movement of bacterial products, and perhaps even viable bacteria, through the
lamina propria (LP) and into the systemic circulation (microbial translocation; MT)[12]. MT
has been associated with systemic immune activation[13] and predicts disease progression in
untreated HIV-1 infected individuals[14]. Its persistence during effective anti-retroviral
therapy (ART) predicts mortality and is associated with a number of co-morbidities (e.g.
cardiovascular disease, neurocognitive dementia) linked to chronic immune activation and
inflammation[15-17].
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The intestinal microbiome harbors trillions of bacteria, many of which play critical roles in
maintaining intestinal immune homeostasis[18-20]. In recent years, numerous studies have
linked alterations in the intestinal microbiota (dysbiosis)[21] to diseases and metabolic
disorders such as inflammatory bowel diseases (IBD)[22-24], obesity[25, 26], type 1
diabetes[27-29], periodontal disease[30], rheumatic diseases[31], atherosclerosis and
cardiovascular disease (CVD)[32-34]. Numerous studies now suggest that HIV-1 infection is
also associated with changes in the enteric microbiome. The relationship between HIV-1-
associated mucosal pathogenesis and the microbiome is likely a two-way street with changes
in mucosa leading to dysbiosis and with dysbiosis subsequently playing a critical role in
sustaining the disruption in intestinal homeostasis and further contributing to HIV-1
associated immune activation and inflammation. Because of this important interplay
between the microbiome and features of HIV-1 pathogenesis, it is crucial to thoroughly
understand 1) the mechanisms by which HIV-1 infection impacts the composition and
diversity of the intestinal microbiome; 2) the downstream pathologic and clinical
consequences of dysbiosis; 3) the impact of viral suppression with effective ART on
dysbiosis and gut homeostasis; and 4) whether we can therapeutically modulate the
intestinal microbiome to restore intestinal function, limit MT-mediated inflammation, and
thereby greatly improve the overall health of HIV-infected individuals.

Microbiome Analysis

The advent of high-throughput sequencing technologies which allows for the
comprehensive, rapid, and cost-effective evaluation of the microbial communities that exist
in, on, and around us[35, 36] has dramatically advanced our understanding of host-microbe
interactions. Studies investigating the intestinal microbiome in the setting of HIV-1 infection
have used a number of different sequence-based technologies to comprehensively identify
and enumerate the constituents of complex, host-associated bacterial communities[37-53].
Although most recent studies used the highly conserved gene encoding the small-subunit
ribosomal RNA gene (16S in bacteria/archaea or 18S rRNA in eucaryotes) to infer the types
of microorganisms present in a community, the particular hypervariable (V) sub-regions of
the 16S gene that were targeted (due to the fact that most next-generation sequencing
platforms cannot generate full-length 16S sequences) differed; a number of studies amplified
and sequenced the ~250 bp V4 region[37, 40, 42, 43, 53], whereas other studies amplified
V1V3[49], V3V4[46, 48, 52], V3V5[39, 50] or VV6[47] regions (~530 bp, ~460 bp, ~570 bp,
and ~120 bp, respectively). The choice of hypervariable region and particular broad-range
primers used for PCR amplification undoubtedly affect the resulting sequence dataset(s)
since V regions differ intrinsically in their abilities to resolve phylogeny[24, 54, 55].

Other methodological variations include the type and anatomical site of samples collected,
which included intestinal tissue biopsies[37, 44, 51, 53], stool samples[37, 39-41, 43-47,
49], as well as rectal mucosal samples collected using a sponge-based sampling
technique[42] and duodenum samples acquired by brushing the mucosa[52]. Given that
bacterial communities differ not only between Gl-tract mucosa versus fecal samples, but
also between mucosa at different sites along the Gl tract itself [56-58], it is likely that the
sampling site is a contributing factor to study-specific differences. HIV disease status (acute/
recent versus chronic infection versus elite controllers versus AIDS designation), treatment
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status (untreated versus ART), sex, race, and geographical background also differed among
studies. The majority of studies have had small sample sizes of HIV-infected study
participants and various uninfected control populations and thus were hypothesis-generating
rather than being powered to address microbiome endpoints. Finally, a recent study
highlighted the importance of appropriately matching control study participants by sexual
preference[45] (discussed in more detail below). Thus clinical as well as technical variables
may help to explain the inconsistencies observed among studies investigating the enteric
microbiome in the setting of HIV-1 infection.

Alterations in the Diversity of Intestinal Bacterial Communities During HIV-1

Infection

The microbial diversity in a sample, which can be inferred from both the number of taxa
present in the sample and the relative abundances of these taxa, is a useful means of
comparing microbiota between individuals; reduced diversity has been observed across a
wide range of disease states. Indeed, reductions in diversity have been observed in both
untreated and treated HIV-infected subjects compared to uninfected control subjects in
mucosal[42, 44] and fecal samples[43, 44, 46, 48]. Surprisingly, bacterial diversity further
decreased in stool samples of HIV-1 infected study participants who were followed after the
introduction of ART[46] suggesting antiretroviral drugs themselves may impact the
intestinal microbiota. Men who have sex with men (MSM) were found to have greater fecal
microbial diversity than non-MSM, but HIV-associated reductions in diversity persisted even
when HIV-1 infected subjects were stratified for MSM vs. non-MSM[45]. Mucosal samples
exhibited greater differences in diversity than did fecal samples[44]. Decreased diversity in
fecal samples was associated with systemic indicators of MT and immune activation and
was an independent predicator of blood CD4+ T cell counts in untreated HIV-1 infected
study participants[46]. In contrast, Lozupone et a/. observed significantly higher diversity in
fecal samples from individuals with chronic untreated HIV-1 infection compared to
uninfected controls[40]. This finding may be attributed in part to differences in sexual
practices between infected and control participants. A number of other studies observed no
differences in diversity in either mucosal samples from untreated[38, 51, 52] or treated[51]
HIV-1 infected individuals or in fecal samples from treated HIV-1 infected study
participants[39, 50].

Alterations in the Composition of Intestinal Bacterial Communities During
HIV-1 infection

In 2008, Gori and colleagues published the first study suggesting that HI\V-1 infection
altered the gut microbiome[59]. Applying fluorescence /n situ hybridization and quantitative
PCR (gPCR) techniques to fecal samples, they observed increased levels of the opportunistic
pathogens Pseudomonas aeruginosa and Candida albicans in conjunction with decreased
levels of Bifidobacteria spp. and Lactobacilli spp., in untreated HIV-1 infected study
participants compared to historical controls. Further evidence that HIV-1 infection was
associated with dyshiosis came from a pilot study conducted by Ellis ef a/., who were the
first to use gPCR to quantify overall 16S rRNA gene expression and the bacterial orders
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Enterobacteriales, Bacteroidales and Clostridiales in fecal samples[60]. In that study, lower
levels of total fecal bacterial loads correlated with increased levels of T cell activation in
duodenal tissue of HIV-1 infected study participants. Moreover, HIV-1 infection was
associated with a trend towards increased Enterobacteriales, which correlated with lower
frequencies of duodenal CD4+ T cells.

In 2013, the first publications using next generation sequencing (NGS) technology emerged
and so began the intensive investigations into the role(s) of the microbiome in HIV-1
pathogenesis (Table 1). Alterations in bacterial community composition were typically
observed in the 3 most dominant phyla found in the distal adult Gl tract: Proteobacteria,
Bacteroidetes and Firmicutes (Table 2). In general, dysbiosis was characterized by increased
relative abundances of commensal Gram-negative bacteria, encompassing many bacterial
species with reported pathogenic potential (termed pathobionts[61]), in conjunction with
decreased abundances of both Gram-positive and other Gram-negative bacteria, including
those with known immune-regulatory properties[62]. Furthermore, several cross-sectional
studies found dysbiosis in HIV-infected individuals on effective ART with viral suppression,
and in the few studies in which HIV-1-infected study participants were followed
longitudinally after beginning ART, shifts in the fecal microbiome of a number of
individuals persisted[40, 46]. Moreover, administration of ART appeared to further alter
these microbial communities[46].

An overall enrichment of diverse commensal bacteria of the phylum Proteobacteria, a
phylum that includes not only pathogenic bacteria (e.9. Salmonella, Yersinia, Escherichia),
but also pathobionts (e.g. Acinetobacter), was observed in the mucosal tissue of both
untreated[37, 51, 52] and treated[44] HIV-1 infected individuals. One study observed HIV-
associated increases in Proteobacteria only in the colonic mucosa but not in subject-matched
stool samples of untreated individuals[37], whereas other studies have shown increased
Proteobacteria abundance in the stool of untreated[40] and treated [39, 48, 50] HIV-1
infected individuals. In recent studies in which bacteria were evaluated to the species level,
enrichment for Burkholderia fungorium, Bradyrhizobium pachyrhizi52], Acinetobacter
Juniiand Schlegella thermodepolymerans[38] in the colonic mucosa and Desulfovibrio piger
in the stool[40] during untreated HIV-1 infection were observed.

In contrast to the increase in Proteobacteria, numerous studies have noted decreased
abundances of members of the phylum Firmicutes, which comprises a rather diverse group
of Gram-positive species (Staphylococci, Streptococci, Lactobacilli, Clostridia), including
many groups with immune-regulatory properties and even some used as probiotics.
Reductions in Firmicutes abundance were shown to be mucosa-specific in some studies but
also observed in stool samples in others, in the setting of both untreated and treated HIV-1
infection[37, 42-44, 46-49, 51, 52]. As an example, Lactobacilli were decreased in duodenal
tissue from untreated HIV-1 infected subjects[52], and lower Lactobacillus abundance was
also detected in stool samples of HIV-1 infected subjects with lower blood CD4+ T cell
count and higher viral loads compared to those individuals with higher CD4+ T cell counts
and lower viral load[47]. Surprisingly, a number of genera belonging to the Firmicutes
phylum (e.g. Lachnospira, Oribacterium) were reduced after the introduction of ART[46]
suggesting a direct drug effect on the gut microbiota.
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The Firmicutes also include several species that produce the short chain fatty acid (SCFA)
butyrate as a byproduct of fiber fermentation[63-65]. Butyrate is important in regulating
intestinal homeostasis as both an energy source for epithelial cells and as a signaling
molecule that modulates intestinal immune cell responses[63]. Of note, a number of the
genera known to contain these butyrate producing bacteria (e.g. Roseburia,
Faecalibacterium, Coprococcus, Eubacterium) were decreased in both untreated[37, 42, 46]
and treated[44, 48, 49] HIV-1 infected subjects. However, not all Firmicutes species are
reduced during HIV-1 infection. For instance, the family Erysipelotrichaceae, reported to be
linked to other inflammatory disorders[66], was increased in the mucosa and stool of
untreated and treated HIV-1 infected study participants in several studies[39, 40, 51].

One of the most consistent dysbiotic profiles observed in HIV-1 infected subjects has been a
decrease in Bacteroides abundance which, in many studies, occurred with a concomitant
increase in Prevotella spp. abundance. Both of these are genera of the phylum
Bacteroidetes[37, 40, 42-44, 48, 49, 51, 53]. These shifts were observed irrespective of
anatomical site or treatment status. Prevotella spp. are reported to have pro-inflammatory
properties[38, 67-70], whereas some Bacteroides spp. are inducers of regulatory T cell
function[71]. A recent study suggested that the Prevotella-rich/ Bacteroides-poor community
structure was more prevalent among men who have sex with men (MSM), rather than with
HIV-1 infection status per se[45]. This finding highlighted the importance of appropriately
accounting for the myriad of possible factors that might confound HIV-1 microbiome
studies. However, decreased abundances of Bacteroideswere still observed in studies in
which controls were risk-matched by sexual practice and/or histories of exposure to HIV
from interactions with HIV-1-infected partners[51]. Moreover, Prevotella abundances
decreased after the introduction of ART[46], suggesting the potential for at least an indirect
involvement of HIV-1 infection in these microbiome changes. Moreover, Prevotella spp.
have been linked to HIV-1-associated mucosal immune activation 7n vivo and in vitro (see
below) suggesting that although the increase in Prevotella spp. may not be due solely to
HIV-1 infection, greater abundances of Prevotellain the enteric microbiomes of MSM may
be an important contributing factor to HIV-1-associated gut pathology.

Role of Diet in HIV-associated Dysbiosis

Diet has a profound influence on the relationship between the intestinal microbiota and the
host[72]. To date, few studies have investigated the impact of diet on the intestinal
microbiome in the setting of HIV-1 infection. Using a limited dietary questionnaire, our
group found a positive association between the number of servings of red meat and the
relative abundance of Bacteroides in uninfected individuals, a relationship which was
disrupted in persons with untreated HIV-1 infection [37]. Furthermore, meta-analysis
revealed that the stool microbiota of HIV-1 infected subjects in the USA resembled that of
the Prevotella-rich/ Bacteroides-poor profiles associated with agrarian cultures[40]. Indeed, a
failure to see relatively greater Prevotellaabundance in HIV-1 infected individuals in
Uganda was suggested to be related, at least in part, to the high abundance of Prevotella
typically observed among healthy uninfected study participants in this population[43].
However, given the recent evidence that the Prevotella-rich profile observed in HIV-1
infection may be more closely linked to sexual practice than to diet or HIV-1 infection
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status[45], future studies will need to include extensive dietary questionnaires that are
validated within the target populations with appropriately matched control participants. In
this way, the impact of diet on changes in the microbiome during HIV-1 infection can be
better addressed.

Linking Dysbiosis to HIV-1 Pathogenesis

In an effort to elucidate the relationship between gut dysbiosis and features of HIV-1
pathogenesis, several groups performed analyses to assess the associations between
indicators of dyshiosis and various HIV-related clinical, virological and immunological
parameters (Table 3). In one study, lower bacterial diversity in the stool was associated with
higher levels of markers indicative of systemic MT (lipopolysaccharide (LPS), LPS binding
protein (LBP)) and monocyte activation (sCD14, sCD63)[46]. Further, bacterial diversity
independently associated with blood CD4+ T cell count which suggested a close relationship
between the number of bacterial species and the extent of immune dysfunction[46]. Overall
changes in stool microbial community composition of ART-treated HIV-1 infected study
subjects associated with blood T cell activation and with high sensitivity C-reactive Protein
(hs-CRP), an systemic indicator of inflammation[49]. In several other studies, overall
changes in mucosa-associated bacterial communities associated with blood T cell
activation[37, 51] and with various indicators of systemic inflammation[51] and MT[37, 44].
Moreover, changes in the mucosal bacterial community as a whole also positively correlated
with colonic mucosal T cell activation[37, 51] as well as with levels of activated colonic
myeloid dendritic cells (mDC)[37]. The latter are antigen presenting cells critical in
initiating inflammatory responses and driving adaptive immunity[73]. Conversely, HIV-
associated mucosal microbiome changes were inversely associated with numbers of mucosal
Th22 cells[37].

Expanding on analyses that focused on changes in the microbiota as a whole, investigations
into the potential relationship between individual bacteria taxa and various indicators of
HIV-1 pathogenesis found that increasing levels of mucosa-associated Prevotella spp.
correlated positively with levels of activated colonic mucosal mDC and T cells[37, 38] and
inversely with frequencies of gut invariant natural killer T cells (iNKT) [53], innate-like T
cells that respond to lipid antigens[74]. Conversely, levels of Bacteroides spp. were
positively associated with iINKT frequencies[53]. Relative abundance of taxa belonging to
the phylum Proteobacteria (e.g. Enterobacteriaceae) positively associated with markers of
monocyte activation (sCD14), inflammation (IFN+y, IL-1B)[39] and colonic T cell
activation[51] and inversely correlated with blood CD4+ T cell count[52]. Decreased levels
of bacterial taxa known to exhibit immune-regulatory properties (e.g., Bacteroides,
Fecalibacterium) appeared to associate with increasing levels of inflammation and monocyte
activation (e.g. systemic levels of IL-6, sCD14)[39, 44]. Lactobacillales, an order of bacteria
that contains probiotic species (see below) positively associated with blood CD4+ T cell
count and inversely correlated with HIV-1 viral load and SCD14[47]. Relative abundance of
Roseburia, a genus known to produce butyrate, an important energy source for epithelial
cells[65], was inversely associated with systemic levels of LPS[37], a marker for MT. Taken
together, results of these studies (Table 3) suggest a link between dysbiosis and numerous
indicators of HIV-1 pathogenesis and disease progression. However, they do not demonstrate
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causality and do not directly address whether changes in the microbiota are causative or a
rather a result of mucosal or systemic HIV-1-associated immune activation and
inflammation. Moreover, not all studies corrected for multiple comparisons or other
potentially confounding variables (e.g. diet, sexual practices). Therefore, caution should be
taken in concluding that these individual strains of bacteria directly cause immune
activation, inflammation, and/or MT.

Linking Alterations in Microbe-associated Metabolites to HIV Pathogenesis

In addition to evaluating the composition of the intestinal microbiome at the taxonomic
level, a number of technologies now allow assessment of microbial community function.
Understanding key bacterial functional pathways that are altered during HIV-1 infection will
provide a better understanding of the relationship between the host microbiota and immune
system and potentially provide new and novel treatments to improve the health of HIV-1
infected individuals.

Enrichment of mucosa-adherent bacteria capable of catabolizing tryptophan through the
kynurenine pathway was observed in HIV-1 infected subjects[51]. When taken in
conjunction with previous studies linking kynurenine derivatives to mucosal immune
disruption and HIV-1 disease pathogenesis[75], these observations suggest that outgrowth of
tryptophan-catabolizing bacteria may directly contribute to mucosal inflammation in HIV-1
infection. The metabolite Trimethylamine-N-oxide (TMAQ), a derivative of Trimethylamine
(TMA) that is produced as a waste product of carnitine and choline metabolism by intestinal
bacteria, is strongly linked to increased risk for CVD[76-78]. Given that HIV-1 infection is
associated with both microbiome changes and with increased CVD risk, a number of recent
studies have investigated potential links between TMAQ and various aspects of CVD in
HIV-1 infected individuals[79-82]. In these pilot studies with relatively small sample sizes,
serum and plasma levels of TMAO were not higher in HIV-1 infected study participants
compared to uninfected controls and limited evidence for an important role of TMAQO in the
pathogenesis of coronary heart disease in HIV-1 infected individuals was observed.
However, levels of TMA, the precursor to TMAO, in ART-treated HIV-1 infected study
participants positively associated with a number of coronary plaque features[82].

Metagenomic functional capacity of rectal microbiota, imputed from 16S data, differed
between untreated HIV-1 infected subjects and healthy controls[42]. Specifically, the
microbiota of HIV-1 infected subjects was enriched in genes and pathways involved in
glutathione metabolism, selenocompound metabolism, folate biosynthesis, and siderophore
biosynthetic genes. In contrast, genes involved in amino acid production and metabolism,
fructose/mannose metabolism and CoA biosynthesis were depleted. These functions did not
appear to be fully restored with ART. Shotgun metagenomic sequencing of stool samples
from ART-treated, virally suppressed HIV-1 infected individuals elucidated an altered
functional profile compared to uninfected study participants. The former was characterized
by enrichment of genes involved in LPS biosynthesis, bacterial translocation and
inflammation, with depletion of genes encoding factors contributing to amino acid
metabolism and energy processes[49]. A recent study suggested that HIV-1 infection results
in metabolic alterations associated with changes in gut microbiota that differ from those
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induced in other diseases[83]. This “disease-dependent” impact on gut microbial activity
was most notably characterized by a bacterial community with a reduced ability to
synthesize a set of specific amino acids whereas these same amino acids are metabolized by
bacteria from patients with systemic lupus erythaematosus (SLE) or Clostridium difficile
infection[83].

Modeling the Impact of HIV-1-assoicated Dysbiosis on Immune Cell

Function

A number of groups have begun to use /n vitro models to better understand the potential
mechanisms that drive microbiota-associated immune activation and inflammation in the
setting of HIV-1 infection. For example, exposure of peripheral blood mononuclear cells
(PBMC) from HIV-1 infected subjects to bacterial lysates from Bacteroides spp, Prevotella
spp., and Erysipelotrichaceae elicited greater production of TNFa and IL-10 compared to
similarly stimulated PBMC from uninfected subjects[40]. However, proliferative CD4+ T
cell responses to Bacteroides spp. were reduced in HIV-1 infected subjects. Using a model
of primary human intestinal lamina propria mononuclear cells (LPMC), exposure of LPMC
to enteric £. coli enhanced HIV-1-infection of LP CD4+ T cells, particularly Th17 cells[84]
and promoted apoptotic T cell death /n vitro[85].

More recent studies have utilized this /n vitro LPMC model to investigate the impact on
intestinal immune cell function following exposure to bacterial species altered in the colonic
mucosa of HIV-1 infected individuals[38, 86]. LPMC were exposed to a panel of bacteria
that represented species in each of the 3 major phyla (Bacteroidetes, Proteobacteria, and
Firmicutes) that were increased or decreased in relative abundances in HIV-1 infected
subjects and that were identified in the majority of HIV-1 infected and uninfected study
participants[86]. Although all commensal bacteria enhanced HIV-1 infection in LP CD4+ T
cells to some extent, Gram-negative commensal bacteria (including Prevotella spp) increased
productive infection and CD4+ T cell death to a greater degree than Gram-positive bacteria.
Enhanced infection was primarily mediated indirectly through increased expression of
CCR5 on LP CD4+ T cells following bacterial exposure. £x vivo modeling studies also
revealed a requirement for LP mDC in the activation and expansion of bacteria-reactive T
cells and in the commensal bacteria-associated enhancement of LP CD4+ T cell
infection[84, 87]. Moreover, commensal Prevotella spp. induced inflammatory cytokine
production by gut mDC Jn vitro, highlighting the pro-inflammatory potential of these
bacteria[38].

The Microbiome in Simian Immunodeficiency Virus (SIV) Infection of

Nonhuman Primates

Major advances in our understanding of HIV-1 pathogenesis have been possible by the
extensive use of the nonhuman primate models of SIV infection[88, 89]. Pathogenic SIV
infection of macaques (e.g. Rhesus, Pigtail) leads to simian AIDS with disease progression
bearing many similarities to HIV/AIDS including phases of acute and chronic viremia,
chronic immune activation, MT, mucosal dysfunction and ineffective innate and adaptive
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immunity[88]. Moreover, virus replication can be suppressed by various ART regimens,
providing opportunities to address pathogenesis in the setting of viral suppression. In the
context of microbiome studies, these animal models provide the opportunity to further our
understanding of possible mechanisms driving dysbiosis and are able to control for potential
confounding factors associated with human studies such as diet and lifestyle. However, these
same factors may limit our ability to directly transfer observations made in the macaque to
humans.

McKenna et al. first characterized the macaque intestinal microbiome using next generation
sequencing technologies [90]. Similar to humans, the macaque microbiome was dominated
by the phyla Firmicutes and Bacteroidetes with lower abundances of Proteobacteria and
Actinobacteria. Unlike the human intestinal microbiome, the phylum Spirochaetes was well
represented but Verrucomicrobia was not, and Prevotella relative abundance was more
common than Bacteroides. Similar to humans[56-58], the microbiome differed across
anatomical sites.

In contrast to human studies, investigations into the impact of SIV infection have generally
found only modest differences in the fecal bacterial composition between chronic SIV-
infected macaques relative to uninfected macaques[90-94]. However, decreased diversity,
depletion of Firmicutes, and a transient increase in Proteobacteria have been observed in
fecal [93, 94] and jejunal mucosa[95] samples during acute SIV infection. Moreover,
decreased abundances of Firmicutes in jejunum tissue samples[95] and decreased fecal
abundance of Lactobacillus spp. persisted into chronic SIV infection[93, 94]. Alterations in
the mucosa-associated microbiome during acute infection correlated with changes in
cytokine gene expression and with expression of genes important in innate recognition of
microbes in both the mucosa and mesenteric lymph node (MLN)[95, 96]. Depletion of stool
Lactobacillus was associated with increased indoleamine 2,3-dioxygenasel (IDO1) enzyme
activity and loss of blood Th17 cells suggesting a role for Lactobacillus in the control of the
IDO pathway and SIV pathogenesis[94]. Increased levels of Proteobacteria in the mesenteric
lymph nodes (MLNSs) of chronic SIV-infected macaques was associated with MLN CD4+ T
cell activation, leading to the suggestion that bacterial species in this phylum may
preferentially translocate and contribute to immune activation[93].

Similar to HIV studies[46], administration of ART altered the stool microbiome by reducing
the abundance of Bacteroidetes and Firmicutes and increasing Proteobacteria, although
compositional changes were transient and resembled pre-therapy abundances within 2 weeks
despite continued use of ART[93].

Treatments to Restore the Intestinal Microbiome

Although not definitive, the preponderance of evidence indicates that changes in gut
microbiota secondary to HIV-1 infection contribute to the severity and quality of HIV-1
related chronic inflammation. Consequently, a number of studies have attempted to modify
the microbiome in an effort to reduce HIV-1-associated inflammation, immune activation,
MT, and poor clinical outcomes (Table 4). To date, modification of the gut microbiome is
typically achieved through the administration of probiotics which introduce “good” bacteria
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into the host, through the administration of prebiotics which are non-digestible fiber
compounds that stimulate the growth and/or activity of beneficial bacteria in the host[97], or
via ingestion of products that contain a combination of both prebiotics and probiotics
(synbiotics). Probiotic yogurt administration improved blood CD4+ T cell count in HIV-1
infected women in Nigeria[98] and in men and women living in Tanzania[99]. However,
other studies reported minimal beneficial impact on blood CD4+ T cell outcomes with
probiotic supplementation (reviewed in [100]). Administration of specific probiotics, both in
single and multi-strain formats, decreased systemic indicators of MT or inflammation in
several studies of virally suppressed, ART-treated HIV-1 infected subjects[101-103], but in
other studies, probiotics had minimal impact[104]. A reduced CD4+ T cell decline
concurrent with lower blood CD4+ T cell activation was observed in untreated HIV-1
infected subjects taking a prebiotic nutritional supplement [105]. However, no change in
CD8+ T cell activation was observed. In ART-treated, HIV-1 infected women, levels of MT
as well as T cell and monocyte activation remained largely unchanged after 4 weeks of
synbiotic treatment[106].

Few studies have directly addressed the effects of dietary supplements on the intestinal
microbiome in HIV-1 infection. Specific prebiotic oligosaccharide mixtures altered the stool
microbiota of untreated HIV-1 infected study participants by increasing bifidobacteria and
decreasing abundances of pathogenic bacteria[107]. Moreover, prebiotic supplementation
reduced blood T cell activation and sCD14 levels concurrent with those microbiome
changes. Administration of probiotics (fermented milk supplemented with Lactobacillus and
Bifidobacterium spp) to virally suppressed, ART-treated HIV-1 infected subjects increased
stool abundances of Firmicutes and Actinobacteria, primarily through increased
Lactobacillus and Bifidobacterium respectively, while decreasing RA of Bacteroidetes,
mainly due to decreased Bacteroides|108]. However, despite these changes in the
microbiome and significant reductions in both D-dimer, a marker of coagulation, as well
reduced levels of soluble markers of inflammation (e.g. IL-6), levels of MT (LPS) were
similar between the probiotic treated and untreated groups.

To date, the majority of studies investigating the impact of probiotics during SIV infection
have focused on VVSL#3, a probiotic mixture of 7 bacterial strains including 4 that are
Lactobacillus spp. Administration of VSL#3 to chronically SIV-infected macaques
decreased plasma IDO1 activity which had been associated with a loss of Lactobacillus and
blood Th17 cells in animals without probiotic treatment (detailed above) [94]. Synbiotics
(VSL#3/prebiatic inulin) administration to ART-treated SIV-infected macaques improved
mucosal immunity characterized by decreased levels of colonic T cell activation and fibrosis
and increased frequencies of colonic CD4+ T cells and antigen-presenting cells[109].
Further, administration of VSL#3 in conjunction with IL-21, a cytokine important in Th17
homeostasis[11, 110], to ART-treated SIV-infected macaques enhanced the expansion of
polyfunctional Th17 cells, increased relative abundances of Bifidobacterium and reduced
markers of MT over ART-only treated animals. Treatment of healthy macaques with VSL#3
increased frequencies of protective mucosal immune cells (IgA-expressing B cells, innate
immune cells) and suggested that probiotic treatment would also enhance mucosal
vaccination strategies and protection from mucosal infections[111]. Additional human
clinical studies evaluating the ability of Visbiome, a multi-strain probiotic similar to VSL#3,
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to reduce systemic immune activation and inflammation and to restore normal intestinal
immune function are currently enrolling in the USA (AIDS Clinical Trials Group A5350;
ClinicalTrials.gov NCT02706717) and Canada[112].

Restoring a healthy microbiome through Fecal Microbiota Transplantation (FMT) has
proven to be an effective therapeutic strategy for Clostridium difficile infection[113]. In SIV-
infected macaques pre-clinical evaluation of the safety and efficacy of FMT as a therapy for
HIV-1 infection demonstrated that it was well tolerated with no negative side effects[114]. A
clinical study to examine the safety and durability of FMT in HIV-1 infected individuals on
ART is currently underway (ClinicalTrials.gov NCT02256592).

Alterations of the Enteric Virome in HIV-1 Infection

In addition to bacteria, the enteric microbiome also encompasses viruses, fungi and archaea.
In 2012, Handley and colleagues used next-generation sequencing of fecal samples to be the
first to demonstrate that pathogenic SIV infection is associated with the expansion of the
enteric virome[92]. In a follow up longitudinal study of SIV-infected monkeys, progression
of SIV infection to AIDS was associated with expansion of gastrointestinal adenoviruses,
adeno-associated viruses and picornaviruses[91]. Moreover, effective vaccination and
specific vaccine-elicited immune responses were associated with a prevention of expansion
of the fecal virome[91]. Findings in HIV-1 infection paralleled those of SIV infection with
expansion of enteric adenoviruses associated with AIDS whereas, in the absence of
immunodeficiency, the enteric virome remained largely unchanged[43]. Taken together,
these observations more strongly suggest a potential role for the enteric virome in
contributing to progression to AIDS rather than driving immune activation and inflammation
during chronic HIV-1 infection.

Future Directions and Unanswered Questions

In the past decade, significant advances have been made in our knowledge of how HIV-1
infection disrupts intestinal function and the downstream consequences of the breakdown in
intestinal homeostasis on clinical outcomes. Using recent technical advancements that more
easily allow assessment of the intestinal microbiome, the HIV research community has
begun to unravel the complex interactions between the intestinal microbial community and
the host in the setting of HIV-1 infection. These initial studies overwhelming suggest that,
like in many other inflammatory disorders, alterations in the microbial community are
present during HIV-1 infection and that HIV-1-associated dysbiosis is linked, in some way,
to inflammation and disease pathogenesis (Figure 1). However, these studies have also
highlighted that addressing the microbiome in the setting of HIV-1 infection comes with its
own repertoire of confounding factors that must be addressed for a more comprehensive
understanding of the true nature as well as consequences of HIV-associated microbiome
changes. This has been most keenly demonstrated with the recent study suggesting that the
fecal dysbiotic profiles observed in HIV-1 infected individuals may be reflective of MSM
status rather than of HIV-1 infection itself[45]. Furthermore, HIV-1 infected individuals vary
by gender, mode of transmission, length of infection, ART treatment status, response to ART
(e.g. immunological non-responders), and HIV-1 disease status (e.g elite controllers, long-
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term non-progressors (LTNP), viremics). Furthermore, dietary habits differ among HIV-
infected individuals living within as well as between countries and cultures.

Consequently, to better understand the impact of HIV-1 on the intestinal microbiome, future
studies (Figure 2) must more thoroughly account for these various aspects through the use of
appropriately matched controls, undertaking longitudinal studies into the impact of ART on
the microbiome and analyzing microbiomes in immunological non-responders, elite
controllers, LTNP and in HIVV-exposed seronegative individuals (HESN). Furthermore,
future studies should investigate how MSM-associated dysbiosis impacts HIV-1
transmission, as well as whether anti-retroviral pre-exposure prophylaxis (PrEP) induces a
dysbiotic profile that modifies the risk of HIV transmission in certain individuals. The
impact of diet must also be addressed through the use of extensive dietary questionnaires.
Finally, although information can be gained from the more easily accessible fecal samples,
to best understand the direct effect of the microbiome on gut biology, evaluation of mucosa-
associated microbial communities, as would be achieved by direct assessment of intestinal
tissue samples, is necessary. Although a challenge, sampling Gl sites other than the distal
colon, such as the ileum, may provide further insight into how dysbiosis arises and, in turn,
influences immune homeostasis and gut barrier function.

An additional imperative is to further explore whether differences in microbial communities
translate into alterations in key bacterial functional pathways that drive mucosal dysfunction
rather than to simply focus on differences based on taxonomy. Moreover, currently
published studies have been biased towards assessing bacterial communities; however, the
microbiome also includes enteric fungi (mycobiome), archaea, viruses and bacteriophage,
and microbial eukaryotes. Delineating the contribution of these under-appreciated
components of the gut microbial ecosystem to enteric health undoubtedly will lead to a
richer understanding of HIV-1-associated gut pathogenesis and perhaps suggest new
treatment paradigms.

HIV microbiome studies are truly in their infancy and, as with other studies investigating
human dysbiosis, determination of the biological and clinical consequences of dysbiosis
remain[21]. If imbalances in gut microbial communities exacerbate HIV-1 disease
pathogenesis, then restoring “normal” community structure could reduce pathogenesis.
Alternatively, if dysbiosis arises solely as a consequence of HIV-1 infection, but does not
contribute to pathogenesis, then treating dysbiosis would be ineffective. Conversely, HIV-1
associated mucosal pathogenesis, or indeed current anti-viral therapies, could promote
dysbiosis, in which case improving mucosal immunity and treatment strategies could induce
changes in the microbiome. Understanding the host mechanisms, especially inflammatory
factors that influence microbial community structures could lead to novel approaches to
durably restore intestinal homeostasis. Finally, disruption of the microbiome unrelated to
HIV-1 infection itself (e.g. MSM), could contribute to both HIV-1 transmission and severity
of disease. Therefore, determining the etiology of dysbiosis[21] through carefully designed
studies and with more extensive use of /7 vitro modeling and animal studies will have a
fundamental impact on the type of clinical interventions required to restore balance to the
microbe/host relationship in the setting of HIV-1 infection.
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Figure 1.

HIV-1 infection is associated with alterations in the intestinal microbiome including changes
in both diversity and composition (1). Dysbiosis is typically characterized by decreased
abundances of bacteria important in maintaining epithelial barrier health and in
immuneregulation in combination with increased abundance of bacteria with pro-
inflammatory potential (pathobionts). Translocation of pathobionts through the disrupted
epithelial barrier (2) leads to activation of innate immune cells (3). Activated innate immune
cells not only contribute to local inflammation (4), but activated myeloid dendritic cells
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(mDC) drive increased T cell activation and expansion leading to increased infection and
death and a loss of protective Th17 and Th22 cells (5). Increased T cell activation, in
conjunction with a lack of protective Th cells further contributes to the inflammatory
environment (6) which potentiates epithelial barrier breakdown (leading to increased
microbial translocation) and may promote dysbiosis (7). In addition to mucosal
inflammation and the breakdown in intestinal homeostasis, other factors such as diet, sexual
behaviour and anti-retroviral therapy (ART) may also contribute to alterations in the
intestinal microbiome (8). Ultimately, the combined effect of dysbiosis, microbial
translocation and mucosal inflammation lead to chronic generalized immune activation,
systemic inflammation and associated co-morbidities.
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Study Design:
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Figure2.
Future Research Directions to Investigate the Relationship Between the Gut Microbiome and

HIV-1 Pathogenesis.
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Major findings characterizing dysbiosis in HIV-1 infection compared to uninfected individuals: grouped by
taxonomic hierarchy and sample site.

Phylum Proteobacteria
Family
Enterobacteriaceae
Brucellaceae
Xanthomonadaceae
Rhodspirillaceae
Genus

Escherichia
Serratia

Shigella

Klebsiella
Ralstonia
Actinobacter
Burkholderia
Desulfovibrio
Thalossospira
Phylum Bacteroidetes
Family
Rikenellaceae
Bacteroidaceae
Prevotellaceae
Genus

Bacteroides
Alistipes

Barnesiella

Prevotella

Phylum Firmicutes
Family
Lachnospiraceae
Ruminococcaceae
Christensenellaceae
Erysipelotrichaceae
Veillonellaceae
Genus
Coprococcus
Faecalibacterium

Blautia

Mucosal tissue

A

“— o> o> >

i T e T S

> < <«
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Rumminococcus
Dorea
Oscillospira
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Roseburia
Dialister
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Lactobacillus
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Table 4

Treatments to modify the intestinal microbiome and improve clinical outcomes.

Probiotics
« Yogurt supplemented with single (e.g. Lactobacillus rhamnosus) and multiple strains of bacteria (e.g. L. rhamnosus, L. reuteri).
« Fermented milk supplemented with single (e.g. L. casei) and multiple strains of bacteria (e.g. Lactobacillus spp., Bifidobacteria spp.).

« Capsules with single (e.g. Saccharomyces boulardii; Bacillus coagulans) and multiple strains of bacteria (e.g. Streptococcus spp.,
Bifidobacteria spp., Lactobacillus spp.).

Prebiotics

« Single compounds (e.g. oligosaccharides: short-chain galacto-oligosaccharides, long chain fructo-oligosaccharides (inulin), pectin
hydrolysate-derived acidic - oligosaccharides).

« Multiple compounds (e.g. oligosaccharides, bovine colstrum protein, cysteine, lipids, lactose, glucose).
Synbiotics

« Multiple strains of bacteria (e.g. Pediococcus pentosaceus, Leuconostoc mesenteroides, L. paracasei, L. plantarum) + nondigestible,
fermentable dietary fibers (e.g. betaglucan, inulin, pectin and resistant starch).

Fecal microbiota transplantation
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