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CHANGES OF THE INTESTINAL MICROBIOME-HOST HOMEOSTASIS
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Human immunodeficiency virus (HIV) infections cause severe CD4+ T cell depletion leading to chronic inflammation and
immune activation, impaired barrier function, and microbial translocation. Even under effective antiretroviral therapy, these
processes persist, leading to gut microbiome dysbiosis and disturbance of microbiome—host homeostasis. This systematic review
aims at analyzing how gut microbiome and host immune system influence each other during HIV pathogenesis. An online search
applying the PubMed database was conducted. The number of total results (» = 35) was narrowed down to 5 relevant studies
focusing on the interaction between the host and gut microbiome, whereas strict exclusion criteria were applied, thereby assuring
that no other comorbidities impacted study results. Our analyses revealed that gut microbiome diversity correlated positively with
CD4+ T cell counts and negatively with microbial translocation markers. However, quantitative changes in bacterial richness did
not consistently correlate with the numbers of metabolically active bacterial populations. Despite the reported increase in
potentially pathogenic bacteria and, conversely, decrease in protective populations, the gut microbiota exhibited immune-
modulating qualities given that mucosal inflammatory sequelae were dampened by decreasing pro-inflammatory and accelerating
anti-inflammatory cytokine responses. Future research is needed to further elucidate these findings, to gain a deeper insight into
host—microbiota interactions and to develop novel therapeutic strategies.

Keywords: HIV, intestinal microbiota, gut microbiome—host homeostasis, dysbiosis, bacterial richness, bacterial translocation,
chronic immune activation, inflammation, immune recovery, probiotics

Abbreviations: AA, arachidonic acid; ART, antiretroviral therapy; BR, bilirubin; BV, biliverdin; Dol-b-G, dolichol-b-D-glucosyl
phosphate; Dol-P, dolichol phosphate; ESR, erythrocyte sedimentation rate; GALT, gut associated lymphoid tissue; GIT, gastro-
intestinal tract; HIV, human immunodeficiency virus; Hs-CRP, high sensitivity C-reactive protein; INR, immune non-responder;
IR, immune responder; LBP, lipopolysaccharide-binding protein; LPS, lipopolysaccharide; LTB4, leukotriene B4; MeSH, medical
subject headings; MSM, men having sex with men; NeuSAc, N-acetylneuraminic acid; SIV, simian immunodeficiency virus;

Th, T helper type; UGT, uridine glucuronyl transferases; URO, urobilinogen; VU, viremic untreated patients

Introduction trointestinal manifestations such as diarrhea, weight loss,
and malnutrition are symptoms most patients get confront-

HIV infection and clinical manifestations within the gas- ~ ©d with [1]. In the late stages of HIV infection, even up

trointestinal tract

Human immunodeficiency virus (HIV)-infected patients
are known to suffer from gastrointestinal symptoms, even
under effective antiretroviral therapy (ART). Clinical gas-

to 90% of patients with acquired immune deficiency syn-
drome (AIDS) tend to develop infectious diarrhea [2]. This
is both driven by the infection with common enteropatho-
gens such as Escherichia coli, Salmonella, and Shigella
as well as with opportunistic microorganisms including
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Cryptosporidium, Cystoisospora belli, and Microsporidi-
um [3, 4]. One of the underlying causes, besides gastro-
intestinal side effects associated with the ART itself, lies
in the rapid decrease in CD4+ T cells, especially T helper
type (Th) -17 and -22 (i.e., T cells that are involved in nor-
mal mucosal defense and epithelial barrier maintenance),
which quickly sets off several immunological domino
effects leading to chronic inflammation, mucosal barrier
dysfunction, immune dysfunction, profound changes in
the gut microbiome composition, and subsequently to dis-
turbances of host-microbiome homeostasis [5—9].

CD4+ T cell reservoir in gut associated lymphoid tissues
(GALT)

Approximately 60% of all CD4+ T cells are estimated to
reside in the lymphatic tissues of the gastrointestinal tract
[10]. Due to higher expression levels of the chemokine
receptor CCRS in the intestinal mucosa, the initial decrease
in CD4+ T cells is less pronounced in the peripheral blood
during the acute phase of infection as compared to the gas-
trointestinal tract (GIT) [11]. Here, the entry and replica-
tion of the HIV in CD4+ T cells lead not only to a rapid
and severe depletion of these cells but also to immediate
changes in both the mucosal epithelia with subsequent
structural and functional changes in the gut microbiome
ecosystem [12, 13]. Studies with simian immunodeficien-
cy virus (SIV)-infected macaques revealed that this CD4+
T cell destruction already takes place within the first week
following HIV infection [14].

The role of mucosal epithelia in HIV infection

One of the gut epithelia’s main functions is the digestion
and absorption of nutrients. The gut mucosal epithelia
also play an important role in protecting the host from
pathogenic microorganisms residing in the gut lumen
as well as in preventing the host from microbial trans-
location through its gut-blood barrier [15]. Furthermore,
besides its protective immunological properties, the gut
mucosa is also responsible for the regulation of its own lo-
cal immune responses towards tolerance of the commen-
sal microbiota, thereby preventing a potentially harmful
overshooting immune reaction [16]. The integrity of the
epithelial cell barrier of the gut mucosa therefore plays
an important role in host-microbiome homeostasis, given
that disturbances herein may lead to severe (i.e., fatal)
consequences [15].

HIV infection results in the disruption of this balance
and mucosal integrity. Upon initial infection of CD4+
T cells residing in the gut associated lymphoid tissues
(GALT), these cells go into apoptosis and concentrations
of pro-inflammatory cytokine such as TNF-a, IL-6, and
IL-8 rise. This further leads to continuous recruitment and
hyperactivation of new CD4+ T cell clones, which once
again end up in apoptosis, finally resulting in impaired

barrier function and dysregulation of the gastrointestinal
immune-epithelial network [16, 17]. As a consequence of
hyperactivation of the immune system, the constantly el-
evated levels of pro-inflammatory cytokines lead to a dis-
ruption of tight junctions, thus increasing the permeability
of the gut-blood barrier with subsequent microbial trans-
location from the intestinal tract to extra-intestinal includ-
ing systemic compartments [18].

Overall, both the abovementioned processes result in
a vicious cycle where continuous CD4+ T cell infection
leads to progressive cell apoptosis, increasing damage
to the intestinal mucosa thus facilitating microbial trans-
location. Long-term consequences of this HIV infection-
induced scenario are chronic inflammation with chronic
immune activation finally leading to the exhaustion of the
immune system, thereby raising morbidity and mortality
in HIV-infected patients [7, 8, 19-21].

The gut microbiome in HIV infection

The human gut microbiota is composed of the following
four main phyla: Firmicutes, Bacteroidetes, Actinobacte-
ria, and Proteobacteria [22]. The relative abundances of
respective phyla vary depending on a plethora of factors
such as socioeconomic factors, age, geography, diet, and
exercise, besides others [23-25].

Previous studies revealed that HIV infection also has
an impact on the gut microbiome composition, given that
HIV infection was associated with increased bacterial
populations in the intestinal tract that are either pro-in-
flammatory and hence potentially pathogenic, and whose
abundance correlated with immune status and immune
recovery [7, 8, 19].

The here presented systematic literature review aims at
portraying the most recent studies addressing the impact
of HIV infection on changes in the balanced gut microbi-
ome composition. Furthermore, the influence of commen-
sal bacteria on host immune recovery and immune bal-
ance will be further unraveled by comparing HIV-infected
patients undergoing ART with ART naive subjects.

Materials and methods

Search strategy

From the 15th to the 25th of June 2017, an online search
was conducted using the PubMed database. Here, the ad-
vanced search builder was applied in order to find relevant
literature. Using the search fields “MeSH Terms” and
“Title”, the keyword combination “HIV gut microbiome”
was inserted. The search terms were therefore united as
follows:
— (HIV gut microbiome [MeSH Terms]) OR HIV gut mi-
crobiome [Title]
To cover all relevant articles and to assure that no study
was left out, synonyms of the keywords “HIV gut micro-
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biome” were introduced in all possible combinations in the
MeSH Term field. The synonyms were the following:
— HIV/AIDS gut/intestinal microbiome/microbiota/flora

However, search results did not differ from when the
combination “HIV gut microbiome” was used.

In total, 35 publications were found. After screening all
results, reviews (n = 8), commentaries (n = 2), addendums
(n = 1), and studies involving SIV-infected macaques
(n = 12) were excluded, leaving 11 studies to be consid-
ered. These 11 studies were then analyzed for eligibility.
After a thorough assessment, 6 studies were excluded as
for the following reasons:

Firstly, studies that did not mention or took into con-
sideration the exclusion criteria of patients with a) medical
history of inflammatory bowel disease or other intestinal
inflammatory disorders; b) chronic or acute medical con-
ditions such as cancer, diabetes, or hepatitis; c) antibiotic
treatment 2 months prior to study conduction; and d) recent
immunosuppressive therapy, immune modulators, or pro-
biotics were excluded (n = 2) due to the potential impact
of respective factors on the gut microbiome composition.

Secondly, studies that only analyzed blood samples
were also excluded since the focus was rather on systemic
effects of microbial translocation and on assessment of
defined biochemical markers than on the link to the gas-
trointestinal tract and the potential changes of the gut mi-
crobiome itself (rn = 3).

Thirdly, one study, which analyzed colon biopsies, was
excluded, due to its detailed focus on the pathophysiologic
processes involving CD1c+ and CD1c¢— myeloid dendritic
cells and not on the host-microbiome interaction and the
impact of the gut microbiome in HIV-infected patients
(n=1).

Finally, the numbers of studies screened, assessed for eli-
gibility, and included in the review were narrowed down to 5.

Data extraction

All relevant information derived from the articles was ex-
tracted and sorted in columns using a table in Microsoft
Word with the following criteria: study details, study type,
study population, type of sample analyzed, microbiome
analysis, applied technique, and main findings. The main
findings of all the articles included in this review were
summarized and inserted in 7able I to provide a compre-
hensive overview.

Results

o and p diversities

When analyzing gut bacterial composition, three studies
first assessed numbers of different bacterial species, the
a diversity, in HIV-negative and HIV-positive subjects.
Nowak et al. described the o diversity to be decreased in
untreated HIV-infected patients [26]. At baseline, i.e., be-
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fore ART introduction, the numbers of bacterial species
were lower in HIV-infected patients as compared to sero-
negative individuals (7able 1). The CD4+ T cell counts
positively correlated with bacterial richness. Hence, sub-
jects with the lowest CD4+ T cell counts also displayed the
lowest number of intestinal bacterial species [26].

When comparing bacterial species variations between
the different cohorts, i.e., the B diversity, higher B diversi-
ties could be observed in HIV-positive patients as com-
pared to healthy subjects [26]. These results are further
supported by a study conducted by Vazquez-Castellanos
and colleagues who documented a decreased a diversity
but increased B diversity in HIV-positive individuals who
had already undergone ART (7able 1) [27].

Nowak et al. further analyzed P diversity changes in
elite controllers, defined as patients with undetectable HIV
RNA since the diagnosis of HIV infection. These patients
displayed lower inter-individual variation compared to
viremic patients. Interestingly, the gut microbiota of elite
controllers was characterized by a decreased B diversity
when compared to HIV-positive patients. However, tak-
ing into account that there were only three patients with
undetectable HIV-1 RNA, no definite conclusions can be
drawn from these results [26].

A study performed by Noguera-Julian et al. provides
a more detailed depiction of o diversity in HIV-negative
patients with ART [28]. Comparing the gut microbiome
of HIV-positive men having sex with men (MSM) with
non-MSM, the authors concluded that the fecal microbiota
was significantly more enriched (i.e., diverse) in MSM as
compared to non-MSM HIV-positive individuals. How-
ever, the gut microbiome in this former cohort was charac-
terized by a still lower a diversity as compared to healthy
controls [28]. This study is further supported by a previ-
ous report [27], when comparing immune responders (IR)
with immune non-responders (INR) defined as subjects
who do not recover CD4+ count >300 cells/mm?® in spite
of at least 2 years of effective ART. Interestingly, the gut
microbiota of the INR cohort exhibited a lower a diversity,
whereas IR displayed a higher bacterial richness in the
intestinal microbiome [28]. ART treatment, however, did
not reverse decreased o diversity, further underlining that
bacterial richness is linked to immune dysfunction despite
the fact that IR still showed reduced intestinal bacterial
richness [28]. This conclusion is further supported by the
continuous decrease of a diversity observed in microbi-
ome following ART introduction in the study by Nowak
et al., irrespective of the applied ART regimen (Table 1)
[26]. Hence, this correlation between reduced CD4+ T cell
counts and bacterial richness suggests a pivotal role of mi-
crobiota diversity in host immune balance and recovery.

Serrano-Villar et al., however, could not observe a sig-
nificant change in a diversity when comparing viremic un-
treated patients (VU) with healthy control subjects [29]. In
contrast to the previous conclusions, ART-treated patients,
irrespective whether IR or INR, however, exhibited signif-
icantly higher richness of metabolically active gut bacte-
rial species as compared to VU and healthy controls [29].
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Table 1. (cont'd)

Main findings (HIV+ compared to controls)

Microbiome analysis

technique

Type of sample
analyzed

Study population

Study details and study

type

* o diversity 1 in MSM richer versus non-MSM

16S rRNA sequencing

Stool and plasma

Barcelona:

Noguera-Julian et al.

2016 (28)

* | o diversity both in MSM and non-MSM compared to controls

samples

129 HIV+ (15 untreated)

27 HIV—

* Lowest a diversity was found in INR

* MSM: 1 Prevotella,

Stockholm:

Cross-sectional study

Non-MSM: 1 Bacteroides

77 HIV+ (all untreated)

7 HIV—

Independent of HIV status

« HIV+ status: 1 Bacteroides, | Prevotella

At this point, it is important to emphasize major differences in the applied
analysis methodologies in the studies above that might explain the divergent
results and hence drawn conclusions. Whereas most studies derived bacterial
16S rRNA sequencing based data sets, Serrano-Villar and colleagues analyzed
the bacterial proteomes (i.e., proteomics). When comparing both completely
different methodological approaches, Serrano-Villar et al. rather portrayed the
bacterial gut microbiome from a functional point of view by measuring which
bacteria taxa were metabolically more active [29], whereas the other studies
presented a merely qualitative/relative or quantitative depiction of the bacte-
rial microbiome [26-28].

Changes of bacterial gut microbiome composition

Consistent findings among the 16S rRNA sequencing based studies were the
higher relative abundances of Bacteroidetes (Bacteroides), Firmicutes (Lach-
nobacterium spp., Faecalibacterium spp., and Ruminococcus spp.) in HIV-
negative subjects as compared to HIV-positive patients (Table 1) [26, 27, 29,
30]. Notably, Faecalibacterium spp. are considered to exert anti-inflammatory
properties, and their depletion has been previously reported in Crohn’s dis-
ease [31, 32]. HIV-infected patient, however, showed increased abundances of
distinct Bacteroidetes, Actinobacteria, Proteobacteria (i.e., Succinivibrio and
Desulfovibrio spp.), and Firmicutes (i.e., Clostridia, Lactobacilli) in their in-
testinal microbiomes (Table 1) [26, 27, 29, 30].

These findings are well in line with results assessed by Noguera-Julian
et al. showing that the HIV status of patients positively correlated with the
abundances of intestinal bacterial genera clustering with Bacteroides, but neg-
atively with genera associated with Prevotella (Table 1) [28]. When comparing
bacterial populations of the gut microbiome before and after ART introduc-
tion, Nowak et al. documented decreased abundances of defined Firmicutes
(Lachnospiraceae) and Bacteroidetes (Prevotella spp.) in HIV-infected pa-
tients undergoing ART, when compared to ART-naive patients (Table 1) [26].
Comparing the intestinal microbiome of viremic patients before ART intro-
duction to elite controllers revealed that the Bacteroidetes and Proteobacteria
were enriched in elite controllers. Viremic patients, on the other hand, har-
bored a microbiome that was enriched with Actionobacteria when compared
to patients with undetectable HIV RNA. Overall, the gut microbiome of elite
controllers was more similar to that of healthy controls than to the one in vi-
remic patients. This similarity to healthy controls suggests that the change of
the gut microbiome composition is profoundly dependent on immune status
and recovery.

Villar-Garcias et al. investigated potential beneficial (i.e., health promot-
ing) effects of the probiotic yeast Saccharomyces boulardii. After S. boulardii
treatment, distinct Firmicutes (Clostridiales, Catenibacterium spp.) decreased
in the gut microbiome, whereas Proteobacteria (such as Desulfovibrionales)
increased (7Table 1) [30]. Remarkably, both ART introduction and probiotic
treatment helped to partially restore or at least direct the gut microbiome to-
wards its original, “healthy” state [30].

Nevertheless, analysis of bacterial proteomes by Serrano-Villars et al. re-
vealed different results [29]. From a metabolic point of view, Clostridiaceae
and Ruminococcaceae were significantly decreased in the gut microbiome
of HIV-infected patients. However, when focusing on active biomarkers by
analysis of the most active bacterial populations in each patient group, results
were more consistent with those derived from 16S rRNA based sequencing
analyses [26-28]: Ruminococcaceae, Clostridiaceae, and Bifidobacteriaceae
families were significantly enriched in healthy controls, whereas VU patients
exhibited increased Prevotellaceae and Brachyspiraceae levels in their intes-
tinal microbiome [29]. Biomarkers found for IR patients, and therefore as-
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sociated with immune recovery, were Succinivibronaceae
and Erysipelotrichaceae, whereas, however, no significant
biomarkers could be identified for the INR group [29]. Of
note, Succinivibronaceae, which were increased from both
a quantitative and metabolic point of view in the gut mi-
crobiome of IR patients, have previously been associated
with anti-inflammatory properties in the porcine colon
during nematode infection [33]. Furthermore, increased
concentrations of pathogenic clostridial species, which are
considered pro-inflammatory mucotropic bacteria, were
shown in the intestines of HIV-infected patients [29]. The
question, why the metabolically active intestinal Clostri-
diaceae were shown to be decreased in the study conduct-
ed by Serrano-Villar and colleagues, remains unanswered
[29].

Nevertheless, given that changes in the taxonomic bac-
terial composition of the gut microbiome have been shown
to correlate with low CD4+ T cell counts during HIV in-
fection, this further underlines the impact of a distinct in-
testinal microbiota (with a defined balance between bacte-
rial species exerting pro-inflammatory effects and others
with anti-inflammatory, immune protective properties) in
immune status and recovery.

Correlations between microbial translocation markers,
systemic inflammation and gut microbiota

Markers of mucosal damage, microbial translocation, and
systemic inflammation were generally higher in INR and
patients who presented late in the course of disease and
were therefore subjected to a rather late ART introduc-
tion [28, 30, 34]. When measuring markers of microbial
translocation and systemic inflammation, INR patients
tended to exhibit higher fibrinogen and soluble CD14
levels as well as increased lipopolysaccharide-binding
protein (LBP) concentrations in their sera. LBP was fur-
ther positively correlated with high sensitivity C-reactive
protein (Hs-CRP), erythrocyte sedimentation rate (ESR),
and soluble CD14 [30]. In line with these results, lipo-
polysaccharide (LPS) was negatively correlated with
CD4+ T cell counts [26]. Showing further increased gut

microbiome involvement, the number of total observed
bacterial species correlated both positively with CD4+
T cells and CD4+/CD8+ ratios, and negatively with LPS
and LBP [26].

Serrano-Villar et al. further analyzed the interactions
of intestinal gut bacteria and their metabolism with im-
mune function in HIV patients in more detail [29]. The
authors concluded that the overall impact of HIV infection
and ART treatment per se on the microbes’ metabolic ac-
tivity was rather (moderately) low. The patients’ immune
status, however, seemed to have greater influence on the
gut microbiome composition [29]. To support this hypoth-
esis, the authors proved a positive correlation between
ceramide-related metabolites (C16 ceramide) and the fre-
quencies of %CD8+, HLA-DR+, and CD38+ T cells in all
patient groups. Lower levels of these variables were asso-
ciated with healthy controls and IR, whereas a worse im-
mune status was associated with higher metabolic activity
[29]. Additional metabolite markers of epithelial barrier
integrity, hepatic function, and inflammation, distinguish-
ing respective cohorts, were analyzed and are summarized
in Table 2.

The accumulation of NeuSAc in bacteria of VU pa-
tients only suggests that this cohort may have harbored
increased pathogen numbers, which scavenge sialic acid
from the host membrane [29]. Moreover, the biomarker
LTB4 which exclusively accumulated in IR patients, is one
of the first soluble pro-inflammatory metabolite produced
from arachidonic acid (AA) metabolism [35]. It is tempt-
ing to speculate that gut bacteria may support host immune
recovery by lowering mucosal inflammation, since LTB4
only accumulated in immune responders and not in im-
mune discordant and viremic untreated patients. The se-
cretion of LTB4 and other pro-inflammatory molecules de-
rived from AA metabolism might also be modulated by the
reported increased AA accumulation in the gut bacteria of
all HIV-positive patients [29]. N-acyl amide oleamide was
also significantly elevated in gut bacteria of IR patients. Of
note, N-acyl amide oleamide is known to regulate gastro-
intestinal inflammation [29, 36].

Lastly, each of the three metabolites derived from
haem catabolism was associated with one of the HIV-

Table 2. Metabolite markers for HIV infection associated dysfunctions (29)

Metabolite marker

Compared to controls, accumulated

Associated dysfunction

in the gut bacteria of:

N-Acetylneuraminic acid (Neu5Ac)

VU patients

Dolichol phosphate (Dol-P)
Dolichol-B-D-glucosyl phosphate (Dol-B-G)

All HIV+ patients (VU, IR, INR)

Markers of structural changes
of the epithelial barrier

Arachidonic acid (AA)

Al HIV+ (VU, IR, INR); not in HIV—

Markers of inflammation and

Leukotriene B4 (LTB4) IR patients .

immune recovery
N-Acyl amide oleamide IR patients
Biliverdin (BV) IR patients Markers of the hepatic
Bilirubin (BR) INR patients function, HIV viral infectivity
Urobilinogen (URO) VU patients and inflammation
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positive cohorts [29]. Biliverdin (BV), the first product of
haem breakdown, was increased in gut bacteria abundant
in IR, whereas bilirubin (BR) was found to accumulate
in immune discordant patients [29]. Furthermore, urobi-
linogen (URO), the final product of bilirubin breakdown,
was exclusively detectable in intestinal bacteria of VU
patients [29].

ART has been reported to interfere with haem catabo-
lism by inhibiting uridine glucuronyl transferases (UGT),
hepatic enzymes, which are essential for the disposal of
bilirubin and have been found in some bacteria [29, 37].
This could thus explain the lack of bilirubin in untreated
patients, given that bilirubin is not retained through ART
inhibition of UGT, and gut bacteria simultaneously con-
tribute to its breakdown to URO, which subsequently ac-
cumulates. This might further explain why patients under-
going ART exhibit accumulated bilirubin and biliverdin
levels within their gut bacteria and why ART is associ-
ated with hyperbilirubinemia [29, 38]. However, this does
not explain why gut bacteria in IR patients display ac-
cumulated biliverdin, whereas INR subjects exhibit accu-
mulated bilirubin. Biliverdin, but not bilirubin, has been
reported to reduce HIV viral infectivity and constitutes an
important anti-inflammatory molecule [29, 38, 39]. Thus,
immune recovery is suggested to be linked to bacterial
biliverdin accumulation in the GIT of HIV-infected pa-
tients [29].

Overall, the abovementioned results suggest that gut
bacteria play a major role in modulating and counteracting
(“buffering”) pro-inflammatory processes [29].

Vazquez-Castellanos et al. also found relevant changes
in metabolic processes of gut bacteria in HIV-infected pa-
tients. Results revealed a general enrichment of the genes
involved in various pathogenic processes. As such, HIV-
infected patients harbored bacterial microbiomes with in-
creased ribosomal and LPS biosynthesis [27]. This further
underlines the previously described increase in LPS levels
associated with CD4+ T cell counts [26].

Discussion

Main findings

Our literature survey revealed that HIV infection was as-
sociated with reduced bacterial richness, independently of
the sexual orientation of infected subjects. This decrease
in o diversity positively correlated with CD4+ T cell
counts. ART introduction in HIV-naive patients did not
result in significant changes of the gut microbiota towards
increased and hence beneficial gut microbiome diver-
sity. After simultaneous therapy with the probiotic yeast
S. boulardii, however, a shift towards a beneficial (i.c.,
more health-promoting) bacterial microbiota composition
could be observed, with a decrease of some Clostridiales,
such as Clostridiaceae and Catenibacterium, as well as
of microbial translocation and systemic pro-inflammatory
parameters [26-28, 30].

European Journal of Microbiology and Immunology

The main changes in the bacterial gut microbiome
as assessed by 16S rRNA based sequencing technology
were the increase of Bacteroidetes (Prevotella), Proteo-
bacteria (Succinivibrio, Desulfovibrio), and Firmicutes
(Clostridia, Lactobacillus) in HIV-infected patients.
However, when analyzing the bacterial proteomes, di-
vergent results were obtained, indicating that the rela-
tive abundances of bacteria and their total amounts do
not necessarily correlate with their levels of metabolic
activity. However, results were consistent with the in-
creases in Prevotellaceae and Succinivibronaceae, which
were elevated from a functional and quantitative point of
view in HIV-infected individuals [26, 27, 29]. Correla-
tion analyses of the gut microbiota with markers for mi-
crobial translocation and systemic inflammation suggest
that gut bacteria do in fact significantly impact immune
recovery. Thus, despite the reported increases in poten-
tially harmful (i.e., pathogenic) bacteria and, conversely,
decreases in presumably beneficial (i.e., health promot-
ing) groups, the gut microbiota exhibited immune-mod-
ulating qualities, given that mucosal inflammatory se-
quelae were dampened by decreasing pro-inflammatory
and preserving or even accelerating anti-inflammatory
cytokine responses [27, 29].

Limitations

One should be careful to draw coherent conclusions from
the surveyed publications for the following reasons. Since
the importance of the gut microbiome in HIV pathogen-
esis has only become a research focus in the last decade,
there are only very limited numbers of studies that ad-
dress the complexity of host-microbiome interactions
in HIV-infected patients. Moreover, many studies did
not include sufficient and representative case numbers.
Furthermore, there are no sufficient longitudinal stud-
ies that are comprehensively assessing the impact of
ART on the gut microbiome composition. Moreover, the
complete lack of longitudinal studies comparing HIV
gut microbiome before and after HIV infection conceals
a broad spectrum of important information that needs
to be uncovered. Hence, in order to draw coherent con-
clusions, follow-up studies with long-term observa-
tion periods of more than 12 months would be required.
Lastly, the controversial results of studies applying sub-
stantially different methodological approaches, such as
16S rRNA sequencing technology and bacterial pro-
teomics, make it virtually impossible to draw significant
and clear conclusions.

Summary, conclusion, and future perspectives

In summary, HIV infection leads to CD4+ T cell depletion,
chronic inflammation, impaired barrier dysfunction, and
significant changes of the gut microbiome composition.
The reported decreases in gut microbiome diversity and
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increases in microbial translocation and pro-inflammatory
markers predict immune status and recovery of HIV-in-
fected patients.

One of the reported changes in the bacterial gut mi-
crobiome composition was characterized by the increased
abundances of certain Clostridia and Proteobacteria in
HIV-infected individuals. Notably, in this context, many
AIDS patients develop infectious diarrhea caused by
gram-negative pathogens including Salmonella, Shigella,
and E. coli [40]. However, this increase could have rel-
evant clinical manifestations that go beyond the GIT. It
is tempting to speculate that elevated Enterobacteriaceae
such as E. coli and Klebsiella spp. in the GIT might lead
to a higher risk of developing extra-intestinal infections
such pneumonia, urinary tract and wound infections, for
instance. This would also increase the risk of pathogenic
transmission to and nosocomial infection of patients in
case of hospitalization. Lastly, one should be aware of po-
tential bacterial translocation from the leaky GIT to extra-
intestinal including systemic compartments leading to in-
creased morbidity and mortality of HIV-infected patients
due to bacteremia/septicemia.

All in all, further research is needed to gain a deeper
understanding of host-microbiota interactions and the
importance of the gut microbiome for immune recovery
in HIV-infected patients. To this end, the size of all co-
horts should be increased, follow-up periods should be
prolonged, and the study of bacterial microbiome should
be extended to other microorganisms such as fungal, para-
sitic, and viral (entero)pathogens. Additionally, more stud-
ies applying proteomic approaches should be conducted,
as they provide a better and clearer functional portrayal
of bacterial influence and impact of HIV infection, ART,
and immune recovery on the gut microbiota composition.
Deeper insights gained from these studies would presum-
ably open the door to novel therapeutic approaches includ-
ing probiotics such as S. boulardii, which has been shown
to reduce bacterial translocation and systemic inflamma-
tion [30]. Fecal transplantation should also be taken into
account as a possible adjunct therapy in the future. This
approach has already been successfully applied in treating
recurrent and refractory Clostridium difficile infections,
for instance, and could therefore be used to modify gut
microbiome composition towards a beneficial (i.e., health-
promoting) direction and to treat infectious diarrhea in the
late stages of HIV infection [41, 42].

Funding sources

There was no source of funding for this study.

Conflicts of interest

Stefan Bereswill and Markus M. Heimesaat are Editorial
Board members.

References

1. Kotler DP, Giang TT, Thiim M, Nataro JP, Sordillo EM,
Orenstein JM: Chronic bacterial enteropathy in patients
with AIDS. J Infect Dis 171, 552558 (1995)

2. Bhaijee F, Subramony C, Tang SJ, Pepper DJ: Human im-
munodeficiency virus-associated gastrointestinal disease:
common endoscopic biopsy diagnoses. Patholog Res Int
2011, 247923 (2011)

3. Cabada MM, White AC, Jr: Treatment of cryptosporidio-
sis: do we know what we think we know? Curr Opin Infect
Dis 23, 494—-499 (2010)

4. Sun HY, Chen MY, Wu MS, Hsieh SM, Fang CT, Hung CC,
Chang SC: Endoscopic appearance of GI mycobacteriosis
caused by the Mycobacterium avium complex in a patient
with AIDS: case report and review. Gastrointest Endosc 61,
775-779 (2005)

5. Dinh DM, Volpe GE, Duffalo C, Bhalchandra S, Tai AK,
Kane AV, Wanke CA, Ward HD: Intestinal microbiota, mi-
crobial translocation, and systemic inflammation in
chronic HIV infection. J Infect Dis 211, 19-27 (2015)

6. Ellis CL, Ma ZM, Mann SK, Li CS, Wu J, Knight TH, Yot-
ter T, Hayes TL, Maniar AH, Troia-Cancio PV, Overman
HA, Torok NJ, Albanese A, Rutledge JC, Miller CJ, Pollard
RB, Asmuth DM: Molecular characterization of stool
microbiota in HIV-infected subjects by panbacterial and
order-level 168 ribosomal DNA (rDNA) quantification and
correlations with immune activation. J Acquir Immune
Defic Syndr 57, 363-370 (2011)

7. Mutlu EA, Keshavarzian A, Losurdo J, Swanson G, Siewe
B, Forsyth C, French A, Demarais P, Sun Y, Koenig L,
Cox S, Engen P, Chakradeo P, Abbasi R, Gorenz A, Burns
C, Landay A: A compositional look at the human gastro-
intestinal microbiome and immune activation parameters
in HIV infected subjects. PLoS Pathog 10, ¢1003829
(2014)

8. Vujkovic-Cvijin I, Dunham RM, Iwai S, Maher MC, Al-
bright RG, Broadhurst MJ, Hernandez RD, Lederman
MM, Huang Y, Somsouk M, Deeks SG, Hunt PW, Lynch
SV, McCune JM: Dysbiosis of the gut microbiota is associ-
ated with HIV disease progression and tryptophan cata-
bolism. Sci Transl Med 5, 193ra91 (2013)

9. Lozupone CA, Rhodes ME, Neff CP, Fontenot AP, Camp-
bell TB, Palmer BE: HIV-induced alteration in gut micro-
biota: driving factors, consequences, and effects of anti-
retroviral therapy. Gut Microbes 5, 562570 (2014)

10. Zilberman-Schapira G, Zmora N, Itav S, Bashiardes S, Eli-
nav H, Elinav E: The gut microbiome in human immuno-
deficiency virus infection. BMC Medicine 14, 83 (2016)

11. Parmentier M: CCR5 and HIV infection, a view from Brus-
sels. Front Immunol 6, 295 (2015)

12. Guadalupe M, Reay E, Sankaran S, Prindiville T, Flamm J,
McNeil A, Dandekar S: Severe CD4+ T-cell depletion in
gut lymphoid tissue during primary human immunodefi-
ciency virus type 1 infection and substantial delay in resto-
ration following highly active antiretroviral therapy. J Virol
77, 1170811717 (2003)

13. Brenchley JM, Schacker TW, Ruff LE, Price DA, Taylor
JH, Beilman GJ, Nguyen PL, Khoruts A, Larson M, Haase
AT, Douek DC: CD4+ T cell depletion during all stages of
HIV disease occurs predominantly in the gastrointestinal
tract. J Exp Med 200, 749-759 (2004)

European Journal of Microbiology and Immunology



166

A. B. Dein Terra Mota Ribeiro et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Marchetti G, Tincati C, Silvestri G: Microbial translocation
in the pathogenesis of HIV infection and AIDS. Clin Mi-
crobiol Rev 26, 2—18 (2013)

LiuJ, Williams B, Frank D, Dillon SM, Wilson CC, Landay
AL: Inside out: HIV, the gut microbiome, and the mucosal
immune system. J Immunol 198, 605-614 (2017)

Klatt NR, Funderburg NT, Brenchley JM: Microbial trans-
location, immune activation, and HIV disease. Trends
Microbiol 21, 6—13 (2013)

Epple HJ, Allers K, Troger H, Kuhl A, Erben U, Fromm M,
Zeitz M, Loddenkemper C, Schulzke JD, Schneider T:
Acute HIV infection induces mucosal infiltration with
CD4+ and CD8+ T cells, epithelial apoptosis, and a mu-
cosal barrier defect. Gastroenterol 139, 1289-1300 (2010)
Nazli A, Chan O, Dobson-Belaire WN, Ouellet M, Trem-
blay MJ, Gray-Owen SD, Arsenault AL, Kaushic C: Ex-
posure to HIV-1 directly impairs mucosal epithelial barrier
integrity allowing microbial translocation. PLoS Pathog 6,
¢1000852 (2010)

McHardy IH, Li X, Tong M, Ruegger P, Jacobs J, Borne-
man J, Anton P, Braun J: HIV Infection is associated with
compositional and functional shifts in the rectal mucosal
microbiota. Microbiome 1, 26 (2013)

Dillon SM, Lee EJ, Kotter CV, Austin GL, Dong Z, Hecht
DK, Gianella S, Siewe B, Smith DM, Landay AL, Robert-
son CE, Frank DN, Wilson CC: An altered intestinal muco-
sal microbiome in HIV-1 infection is associated with muco-
sal and systemic immune activation and endotoxemia.
Mucosal Immunol 7, 983-994 (2014)

Sharpstone D, Gazzard B: Gastrointestinal manifestations
of HIV infection. Lancet 348, 379383 (1996)

Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, Ramey
RR, Bircher JS, Schlegel ML, Tucker TA, Schrenzel MD,
Knight R, Gordon JI: Evolution of mammals and their gut
microbes. Science 320, 1647-1651 (2008)

De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M,
Poullet JB, Massart S, Collini S, Pieraccini G, Lionetti P:
Impact of diet in shaping gut microbiota revealed by a com-
parative study in children from Europe and rural Africa.
Proc Natl Acad Sci U S A 107, 14691-14696 (2010)
Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-
Bello MG, Contreras M, Magris M, Hidalgo G, Baldassano
RN, Anokhin AP, Heath AC, Warner B, Reeder J, Ku-
czynski J, Caporaso JG, Lozupone CA, Lauber C, Cle-
mente JC, Knights D, Knight R, Gordon JI: Human gut
microbiome viewed across age and geography. Nature 486,
222-227(2012)

Clarke SF, Murphy EF, O’Sullivan O, Lucey AJ, Hum-
phreys M, Hogan A, Hayes P, O’Reilly M, Jeffery IB,
Wood-Martin R, Kerins DM, Quigley E, Ross RP, O’Toole
PW, Molloy MG, Falvey E, Shanahan F, Cotter PD: Exer-
cise and associated dietary extremes impact on gut micro-
bial diversity. Gut 63, 1913-1920 (2014)

Nowak P, Troseid M, Avershina E, Barqasho B, Neogi U,
Holm K, Hov JR, Noyan K, Vesterbacka J, Svird J, Rudi K,
Sonnerborg A: Gut microbiota diversity predicts immune
status in HIV-1 infection. Aids 29, 2409-2418 (2015)
Vazquez-Castellanos JF, Serrano-Villar S, Latorre A, Ar-
tacho A, Ferrus ML, Madrid N, Vallejo A, Sainz T, Mar-
tinez-Botas J, Ferrando-Martinez S, Vera M, Dronda F,
Leal M, Del Romero J, Moreno S, Estrada V, Gosalbes MJ,
Moya A: Altered metabolism of gut microbiota contributes

European Journal of Microbiology and Immunology

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

to chronic immune activation in HIV-infected individuals.
Mucosal Immunol 8, 760772 (2015)

Noguera-Julian M, Rocafort M, Guillen Y, Rivera J, Casa-
della M, Nowak P, Hildebrand F, Zeller G, Parera M, Bel-
lido R, Rodriguez C, Carrillo J, Mothe B, Coll J, Bravo I,
Estany C, Herrero C, Saz J, Sirera G, Torrela A, Navarro J,
Crespo M, Brander C, Negredo E, Blanco J, Guarner F,
Calle ML, Bork P, Sénnerborg A, Clotet B, Paredes R: Gut
microbiota linked to sexual preference and HIV infection.
EBioMedicine 5, 135-146 (2016)

Serrano-Villar S, Rojo D, Martinez-Martinez M, Deusch S,
Vazquez-Castellanos JF, Bargiela R, Sainz T, Vera M,
Moreno S, Estrada V, Gosalbes MJ, Latorre A, Seifert J,
Barbas C, Moya A, Ferrer M: Gut bacteria metabolism
impacts immune recovery in HIV-infected Individuals.
EBioMedicine 8, 203-216 (2016)

Villar-Garcia J, Guerri-Fernandez R, Moya A, Gonzalez
A, Hernandez JJ, Lerma E, Guelar A, Sorli L, Horcajada
JP, Artacho A, D Auria G, Knobel H: Impact of probiotic
Saccharomyces boulardii on the gut microbiome compo-
sition in HIV-treated patients: a double-blind, ran-
domised, placebo-controlled trial. PLoS One 12, ¢0173802
(2017)

Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermudez-
Humaran LG, Gratadoux JJ, Blugeon S, Bridonneau C,
Furet JP, Corthier G, Grangette C, Vasquez N, Pochart P,
Trugnan G, Thomas G, Blottiére HM, Doré J, Marteau P,
Seksik P, Langella P: Faecalibacterium prausnitzii is an
anti-inflammatory commensal bacterium identified by gut
microbiota analysis of Crohn’s disease patients. Proc Natl
Acad Sci U S A 105, 16731-16736 (2008)

Carvalho BM, Saad MJ: Influence of gut microbiota on
subclinical inflammation and insulin resistance. Mediators
Inflamm 2013, 986734 (2013)

Li RW, Wu S, Li W, Navarro K, Couch RD, Hill D, Urban
JF Jr: Alterations in the porcine colon microbiota induced
by the gastrointestinal nematode Trichuris suis. Infect
Immun 80, 2150-2157 (2012)

Girardi E, Sabin CA, Monforte AD: Late diagnosis of HIV
infection: epidemiological features, consequences and
strategies to encourage earlier testing. J Acquir Immune
Defic Syndr 46 Suppl 1, S3-8 (2007)

Bertin J, Barat C, Belanger D, Tremblay MJ: Leukotrienes
inhibit early stages of HIV-1 infection in monocyte-derived
microglia-like cells. J Neuroinflammation 9, 55 (2012)
Carroll KK, Guthrie N, Ravi K: Dolichol — function, me-
tabolism, and accumulation in human tissues. Biochem
Cell Biol 70, 382-384 (1992)

McPhee F, Caldera PS, Bemis GW, McDonagh AF, Kuntz
ID, Craik CS: Bile pigments as HIV-1 protease inhibitors
and their effects on HIV-1 viral maturation and infectivity
in vitro. Biochem J 320, 681-686 (1996)

Wegiel B, Otterbein LE: Go green: the anti-inflammatory
effects of biliverdin reductase. Front Pharmacol 3, 47
(2012)

Fowler CJ. Oleamide: a member of the endocannabinoid
family? Br J Pharmacol 141, 195-196 (2004)

Wanyiri JW, Kanyi H, Maina S, Wang DE, Ngugi P,
O’Connor R, Kamau T, Waithera T, Kimani G, Wamae CN,
Mwamburi M, Ward HD: Infectious diarrhoea in anti-
retroviral therapy-naive HIV/AIDS patients in Kenya.
Trans R Soc Trop Med Hyg 107, 631-638 (2013)



Gut microbiome—host homeostasis in HI'V infection 167

41. Rabe SM: Treatment of recurrent Clostridium difficile in- fecal microbiota transplantation in patients with in-
fection with fecal transplantation. Gastroenterol Nurs 37, flammatory bowel disease. Gut Microbes 8, 303-309
156-163 (2014) (2017)

42. Newman KM, Rank KM, Vaughn BP, Khoruts A: Treat-
ment of recurrent Clostridium difficile infection using

European Journal of Microbiology and Immunology



