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HIV infection is known to damage the gut
lining early in the course of disease, largely
because the virus rapidly depletes CD4* T
cells in the gastrointestinal tract. With
effective  antiretroviral therapy (ART),
immune activation and inflammation are
reduced but are generally not normalized.
One of the factors known to contribute to
this state of persistent immune activation is
that even under ART, bacterial products
continue to leak from the gut into the
bloodstream, a process called microbial
translocation.

In an effort to understand how the gut
microbiome and microbial translocation may
contribute to incomplete immune recovery,
many studies have examined the gut
microbiome in people with HIV (PWH).

While different studies often revealed links
to different genera, a common and coherent
aspect is that irrespective of ART, distinct
genera within the class of
Gammaproteobacteria tend to be enriched in
PWH.

Whether alterations in the composition of
the gut microbiome, i.e. dysbiosis, is a direct
consequence of HIV infection remains
debated. Causality aside, the fact remains
that PWH have been reported by a vast
number of studies to have an altered
composition of their gut microbiome. Blood
concentrations of IFABP, LPS and sCD14 are
commonly assessed measures that can help
gauge microbial translocation. This overview
provides details on what is known to date
about how an altered composition of the gut
microbiome may contribute to chronic
immune activation and inflammation.
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In addition, this report outlines some of the
most studied therapeutics approaches that
have been considered to normalize inflam-
mation through the restructuring of the gut
microbiome in adults living with HIV. So far,
the effect of Probiotics in adults have not
been consistent. Therapeutic strategies such
as FMT in PWH appear safe and show
promise but remain in early stages as long-
term benefits are unclear.

Dietary changes and exercise are a mechanis-
tic plausible avenue and remain underuti-
lized in clinical trials but have shown
preliminary beneficial effects.

The human microbiome encompasses
communities of bacteria, viruses and
eukaryotes that resides at different sites of
the human body. The precise species
composition and microbial abundance varies
across body sites [1], with the gut holding the
most diverse and most abundant share of the
human microbiome. In the healthy gut,
Actinobacteria, Bacteroidetes,  Firmicutes,
Proteobacteria and Verrucomicrobia represent
the five most abundant phyla; and Firmicutes
and Bacteroidetes account for the largest
fraction of the gut bacteria [2].

Among their many functions, gut bacteria
support the metabolism of complex dietary
carbohydrates, with the degradation of
dietary fibers resulting in the production of
organic acids, gases and short-chain fatty acids
(SFCAs) [3]. Further properties of gut bacteria
involve maintaining the gut barrier function,
supporting mucus secretion and preventing
colonization by dysbiotic bacteria, thus
contributing to homeostasis and immunity

through a healthy gut. Numerous studies have
reported changes in the composition of the
gut microbiome of untreated people with HIV
as well as in those receiving antiretroviral
therapy (ART). Early during the course of the
disease, HIV infection is paired with the
damage of the gut lining, largely due to the
depletion of CD4* T cells in the gastrointesti-
nal tract. This damage of the gut lining allows
bacterial products to leak from the gut into
the bloodstream - a process called microbial
translocation [4].

Some of the more commonly
measured indicators of microbial transloca-
tion in the blood include intestinal
fatty-acid binding protein (IFABP), a marker of
intestinal barrier dysfunction that is normally
present in epithelial cells of the small intestine
but is released into the circulation upon
damage of the gut mucosa [5].

Furthermore, soluble CD14 (sCD14) is shed by
activated monocytes in response to bacterial
lipopolysaccharide (LPS) [6] and higher blood
levels of sCD14 may reflect higher exposure to
LPS. As a result of microbial translocation,
more microbial products reach systemic sites
in PWH even under ART, where they can
activate circulating immune cells and thus
contribute to systemic inflammation. In line
with this, many reports have demonstrated
that despite ART, PWH do not have normal-
ized levels of inflammation and immune
markers as seen with high serum or plasma
levels of various soluble markers
(e.g. IL-6, sTNFR1) that together with indices
of microbial translocation associate with

frailty [7].
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Understanding exactly how the gut microbiome
changes during HIV infection has for long been
an area of high interest. Following the phyloge-
netic classification, reports have typically
assessed broad composition at the phylum level
down to a more granular analysis at the genus
level. At the phylum level, Proteobacteria were
reported to have a higher abundance in people
with HIV on or off ART [8-10] whereas others
reported a high ratio of Prevotella to Bacteroides,
two genera of the phylum of Bacteroidetes

[11, 12]. Despite the lack of consistent findings
on the overall measures of diversity or phyla
distribution, more studies could link distinct
microbial genera to changes in the gut microbi-
ome of PWH. Although different studies have
been highlighting different genera — reminiscent
of the heterogeneity of the microbiome between
persons, sex, ethnicities and locations — a general
observation could be made that in ART-treated
PHW, some bacteria groups are reduced

(e.g. Lachnospiraceae, Faecalibacterium and
Eggerthellaceae) whereas others are enriched
(e.g. Enterobacteriaceae, Negativicutes,
Peptoniphilus, Anaeorococcus and Finegoldia)
[13]. Similar to ART-treated HIV infection, the
families Gammaproteobacteria and Nega-
tivicutes tend to be enriched in the gut during
untreated HIV infection whereas several genera
of the Lachnospiraceae family are depleted.
Considering the multitude of factors that have
been shown to influence the composition of the
gut microbiome, be it age [14], diet [15], sex
hormones [16], lifestyle [17], ethnicity [18],
geography [19] and host polymorphism [20]; an
important aspect of microbiome evaluation is not
necessarily which species, genus, family or phyla
are more or less abundant but what are the
functional properties of the microbes that are
either enriched of lost. As such, the overall
assessment of the properties of enriched and
depleted groups suggests that in ART-treated
HIV infection, there is an enrichment of gut
bacteria with strong pro-inflammatory capability

at the expense of those with anti-inflammatory/
regulatory effects. For instance, Faecalibacterium
(Firmicutes phylum) is known to have anti-
inflammatory effects [21], is an important
producer of the metabolite butyrate that reduces
gut epithelial permeability by regulating tight
junction proteins [22], and the relative abun-
dance of Faecalibacterium was shown to
inversely correlate with plasma sCD14

[10, 23, 24] and IFABP [12] during treated HIV
infection. In contrast, Gammaproteobacteria are
typically associated with intestinal inflammation,
are known to preferentially translocate from the
gut to systemic sites [25, 26], and facultative
anaerobic bacteria such as the family Enterobac-
teriaceae (Proteobacteria phylum, Gammaprote-
obacteria family) have been proposed to have a
selective advantage driving their expansion in the
gut upon increased oxygen availability [27].
Moreover, Gammaproteobacteria exclusively
carry the gene encoding for the hexa-acetylated
form of LPS that is by two orders of magnitude
the most potent agonist of the LPS receptor
TLR-4 [28]. In treated HIV infection, the relative
abundance of Enterobacteriaceae was shown to
positively correlate with plasma levels of sCD14
[9]. Further supporting the central role of
bacterial LPS in persistent inflammation in PWH,
Negativicutes, that are also enriched in treated
HIV-infection, are unique among Firmicutes in
that they possess an outer membrane containing
LPS [29]. The overall increase of pro-
inflammatory bacteria at the expense of those
with anti-inflammatory/regulatory function in
the gut of PWH has also been proposed to be
predictive of cancer risk in PWH irrespective of
malignancy types [30], underlining long-term
consequences of microbial translocation.

Of the few studies with PWH that have explored
the translocated microbiome in the blood, thus
fragments of microbial origin that may not form
a whole organism but are sufficient to trigger
immune responses, constituent derived from

Gammaproteobacteria [31] or
Betaproteobacteria [32] were enriched in the
blood and associated with inflammation-related
proteins in the plasma. Of note, while blood
levels of sCD14 and LPS have been linked in many
studies to a higher burden of inflammation-
related non-communicable diseases such as
cardiovascular disease or liver disease, both
sCD14 and LPS did not always show an associa-
tion across studies when other measures such as
bacterial metabolites (e.g. SCFA) or markers for
enterocyte damage (e.g IFABP) did [33]. This
underlines the necessity and advantage of
measuring multiple indicators of microbial
translocation in the blood in order to understand
its effects and potential implications.

Intriguingly, the question of whether HIV
infection causes a dysbiosis of the gut microbi-
ome has been controversial. A microbiome study
of PWH that controlled for risk factors associated
with HIV acquisition, determined that microbi-
ome dysbiosis is predicted by the nadir CD4 * T-
cell count [34], concluding that a higher degree
of immune impairment, not HIV infection per se,
is what contributes to dysbiosis. On the other
hand, even HIV elite controllers, who are known
to naturally control virus replication and retain
high CD4 T cell counts for a prolonged period of
time, have also been reported to have an altered
composition of the gut microbiome [35, 36].
Thus, much remains to be clarified about the
exact nature, cause and mechanisms of the
changes in the gut microbiome of PWH and
whether these, are at all a direct consequence of
the viral infection. Nonetheless, the phenome-
non of microbial translocation and its involve-
ment in chronic immune activation and
inflammation in PWH is undisputed (Figure 1).
Therefore, there is a general interest in the field
of HIV research to identify methods that may
restore a balance in the gut microbiome and thus
help limit inflammation and immune activation in
PWH.

s N\
People without HIV ; People living with HIV
Gut microbiome imbalance
v A s \ 0] ‘Leaky gut”
Gut it Microbial translocation*
e —
Blood W ® Gut damage
_ markers in blood
Immune cell activation
Inflammation
\, J

Figure 1: Imbalance of the gut microbiome of people with HIV has often reported with an enrichment of proteobacteria, even among persons on

antiretrovirals. The loss of gut CD4 T cells and damage of gut epithelial cells, cause the so-called leaky gut. Under such conditions, microbial

products reach the circulation where they drive immune cell activation and systemic inflammation.

* Microbial translocation doesn’t necessarily imply the transfer of intact and living microbes, rather the transfer of microbial particles that are
recognized by immune cells and sufficient to trigger immune cell activation
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Interventions that aim to modulate the gut
microbiome in adults with HIV have explored
probiotics supplements, fecal microbiome
transplantation (FMT) and diet. In various
disease settings, probiotics administration in
humans have aimed to improve intestinal health
through the colonization of the gut by the
supplementation of beneficial bacteria,
supporting the production of antimicrobials, the
modulation of immune cells, and tropic effects
driving the production of metabolites such as
SCFAs. In PWH, randomized, double-blind
placebo-controlled trials have administered
Lactobacillus, Bifidobacterium or Saccharomyces
species. However, none of these studies
(reviewed in [37]) has shown an effect on gut
permeability endpoints or on T cell activation.
Randomized, double-blind placebo-controlled
trials employing a cocktail of Streptococcus
thermophiles, Bifidobacteria and Lactobacilli
species or other open-label single arm studies did
not either observe a convincing and consistent
beneficial effects of probiotics intake on systemic
measures of inflammation or microbial transloca-
tion [37-39]. In the PROMALTIA study, random-
ized administration of a mix containing prebi-
otics, Saccharomyces boulardii, omega-3/6 fatty
acids, and amino acids in ART-treated adults with
HIV showed no beneficial effect on T cell or
microbiome measures [40]. These many studies
underline the complexity of modulating the gut
microbiome. Based on the premise that large
quantitative input may matter, FMT was
introduced as a mean to provide a substantial
quantity of beneficial microbes. This approach
was however challenged by a limited engraft-
ment [41] or the lack of consistent changes on
the metagenomic composition [42]. Despite
these challenges, the ability of repeated FMT to
improve the gut microbiome structure (i.e.
increased diversity, higher abundance of
Lachnospiraceae) and to reduce systemic levels

microbial translocation in PWH

Indirect approaches to modify the gut microbi-
ome of PHW also evaluated lifestyle changes
such as diet. Diet high in fat and sugar is
generally known to change the composition of
the gut microbiome and to favor inflammation
[44]. A randomized controlled trial on Mediterra-
nean diet with walnuts and extra virgin olive oil
was found to be particularly effective among
persons with high adherence; with the high
adherence group showing improved lipid profiles
and higher abundance of Bifidobacterium [45].
Interventional studies on the effect of Mediterra-
nean diet in PWH are rare, but a substantial body
of evidence in the general population [46]
supports the idea that healthier dietary choices
could remodel the gut microbiome and reduce
inflammation in PWH. In fact, this may extend to
lifestyle choices such as exercise routines. A
recently published randomized control trial
assigning cardiorespiratory, resistance and
stretching training to self-reported sedentary
PWH for 6 months reported reduced body mass
index and an increase in gut microbial diversity
[47]. These results are positive, but studies on
the effect of exercise on the microbiome in the
general population have generally been
inconsistent with regards to diversity outcome
measures and microbial composition [48]. Thus,
it remains to be confirmed if and through which
mechanisms a more active lifestyle would benefit
the gut microbiome and microbial translocation
in PWH.

Overall, numerous studies have employed
different approaches in attempts to normalize
the gut microbiome and limit microbial translo-
cation in PWH. Across these various studies,
variability in factors such as the precise nature of
the intervention (e.g. Mediterranean diet is not
always administered in the same manner), the
duration of the intervention, the study outcomes
measures, heterogeneity across study partici-

between studies. In addition, questions that are
relevant to such research but have yet to be
answered include: does the degree of inflamma-
tion at the start of study matter? Are combined
strategies beneficial or even necessary? Which
outcome measures could provide reliable insight
into short or long-term effects? Future studies
prioritizing well-powered, randomized clinical
trials that combine microbiome interventions
with lifestyle strategies, use standardized
outcome measures will help understand how the
gut microbiome and microbial translocation may
be therapeutically targeted in PWH. Such an
integrated approach could potentially help
mitigate chronic inflammation and improve long-
term health outcomes in people with HIV.

PRACTICAL CONSIDERATIONS

Diagnosis: At present, microbiome-related
alterations are generally not part of routine
clinical measures. Building on diagnostics
measures that have been implemented in other
diseases affecting the gut, a sensible recommen-
dation is to measure blood levels of markers that
are indicative of damage of gut epithelia and
have consistently been associated with disease
or immune impairment in PWH. Although sCD14
by itself does not inform on gut damage,
combining blood measurements of both sCD14
and IFABP will indicate both gut damage and
systemic immune activation. The precise
threshold to pathological level is indicated by the
certified diagnostic assay. For instance, the
Institut fir Medizinische Diagnostik (IMD) Berlin-
Potsdam provides a threshold of 1827 pg/ml for
IFABP.

Treatment: At the moment, solid evidence
supporting clear therapeutics for people with HIV
is still lacking. A practical recommendation may
nonetheless include a healthy diet and lifestyle
as the absence of this (e.g. high fat diet) has been
shown to favor microbiome imbalance and a

of IFABP [43], suggest that FMT could remodel ) ) leaky gut
. . . o pants, are all factors that complicate comparison .
the gut microbiome and potentially help mitigate
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