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HIV infection is associated with dramatic alterations in enteric bacteria, but little is known about other
microbiome components. In this issue of Cell Host & Microbe, studies by Monaco et al. (2016) and Handley
et al. (2016) reveal an under-appreciated role of the enteric virome in HIV-associated gastroenteritis and

pathogenesis.

The profound influence of the enteric
microbiome—the collection of bacteria,
viruses, archaea, and fungi that inhabit
the gut—on varied aspects of our health
is becoming increasingly clear. Under-
standing the influence of the enteric
microbiome on the health of individuals
infected with HIV has become a very
active area of research, in part because
HIV-infected individuals have higher rates
of many diseases linked to alterations in
the gut microbiome of non HIV-infected
subjects, including dyslipidemia, cardio-
vascular disease, and chronic inflamma-
tion. Translocation of bacteria and their
products such as LPS from the gut,
driven by massive depletion of CD4+
T cells in the gut-associated lymphoid tis-
sue (GALT), is also thought to be a major
driver of immune activation and HIV
disease progression (Brenchley et al,
2006). Although dramatic differences in
the enteric bacterial microbiome that
occur in HIV-infected humans have been
reported now by several research groups
(Lozupone et al., 2014), little to no atten-
tion has been given to other important
components of the microbiome, including
viruses, fungi, and other microbial eukary-
otes. Furthermore, studies of the enteric
microbiome of HIV-infected individuals
have been dominated by studies con-
ducted in the United States or Europe,
with relatively little attention given to the
regions most impacted by HIV, including
Sub-Saharan Africa. In this issue of
Cell Host & Microbe, two papers from
the Virgin laboratory further expand our
knowledge of differences in the enteric
microbiome that occur with Ientiviral
infection, including both bacterial and
viral components. First, Monaco et al.
(2016) demonstrate that alterations in the

enteric virome and bacteria microbiome
are associated with progressive immuno-
deficiency in an understudied population
of HIV-infected subjects living in Sub-Sa-
haran Africa (Uganda). Second, Handley
et al. (2016) expand upon the results of a
previous study also conducted in the Vir-
gin laboratory (Handley et al., 2012) that
identified a link between SIV infection,
the enteric virome, and disease by evalu-
ation of longitudinally collected samples
in macaques who were or were not pro-
tected from SIV infection with successful
vaccination. These papers together reveal
a potentially under-appreciated role of the
enteric virome in HIV-associated gastro-
enteritis and disease pathogenesis, and
critical information on bacterial micro-
biome relationships with HIV infection in
a Sub-Saharan African population.

The enteric virome is usually dominated
by bacteriophage, with viruses that target
eukaryotic cells typically a minor compo-
nent. Eukaryotic host cell targeting vi-
ruses, however, have the potential to be
particularly important for HIV/SIV patho-
genesis because of their involvement in
gastroenteritis and colitis. Viral popula-
tions have been far less often evaluated
in studies exploring associations be-
tween the enteric microbiome and dis-
ease compared to bacteria. A previous
cross-sectional study conducted in ma-
caques in the Virgin lab had demonstrated
that SIV infection of macaques was asso-
ciated with the expansion of eukaryotic
cell-targeting enteric viruses, and that ad-
enoviruses co-localized with damaged
gut epithelial cells in necropsied intes-
tinal tissue, indicating a potential role for
promoting gastroenteritis and bacterial
translocation (Figure 1) (Handley et al.,
2012). Monaco et al. now study the enteric
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virome of HIV-infected humans, and
consistent with SIV-infected macaques,
a significant expansion of the virome,
including adenovirus, was observed.
Together these studies shed light on the
role of HIV disease progression and
severity on the expansion of the enteric
virome. The longitudinal studies conduct-
ed by Handley et al. allowed for the
assessment of microbiome change over
the course of disease progression, and
also in animals that succumbed to
AIDS. In Monaco et al., the HIV-infected
population included individuals over a
broad range of disease severity. These
studies of humans and macaques share
the observation that virome expansion,
particularly of those viruses that also
associated with Gl disease, was greatly
pronounced with AIDS compared to
chronic (clinically latent) lentiviral infec-
tion. Taken together, these results sug-
gest a role for the virome in progression
to AIDS, but not necessarily in increased
inflammation and gut permeability that
occurs in chronic untreated infection or
in populations on successful ART.
Monaco et al. also use next-generation
sequencing to report the adult HIV-asso-
ciated microbiome in Sub-Saharan Africa,
rather than in the United States or Europe
as done in previous studies. Performing
HIV/microbiome research in Sub-Saharan
Africa is crucial because of a high disease
burden in those regions, and because
strong baseline gut microbiome differ-
ences between regions, particularly in
agrarian populations compared to those
with Western diets, may lead to different
responses to HIV (Yatsunenko et al.,
2012). Also, the demographics of individ-
uals infected with HIV differs substantially
across populations, with transmission
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Figure 1. Expansion of the Enteric Virome Contributes to HIV/SIV Disease Progression

HIV infection leads to massive depletion of CD4+ T cells in the gut-associated lymphoid tissue (GALT) and
is associated with gastrointestinal (Gl) damage and disease. The current studies show that severe im-
munodeficiency caused by HIV/SIV infection is linked with expansion of the viral component of the gut
microbiome. Enteric viruses may contribute to further GI damage and HIV/SIV disease progression by

direct infection of cells along the Gl tract.

among men who have sex with men
(MSM) and intravenous drug users being
common in most populations in the U.S.
and Europe, and heterosexual trans-
mission being dominant in Sub-Saharan
Africa.

Similar to their results for the virome,
Monaco et al. found the most dramatic
HIV-associated bacterial microbiome
differences in subjects with CD4+ T
numbers < 200 cells/pL. These individuals
had significantly decreased bacterial rich-
ness compared to subjects with CD4+
T cell numbers > 200 cells/puL. Most prior
studies of the HIV-associated gut micro-
biome had included few individuals with
AIDS, but studies conducted in Europe
that have included individuals with CD4+
T cell counts < 200 had a consistent result
of reduced alpha diversity (Noguera-
Julian et al., 2016; Nowak et al., 2015).

Perhaps the most surprising finding of
this work, however, is the lack of a pro-
nounced difference in enteric bacteria
composition in HIV-infected subjects
with CD4+ T cell numbers > 200 cells/uL
in individuals in Uganda. This finding is
in stark contrast to studies of the enteric
bacterial microbiome in the U.S. and
Europe, which have reported substantial
differences in the bacterial microbiome
in HIV-infected subjects with CD4+ T cell

numbers > 200 cells/uL and in those on
successful ART. A likely cause of this dif-
ference is revealed by a recent study that
found that sexual behavior (MSM), and
not HIV status, explained the strong differ-
ences in bacterial composition that had
been previously associated with HIV sta-
tus by several research groups. Most
notably, an increase in the bacterial genus
Prevotella and decrease in Bacteroides in
HIV-infected individuals was associated
with MSM populations independently of
HIV status (Noguera-Julian et al., 2016).
The Ugandan cohort studied by Monaco
et al. was greater than 60% female, indi-
cating that transmission in this cohort
was dominated by heterosexual activity,
and accordingly, no changes in Prevotella
and Bacteroides were found. Further-
more, even an MSM-associated micro-
biome would likely be less pronounced
in a Ugandan population, because studies
of HIV-negative individuals from Sub-Sa-
haran Africa have shown high frequency
of an MSM-resembling Prevotella-rich
and Bacteroides-poor microbiome type,
independent of sexual behavior or HIV
status. These findings highlight the impor-
tance of performing studies in diverse
populations of HIV-infected subjects and
in including proper control populations
for sexual behavior.

Before the emergence of these more
recent papers, it appeared that SIV infec-
tion of macaques was driving distinc-
tive and less pronounced microbiome
changes than HIV infection of humans,
which raised the question of how well
macaques model the human population.
The observation of little to no bacterial
microbiome differences in the absence
of severe disease in SlV-infected ma-
caques reported here by Handley et al.
was consistent with these previous
studies of macaques (although it may
be important to note that more pro-
nounced bacterial microbiome changes
have also been observed in macaques
in the acute phase of infection [Glavan
et al., 2015], which was not evaluated
by Handley et al.). Although the results
of human and macaque studies may be
more consistent than had been previ-
ously thought, in terms of a lack of a
very pronounced phenotype, it is also
important to note that all of these studies
have used feces to evaluate microbiome
composition. Human studies that have
evaluated microbiome changes with HIV
using both feces and mucosal biopsies
from the same individuals have shown
more pronounced bacterial microbiome
phenotypes in the biopsies, and particu-
larly in the terminal ileum (Mutlu et al.,
2014), which presumably would be less
likely to be affected by MSM behavior.
Furthermore, mucosal biopsies allow for
the examination of microbes that are
most closely associated with the immune
system. Unfortunately, studies that have
evaluated biopsies have suffered the
limitation of not controlling for sexual
behavior. Evaluating bacterial micro-
biome and virome using biopsies in hu-
man studies that are controlled for MSM
sexual behavior will be an important
future direction. Also, the DNA-based
shotgun metagenomic sequencing per-
formed in these studies does not evaluate
RNA viruses, and detailed analyses of
enteric fungi (the mycobiome) and other
microbial eukaryotes using next-genera-
tion sequencing have not yet been
done. Evaluation of the complete micro-
biome in properly controlled cohorts will
help to further our understanding of the
degree to which the enteric microbiome
is altered with HIV. This knowledge,
coupled with detailed mechanistic
follow-up studies, will reveal the degree
to which the enteric microbiome may
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