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Aging With Grace for People Living With HIV: Strategies to
Overcome Leaky Gut and Cytomegalovirus Coinfection
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Abstract: The intestinal epithelial layer acts as a mechanical and
functional barrier between the intraluminal microbiota and the
immunologically active submucosa. A progressive loss of gut barrier
function (leaky gut) leads to enhanced translocation of microbial
products, which in turn contributes as endotoxins to inflammaging.
Th17 T cell represents the main immune sentinels in the gut
epithelium, preventing aggression from commensal and pathogenic
microbes. As HIV infection deeply affects gut Th17 function and
increases gut permeability, microbial translocation occurs at high
level in people living with HIV (PLWH) and has been associated
with the development of non-AIDS comorbidities. Although the
inflammatory role of endotoxins like lipopolysaccharide produced by
Gram-negative bacteria is well-established, fungal products such as
b-D-glucan emerge as new contributors. In addition, PLWH are
more frequently infected with cytomegalovirus (CMV) than the
general population. CMV infection is a well-described accelerator of
immune aging, through the induction of expansion of dysfunctional
CD8 T-cells as well as through enhancement of gut microbial
translocation. We critically review immune mechanisms related to
bacterial and fungal translocation, with a focus on the contribution of
CMV coinfection in PLWH. Improving gut barrier dysfunction,
microbial composition, and reducing microbial translocation consti-
tute emerging strategies for the prevention and treatment of HIV-

associated inflammation and may be relevant for age-related
inflammatory conditions.
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INTRODUCTION
First let’s quote Andrew Aitken Rooney, an acclaimed

journalist at CBS News program 60 Minutes who worked
until the age of 92: “It’s paradoxical that the idea of living a
long life appeals to everyone, but the idea of getting old
doesn’t appeal to anyone.” Such paradox may particularly be
relevant for people living with HIV (PLWH), as some age-
related diseases appear to be overrepresented and emerging
5–10 years earlier than in the general population.1 Several
factors contribute to the accelerated and/or earlier aging,
including a high prevalence of traditional risk factors such as
substance abuse, obesity, liver steatosis and hypertension,
antiretroviral drug long-term toxicity, and persistent inflam-
mation. In addition to HIV persistence and coinfections with
viruses such as cytomegalovirus (CMV), mucosal gut damage
through microbial translocation is a significant factor con-
tributing to inflammation even in long-term–treated PLWH.

MICROBIAL TRANSLOCATION: WHEN FUNGI
JOIN FORCE WITH BACTERIA

The gut barrier plays a complex role in allowing
nutrient absorption while preventing microbe translocation.
Gut epithelial damage and its consequential increased gut
permeability remain the Achilles heel of treated HIV
infection.2,3 On HIV infection, the interleukin (IL)-17-
producing CD4-helper cells (Th17) loss disrupts epithelial
integrity and contributes to the elevated passage of microbial
byproducts from the gut lumen into the systemic circulation,
referred to as microbial translocation.4 Persistent elevation of
Gram-negative bacterial cell wall antigen lipopolysaccharide
(LPS) in the circulation is a well-established trigger for innate
immune activation contributing to the “inflammaging” and
the development of non-AIDS comorbidity.5–9 First
demonstrated in monkey models infected with the simian
immunodeficiency virus (SIV), further studies showed that
SIV/HIV-associated gut damage was associated with micro-
bial translocation of LPS in PLWH.3,10–12

Microbial translocation research mainly focuses on
bacteria community. However, fungi constitute the second
microbial population in the composition of stool microbiota.
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Fungi and bacteria encounter each other in various niches of
the human body, including in the gut. Locally they can
interact with 1 another and influence directly or indirectly the
host response.

Fungi such as Saccharomyces cerevisiae, Malassezia
restricta, and Candida albicans represent the second largest
community in stools in the general population, including
PLWH.13,14 Like LPS for bacteria, (1/3)-b- D-glucan
(BDG) is considered as the main cell wall component of most
fungi and used as a biomarker for diagnosing and managing
invasive fungal infection.15 The Fungitell assay, a modified
version of the limulus amoebocyte lysate assay specifically
detecting BDG is used in clinics and research to quantify
microbial translocation of fungal products.16 In absence of
invasive fungal infection, BDG plasma levels have been
evaluated as a possible fungal translocation marker in PLWH.16

We and others have reported an association between
epithelial gut damage and elevation of plasma BDG levels in
PLWH. In addition to correlations with LPS levels, plasma
BDG levels were associated with marker of gut damage
intestinal fatty acid binding protein and marker of gut
permeability regenerating islet-derived protein 3 a.5,17,18

These findings suggest that BDG is originating from the
gut.16 Moreover, BDG levels were associated with inflam-
mation markers, including proinflammatory cytokines,
markers of myeloid cell activation, neopterin levels, and
tryptophan metabolism in PLWH.5,16,19,20 Although the
association of BDG with gut damage and microbial
translocation–associated inflammation were found by sev-
eral studies in PLWH, the gut origin of these fungal products
remain correlative. Strategies used in animal models to con-
firm the gut origin of translocation LPS in SIV-infected
macaques could be used in future studies.3,11

BDG AS A MARKER OF FUNGAL TRANSLOCA-
TION, NON-AIDS COMORBIDITIES, AND AGING

IN PLWH
To validate BDG as a marker of fungal translocation,

we have assessed whether oral uptake of BDG present in food
such as oatmeal, mushrooms, and seaweed can influence
BDG plasma levels. In collaboration with Hoenigl et al,21 a
clinical trial was implemented to evaluate the effect of oral
intake of BDG-rich food in a controlled environment. This
study included participants with advanced hepatitis C
virus–associated liver cirrhosis, a condition known to be
linked with severe epithelial gut damage, antiretroviral ther-
apy (ART) treated or not PLWH, and uninfected age-matched
controls. Up to 8 hours after a standardized BDG-rich food
intake, no changes in plasma BDG levels could be detected.

To further assess food intake and diurnal influence on
BDG plasma levels, we assessed their variation every 4 hours
over 24 hours in 11 male ART-treated PLWH.22 BDG levels
remained stable over 24 hours. However, as observed in mice
models,23 LPS plasma levels increased after lunch and dinner
and decreased during the night.

These 2 experiments support the premise that translocated
BDG originates only from gastrointestinal fungal communities
rather than from food intake.

Association of microbial translocation with risk of
developing non-AIDS comorbidities has been linked with
induction of inflammation. Although LPS levels are rarely used
as markers of non-AIDS comorbidities, we and others have
established that BDG levels are associated with non-AIDS
comorbidities including cognitive function, metabolic and
cardiovascular diseases, as well as all-cause mortality.5,16,19,24–29

Hoenigl et al performed a large cross-sectional analysis
of 451 PLWH receiving ART for more than a decade, to
assess the merit of several biomarkers associated with non-
AIDS events and death. Among several markers of inflam-
mations and coagulation, BDG mean plasma level was the
second-best marker after soluble urokinase plasminogen
activator receptor, a marker of T cell and monocyte activation
in association with risks of non-AIDS comorbidity.30

We also cross-sectionally evaluated BDG and LPS plasma
levels in 93 ART-treated PLWH and 52 uninfected controls with
similar age and no apparent risk factors for cardiovascular
disease.29 All participants underwent a cardiac computed
tomography to measure total coronary atherosclerotic plaque
volume. We showed an association between plasma BDG
levels, but not LPS, and the size of coronary atherosclerosis
plaque, independently of age, sex, and other typical cardiovas-
cular risk factors. Interestingly, although associated with plaque
volume, BDG levels were similar between ART-treated PLWH
and uninfected controls. Importantly, BDG levels were more
strongly associated with coronary plaque prevalence than age,
smoking habits, hypertension, obesity, and statin usage.29

Another study showed that 2 years after ART initiation,
BDG levels were associated with total body fat accumulation,
a potential marker of metabolic syndrome.24

Moreover, association between fungal translocation and
neurocognition was assessed by the Global Deficit Score in
61 ART-treated PLWH. Investigators observed that BDG
elevation was associated with lower neurocognition function,
independently of CD4 T-cell count.25

Microbial translocation markers, including LPS, have been
shown to be elevated in older PLWH.31 Although several
confounding factors could exist such as difference in treatment
history and comorbidities, these findings suggest that microbial
translocation and inflammation may be linked with aging in
PLWH.32 Fungal translocation measured by the BDG plasma level
is now a validated marker of inflammation and non-AIDS
comorbidities, likely contributing to accelerated aging of PLWH.
However, current observations rely only on cross-sectional studies
indicating associations not causation between microbial trans-
location and aging. Moreover, studies are warranted to identify
the mechanism by which microbial translocation of BDG triggers
non-AIDS comorbidity development. Improving gut epithelial
damage and targeted strategies to reduce levels or inflammatory
effect of microbial translocation in PLWH and in persons having
colitis or diabetes with gut epithelial damage represent an important
research agenda.33

LATENT BY NOT SILENT CMV COINFECTION IN
PLWH RECEIVING ART

Human CMV, a member of the Herpesviridae family, is
ubiquitous worldwide and persists forever in its host. In elderly
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persons, low CD4/CD8 T-cell ratio, elevated CMV-specific T-cell
response, and anti-CMV immunoglobulin G (IgG) levels have
been largely linked with adverse health outcomes in large
epidemiological studies.34 However, a meta-analysis of 5 studies
could not associate CMV infection with all-cause and cardiovas-
cular mortality in more than 10,000 elderly people in Northern
Europe.35 Nevertheless, CMV infection, through induction of
inflammation, is believed to participate in immune aging,
including decreased response to vaccine.36,37

In immunocompetent individuals, CMV infects monocytes
and establishes latency in a small subset of pluripotent CD34+

hematopoietic stem cells in the bone marrow.38 In parallel to a
true latent stage, asymptomatic CMV reactivation also occurs and
spreads in various tissues, including in epithelial cells from the
gastrointestinal tract. Those frequent episodes of asymptomatic
reactivation, triggered by biological stress, bias the immune
response toward a control of CMV replication, a process referred
as memory inflation.39 As such, decades after CMV primary
infection, up to half of the total pool of effector memory CD4 and
CD8 T cells targets CMV antigens.40 These CMV-specific T cells
exhibit signs of hypofunction including senescence markers, such
as shortened telomeres, decreased expression of fitness markers
CD27 and CD28, and increased expression of senescence marker
CD57.41 As in other chronic viral infections, higher levels of anti-
CMV–specific IgG reflect the B-cell response to episodes of re-
activation.42,43 By skewing the immune system and persistently
stimulating immune cells, CMV contributes to the inflammaging
and notably a decreased response to vaccines.36

In PLWH, CMV seropositivity is almost universal and
enhances HIV-induced immune activation, further contributing to
non-AIDS comorbidities. While remaining asymptomatic, CMV
shedding is frequently detected in the blood and the genital tract
of PLWH and has been associated with T-cell immune activation
and a decreased CD4/CD8 T-cell ratio, a marker associated with
non-AIDS comorbidities and decreased response to vaccines in
this population.36,43,44 Moreover, anti-CMV IgG levels were
associated with CD4 T-cell count decay in HIV elite controllers,
further suggesting a role for CMV in HIV disease progres-
sion.45,46 Interestingly, Hunt et al showed that valganciclovir
treatment decreased CD4 and CD8 T-cell activation in PLWH.
Although valganciclovir is not a CMV-specific inhibitor, these
results highlight the inflammatory role of CMV in PLWH.

As CMV coinfection has been linked with persisting
inflammation, 1 can hypothesize that CMV would be
associated with increase non-AIDS comorbidities in ART-
treated PLWH. Indeed, several studies found that CMV-
seropositive PLWH, or those with CMV DNA detectable in
blood or bodily fluids, had increased risk of inflammatory,
metabolic, or cardiovascular diseases.44,47–55 As observed in
the general population, CMV seems associated with lower
response to vaccines in PLWH, although large randomized
controlled trials are required to confirm such observation.36

In parallel, De Francesco et al56 showed that CMV
coinfection is 1 of the factors associated with advanced aging
in ART-treated PLWH compared with uninfected people with
similar lifestyle. Such findings rely on cross-sectional obser-
vations and should be confirmed in large prospective studies.
CMV infection is believed to promote aging through
induction of inflammation in PLWH.

CMV AS A NEW PLAYER IN GUT
MICROBIAL TRANSLOCATION

As discussed above, damages to the gastrointestinal
epithelial gut barrier and subsequent translocation of micro-
bial products into the circulation constitute hallmarks of HIV
infection and are partially improved with ART.3,9

The gastrointestinal tract constitutes both a major site of
CMV disease (esophageal and colon ulcers) in immunocompro-
mised hosts and a site of viral persistence.57,58 Damage to the gut
epithelium is a hallmark of HIV infection leading to increased gut
permeability, microbial translocation, and inflammation.3,59 Pre-
cise mechanisms responsible for elevated epithelial permeability
are not fully understood, and these damages only partially
improve with ART, raising the possible role of CMV.60,61 Indeed,
CMV infection has been shown to further contribute to
inflammation through epithelial gut damage.17,43,57 In ART-
treated PLWH, CMV detection in gut biopsies was associated
with a disrupted epithelial barrier and decreased zonula
occludens-1 (ZO-1) expression, a marker of tight junctions.57

Moreover, in vitro, CMV infection of gut epithelial cell lines led
to a decrease in tight junction protein expression. Importantly,
when CMV-infected tissues were treated in vitro with letermovir,
a novel anti-CMV agent, tissue integrity was restored.57 These
findings were confirmed in PLWH receiving valganciclovir, an
antiherpes treatment blocking CMV replication: After treatment,
CMV protein expression was decreased and tight junction
expression restored in gut biopsies of ART-treated participants.57

We provided clinical evidence of the detrimental effect of
CMV on the gut by showing in a cross-sectional study that
CMV seropositivity was associated with elevated CD8 T-cell
counts and lower CD4/CD8 ratio, higher plasma levels of gut
damage markers (intestinal fatty-acid binding protein), and
microbial translocation (LPS and BDG) in both PLWH and
also in HIV-uninfected participants.43 In addition, markers of gut
integrity were linked to proinflammatory cytokines (CXCL13,
IL-6, and IL-8) in PLWH. Conversely to levels of anti-EBV
IgG, only anti-CMV IgG levels correlated with gut damage/
microbial translocation markers, suggesting that CMV is an
additional driver of the gut epithelial damage in PLWH.

The influence of CMV-related microbial translocation on
aging and risk of non-AIDS comorbidity is poorly studied.
Nevertheless, as CMV-related microbial translocation plays a
role in persisting inflammation, we can infer that it plays a role
in aging and increased risks of non-AIDS comorbidity and aging
in ART-treated PLWH (Fig. 1).62 Studies aiming at inhibiting
CMV replication with novel drugs such as letermovir
(NCT04840199) will help addressing this hypothesis.

GUT MICROBIOTA COMPOSITION: POSSIBLE
INFLUENCE OF LATENT CMV

The gut microbiota composition contributes to the
development and modulation of the local and systemic immune
response, either directly or through microbial byproducts like
small-chain fatty acids such as acetate, propionate, and buty-
rate.63 Conversely, systemic immune response can also influence
composition of gut microbiota. The gut microbiota composition
has been shown to differ in PLWH, even those on stable ART,
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compared with control, independently of age, sex, or sexual
practice. Moreover, gut microbiota composition has been
associated with increased risk of non-AIDS comorbidities.64

As CMV predominantly infects the gut mucosa and induces
local inflammation, CMV infection may participate in modifi-
cations of the gut microbial composition. Conversely, disruption
of the gut microbiota composition could play a role in promoting
CMV reactivation in PLWH. Gianella et al65 examined colon
biopsies from both PLWH CMV-seropositive and CMV-
seronegative individuals and reported on a lower relative
abundance of Actinobacteria in those coinfected with HIV and
CMV. The clinical significance on inflammation, aging, and risk
of non-AIDS comorbidity of such early findings should be
further explored.66,67 Fecal microbiota transplant studies could
also inform on the influence of the gut microbiota on CMV
replication in the gut.33

CONCLUSIONS
Mechanistic, epidemiologic, and clinical evidence

indicate that CMV infection contributes to epithelial gut
damage and enhanced bacterial and fungal translocations.
For PLWH and HIV-uninfected people, subclinical CMV
replication in the gut and its influence on microbial
translocation is increasingly recognized. As CMV infection
is associated with higher levels of inflammatory cytokines,
the long-term companionship between CMV infection and
treated HIV infection represents a double jeopardy to the
health of PLWH. Such CMV-HIV coinfection mimics
several aspects of the immune response observed in aging,
probably contributing to an accelerated or earlier aging in
PLWH. Such important observations constitute the ratio-
nale for the implementation of clinical trials using anti-
CMV medication such as letermovir and anti-CMV vac-
cines to prevent infection and reduce gut damage and

microbial translocation in PLWH, aiming at improving
their long-term outcomes.
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