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The gastrointestinal mucosa is critical for maintaining the integrity and functions of the gut. Disruption of this
barrier is a hallmark and a risk factor for many intestinal and chronic inflammatory diseases. Inflammatory
bowel disease (IBD) and HIV infection are characterized by microbial translocation and systemic inflammation.
Despite the clinical overlaps betweenHIV and IBD, significant differences exist such as the severity of gut damage
andmechanisms of immune cell homeostasis. Studies have supported the role ofmetabolic activation of immune
cells in promoting chronic inflammation in HIV and IBD. This inflammatory response persists in HIV+ persons
even after long-term virologic suppression by antiretroviral therapy (ART). Here, we review gut dysfunction
and microbiota changes during HIV infection and IBD, and discuss how this may induce metabolic
reprogramming of monocytes, macrophages and T cells to impact disease outcomes. Drawing from parallels
with IBD, we highlight how factors such as lipopolysaccharides, residual viral replication, and extracellular vesi-
cles activate biochemical pathways that regulate immunometabolic processes essential for HIV persistence and
non-AIDS metabolic comorbidities. This review highlights new mechanisms and support for the use of
immunometabolic-based therapeutics towards HIV remission/cure, and treatment of metabolic diseases.
This is an open access article under the CC BY-NC-ND license. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Approximately 37million people are currently livingwith HIV infec-
tion globally, with about 21.7 million receiving antiretroviral treatment
(ART) [1]. The use of ART has greatly reduced the incidence of AIDS-
related morbidity and mortality with most HIV-infected individuals
having nearly normal life expectancy [2]. However, ART does not erad-
icate HIV [3]. People living with HIV, even after suppressive ART, expe-
rience high incidence of non-AIDS associated comorbidities, including
cardiovascular disease (CVD), frailty, and osteoporosis, liver and kidney
disease, andnon-AIDS-associated cancers [2,4–7]. Chronic immuneacti-
vation and inflammation have been identified as the most common risk
factor underlying these co-morbidities [8–10]. Chronic inflammation
during suppressive ART is multi-factorial, with microbial translocation
through the gut barrier being a significant contributor [7].

The gastrointestinal (GI) tract is themajor site of HIV replication and
persistence of the HIV reservoir [11,12], with early events following HIV
infection resulting in rapid loss of GImucosal integrity. These alterations
lead to an increase in GI permeability and translocation of microbial
products from the gut lumen across the damagedmucosa into the circu-
lation leading to chronic systemic inflammation [7]. The significance of
gut microbiota and gut integrity in HIV pathogenesis is underpinned by
clinical trials showing that daily probiotic supplementation to ART-
naïve HIV+ persons, decreased immune cell activation, lowered levels
of serum inflammatory markers [13], and reduced microbial transloca-
tion [14]. The benefitswere recapitulated in ART-suppressed HIV+per-
sons [15], highlighting the potential beneficial effects of some probiotic
species in modulating GI disorders and impacting HIV disease progres-
sion. However, a lack of understanding of the underlying molecular
and biochemical pathways mediating chronic immune activation and
inflammation in HIV+ persons precludes the discovery of novel and
more specific therapeutics to eradicate gut-resident HIV-reservoir
cells, and prevent non-AIDS associated comorbidities.

The causes for the “leaky gut syndrome” aremultifactorial and in this
review, we will showcase how lessons learnt from HIV and inflamma-
tory bowel diseases (IBD) can enable greater understanding of etiology
and mechanisms of gut dysfunction in each condition. We will also
highlight how IBD itself is a potentially serious non-modifiable risk fac-
tor for the development of non-AIDS co-morbidities.
1.1. Microbial dysbiosis “the Achilles heel” of “leaky gut” associated
syndromes

The complex intestinal ecosystem is comprised of trillions of bac-
teria performing crucial homeostatic functions [16]. Several lines of
evidence have implicated alterations in the intestinal microbiota
(dysbiosis) to infectious diseases and metabolic disorders such as
HIV infection, obesity, and CVD, elegantly reviewed by Godfrey and
colleagues [7]. In the context of HIV, disease progression is strongly
associated with changes in the enteric microbiota and systemic ab-
normalities, a concept described as a “two-way street” [17]. This vi-
cious pathological cycle exacerbates HIV-associated immune
activation and inflammation [18]. Based on observations regarding
the beneficial effects of restoring gut microbial homeostasis and im-
mune functions in metabolic disorders and HIV, deciphering the pre-
cise molecular mechanisms is paramount.
The composition of gut bacteria varies significantly between HIV+
ART-suppressed, and HIV uninfected persons [19]. However, there is
no consensus about specific bacterial diversity at genus or species
level [19]. In clinical studies, several factors could act as confounders, af-
fecting the reliability of microbiome data including: sampling differ-
ences such as mucosal versus luminal, lack of standardization in
sample collection and analysis, and biological effect of diet, medications
and geographic location [19]. Additionally, ART regimens, MSM (men
who have sex with men) versus heterosexual males [20], level of im-
mune activation and CD4 T cell recovery status on ART [21], as well as
the use of Truvada (emtricitabine, tenofovir disoproxil fumarate) as
HIV pre-exposure prophylaxis (PreP) in HIV-negative persons [22]
have profound effects on the gut microbiome. Notwithstanding, an in-
crease in members of the genus Prevotella in HIV+ versus HIV-
negative healthy controls has been reported [18,21,23]. At the biochem-
ical level, enrichment of Lactobacillales in HIV+ persons may result in
catabolism of tryptophan to indole-3-aldehyde by way of the
tryptophan-metabolizing enzyme indoleamine 2,3-dioxygenase (IDO)
[24]. This could create a vicious cycle linking dysbiosis with activation
of the kynurenine/IDO pathway and pro-inflammatory cytokine pro-
duction. It could further lead to a loss of Th17 cells from the gutmucosa,
further compromising the integrity of the GI tract [25]. A similar in-
crease in Proteobacteria [26] and Actinetobacteria and a decrease in
Firmicutes has been reported in IBD, as well as an increased expression
of IDO in intestinal biopsies [27]. Interestingly, microbial dysbiosis did
not promote disease progression in simian immunodeficiency virus
(SIV)-infected macaques [28], highlighting the importance of being
aware of model-specific outcomes when trying to understand the
mechanism of diseases in humans.

Immune cells themselves also regulate tryptophan biogenesis. In
this regard, LPS-conditioned dendritic cells induce IDO isoforms that
preferentially induceNF-κB inflammatory pathway,whichmay contrib-
ute to an immunosuppressive gut environment [29,30]. Similar immu-
nosuppressive and tolerogenic response has been described in
macrophages over-expressing IDO via Interleukin-32 (IL-32) and Toll-
like receptor 9 (TLR9) stimulation [31,32].
1.2. Short chain fatty acid: pathways to targeted therapies

Dysbiosis is characterized by an increase in the number of patho-
genic microbes relative to the useful commensal microflora [33].
These changes contribute to diminished levels of anti-inflammatory
short chain fatty acids (SCFAs) such as butyrate. Such SCFAs are pro-
duced by fermentation of dietary fiber by commensal bacteria contrib-
uting to improving gut homeostasis and barrier integrity. SCFAs can
restore gut barrier function [34], andmay explain someof the protective
effects of probiotics and prebiotics in several inflammatory conditions
including HIV [35–37]. Seminal work by Arpaia et al. has demonstrated
the role of microbial metabolites in restoring intestinal anti-
inflammatory regulatory T cells (Treg cells) populations in mouse
models [38]. Butyrate promoted gut-associated anti-inflammatory
Tregs,while propionate led to their de novo production through histone
deacetylase (HDAC) inhibition [38]. In IBD, SCFAs are significantly re-
duced and supplementationwith Lactobacillus strains improved intesti-
nal inflammation and gut barrier function [39]. Similarly, HIV+ persons
on ART with increased gut Lactobacillales showed reduced microbial
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translocation and increased CD4 T cells [40]. It remains to be established
how exactly gut microbiota and the associated metabolites mechanisti-
cally influence the intestinal barrier and the consequent inflammation
in distinctive diseases including IBD and HIV. However, SCFAs like buty-
rate, can be transported into immune cells to fuel mitochondrial metab-
olism and ATP synthesis, in order to maintain an oxidative anti-
inflammatory state. In the case of probiotic supplementation, butyrate
may dampen inflammation by suppressing glycolysis in immune cells
(discussed below), while promoting synthesis of antimicrobial mole-
cules by macrophages (Fig. 1A), as previously reviewed [7,41].
1.3. Monocyte driven inflammation underlies HIV pathology and associated
age-related comorbidities

During HIV infection, there is persistent low-level inflammation and
immune activation that leads to disease progression and the risk of se-
rious non-AIDS comorbidities [42]. Monocyte activation is associated
with all-cause risk of mortality in HIV+ persons on ART. Several
works have shown that HIV infection is associated with monocytes
and macrophages exhibiting Warburg-like features [43]. This Warburg
effect is characterized by increased glycolysis and lactate production
in the presence of physiological concentrations of oxygen (aerobic gly-
colysis). It also corresponds to a situation where glycolytic enzymes
and substrates regulate immune cell activation and inflammatory
states, beyond their metabolic roles [44]. This may also represent the
metabolic basis of immunosenescence and immune cell aging [45]. It
could also contribute to the development of non-AIDS co-morbidities
such as CVD, HIV-associated neurocognitive disorder (HAND), osteopo-
rosis and frailty [6,46–51]. This immune activation and inflammatory
state is characterized by increased circulating levels of IL-6, soluble
CD14 (sCD14) and sCD163 even after suppressive ART [10].
Fig. 1.Model showing potential inflammatory and immunometabolic consequences of gut barr
gut enhances fermentation of dietary fiber to short chain fatty acids which have anti-inflamm
metabolism (B). Damaged epithelial cells facilitate translocation of bacterial and fungal produc
and the inflammatory environment may cause low levels of HIV transcription and release o
cells (B). The activation of monocytes/macrophages may increase the demand of glucose facili
by recruited monocytes and pro-inflammatory M1-like macrophages results in increased pro
observed in HIV+ people. Figures designed using image stocks from nice-consultants.com.
1.4. Microbial translocation in health and disease: Insights into gastrointes-
tinal and systemic inflammation

Gut barrier dysfunction increases bacterial extracellular vesicles
(EV)-associated LPS and other LPS products in IBD and HIV+ persons
[52,53]. This scenario reveals a complex interplay of factors in both
IBD and HIV that would potentiate and aggravate the pathogenesis of
both diseases. Thus, HIV-mediated immune deficiency could compro-
mise the host's ability to clear LPS in IBD, whereas pre-existing IBD
could heighten inflammation and recruitment of HIV target cells, in ad-
dition to the other pleiotropic effects of microbial translocation in both
settings.

Besides LPS products increased fungal colonization of the gut during
HIV infection represents another significant contributor to inflamma-
tion in HIV. Plasma levels of the fungal polysaccharide (1→ 3)-β-D-glu-
can (β-DG) are elevated in long-term ART treated HIV+ persons and
correlates with gut damage, bacterial translocation, immune activation,
and inflammation [54]. Monocytes exposed to fungal β-glucans un-
dergo metabolic reprogramming, leading to ‘trained immunity’ charac-
terized by an enhanced proinflammatory status upon secondary
stimulation [55]. Thus β-DG presents an important immunometabolic
regulator in HIV and a potential therapeutic target to limit development
of non-AIDS associated comorbidities [54].

1.5. Mechanisms of gut barrier breach

There is evidence that HIV infection breaches the gut barrier in away
similar to IBD. Indeed expression of junctional complex proteins,
claudin 1, cadherin, and Zonula occludens protein 1 (ZO-1), in gut was
significantly downregulated in gut biopsies fromHIV+personswith in-
complete CD4 T cell recovery [56]. In these persons, increased infiltra-
tion of CD8 T cells, rapid depletion of CD4 T cells, oxidative stress and
ier dysfunction in HIV infection. In HIV-negative persons the presence of Firmicutes in the
atory functions as well as promoting break down of glucose and fatty acid via oxidative
ts across the intestinal lumen through the epithelial cells and into the blood stream. ROS
f pro-glycolytic/inflammatory extracellular vesicles (EVs) by metabolically active CD4 T
tated by increased Glucose Transporter 1 (Glut1) expression. High glycolytic metabolism
duction of cytokines such as IL-6 and TNF which contribute to the chronic inflammation

http://nice-consultants.com
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release of TNF, IL-2 and IL-4 was associated with GI damage and intesti-
nal permeability through disruption of tight junctions [57,58] and
enterocyte apoptosis [59]. It remains unclear how HIV itself may partic-
ipate in gut barrier dysfunction and immune cell trafficking in inflamed
gut submucosa. However, Kanmogne and colleagues reported that in
the brain, exposure of epithelial cells to HIV envelope glycoprotein
gp120 disrupted the tight junctions and enhanced monocyte transmi-
gration across the blood-brain barrier [60]. The common ontogeny of
epithelial cells despite their anatomical location could allow for a possi-
ble extrapolation of this phenomenon tomucosal tight junctions during
HIV infection.

Whilst HIV and IBD share some similarities, differences exist such as
the area of the intestine affected and the degree to which disruption is
manifested. For example, Crohn's disease and ulcerative colitis have
profound damage and ulceration. In contrast, studies in ART-naive HIV
+ persons, with late-stage HIV infection showed only mild-to-moder-
ate enteritis or colitis in the duodenum and jejunum. Further, CD4 T
cell loss was more pronounced in the small (duodenum, jejunum, and
ileum) versus large (colon) intestine of untreated HIV+ persons [61].

1.6. The role of Th17 cells in HIV infection and IBD

A balance between the effector and regulatory functions of Th17 and
Tregs is important in maintaining gut barrier integrity and functions
[62]. IL-17, secreted by Th17 cells increases the expression of tight junc-
tion proteins claudin-1 and claudin-2 essential for maintaining gut in-
tegrity and inhibiting bacterial translocation [63]. Conversely, separate
studies showed that Th17 cells are severely depleted and functionally
impaired during HIV infection thereby triggering mucosal barrier dam-
age andmicrobial translocation [64]. This could be due to the fact that a
significant proportion of Th17 cells express CCR5, a HIV co-receptor
[65].

It should be noted that the depletion of Th17 cells is common in both
HIV infection and IBD, although in the latter there is a differential upreg-
ulation of cytokine secretion (IL-17, IL-22) [66]. At a glance, Th17 effec-
tor functions appear to be more important in regulating HIV-mediated
gut barrier dysfunction than in IBD with both diseases acting as inde-
pendent predisposing or aggravating risk factors. Therefore, exploration
of the role of Th17 dynamics in the context of HIV infection, IBD and gas-
trointestinal repair would yield interesting pathophysiological insights
upon which novel therapies may be developed to improve gut
functions.

1.7. Microbial effectors of “Leaky gut” pathogenesis: the role of LPS-
mediated signaling on monocyte activation and systemic inflammation

LPS is an integral component of the bacterial structure released upon
bacterial lysis and death [67] and can activate monocytes and macro-
phages by binding to circulating plasma lipopolysaccharide binding
protein (LBP), which initiates a metabolic signaling cascade to produce
inflammatory molecules (Fig. 2).

Notably, gut residentmacrophages can exhibit an anergic phenotype
to inflammatory cues as they do not express CD14 co-receptor for LPS
and may have impaired production of inflammatory cytokines. This
phenotype is ideal for an environmentwith constant exposure tomicro-
bial flora as previously reviewed [68]. However, during gut barrier dys-
function as observed during HIV infection and IBD, this inflammatory
landscape changes considerably due to the recruitment and accumula-
tion of activated blood monocytes in the lamina propria [68] and as ob-
served during HIV infection and IBD [61,69].

In IBD there is increased recruitment of blood monocytes to the gut,
which is associated with an upregulation of monocyte-targeted
chemokines (MCP-1, CCL2, CCL4) by endothelial cells. This leads to mi-
gration of monocytes to the inflamed intestinal tissue amplifying the in-
flammatory cascade. Furthermore, upregulation of various ligands
including P-selectin glycoprotein ligand-1 (PSLG-1), P-selectin, CD34,
and VCAM-1 has been observed, and could promotemonocyte extrava-
sation into the ileal mucosa [70,71]. Monocyte-derived macrophages
are more reactive compared to their gut resident counterparts and
have increased secretion of pro-inflammatory cytokines, such as TNF,
IL-1 and IL-6, IL-23 [69,72]. Metabolically active monocytes such as
those expressing high levels of glucose transporter 1 (Glut1) [73] may
be preferentially recruited to the adipose tissues and gut of HIV+ per-
sons creating a vicious inflammatory cycle [7] (Fig. 1 B).

Kamada et al. found a unique highly pro-inflammatory intestinal
macrophage subset in Crohn's disease patients [69]. Despite the
dogma that intestinal macrophages are devoid of CD14 receptor, this
distinctive subset expresses both typical macrophage (CD14, CD33,
CD68) and dendritic cell markers (CD205, CD209) [69]. These cells
also secrete pro-inflammatory cytokines, such as IL-23, IL-6 and TNF.
The increase in IL-23 shifts the balance in favor of IFN-γ secretion
from lamina propria mononuclear cells (LPMCs) instead of IL-17,
which further heightens abnormal macrophage differentiation and in-
testinal inflammation in individuals with Crohn's disease [69]. IL-23
has also been implicated as the central regulator for the expansion of
Th17 cells expressing CD4 that secrete pro-inflammatory cytokines
like IL-17α, IL-22, IFN-γ. The increase in Th17 cells in individuals with
IBD is induced by IL-23, which is secreted by lamina propria macro-
phages [74,75]. In contrast to IBD, HIV is characterized by a pathological
loss of Th17 cells and their full function is not achieved even with viro-
logic suppression on ART.

The expression profile and phenotype of intestinal macrophages are
similar in HIV infection and IBD, implying that both diseases could have
overlapping pathophysiological changes (Table 1).

In the context of HIV, Cassol and colleagues observed an increased
secretion of IL-18, IFN-γ, CCL2, TNF receptor associated factor (TRAF6)
and IL-12Rβ1 as well as an increase in CD14 macrophages in colons of
HIV+ persons [61]. These data are similar to those from Kamada et al.
in persons with Crohn's disease [69]. Similarly, an increased mucosal
enrichment of macrophages was observed in the jejunal lamina propria
of primaryHIV+patients compared to HIV-uninfected controls. This in-
creased traffickingwas associated with elevated levels of integrin β7 on
monocytes, a gut-homing molecule that supports monocyte gut
infiltration [90].

1.8. Metabolic reprogramming regulates monocyte/macrophage activation
and inflammation

1.8.1. Regulators of metabolic reprogramming
All immune cells utilize glucose in order to produce energy tomount

an effective immune response against pathogens [107–109]. Glucose is
metabolized via two major pathways; oxidative phosphorylation
(oxphos), which takes place in the mitochondria to produce maximal
amount of ATP, and glycolysis, which occurs in the cytosol and produces
less ATP. Aerobic glycolysis produces precursors of protein, lipid, and
nucleotide synthesis that are needed by activated and rapidly proliferat-
ing cells [110,111].

The key event that marks metabolic reprogramming of LPS-
stimulated macrophages is the overexpression of Glut1, the major glu-
cose transporter that supports an increase in glycolytic flux [112].
Freemerman and others have shown that macrophages with increased
expression of Glut1 secrete higher levels of TNF, IL-6, and CXCL2
representing a hyperinflammatory state [113]. LPS-mediated signaling
in macrophages initiates a metabolic switch from oxphos to glycolysis,
similar to the ‘Warburg effect’ [114], which has been shown to be de-
pendent on NAD+ salvage pathway to maintain NAD+ pools [115].

Like activated monocytes, macrophages of the M1-like pro-
inflammatory phenotype have a glycolytic signature, while M2-like
macrophages, responsible for producing anti-inflammatory cytokines,
rely mostly on oxidative metabolism and beta oxidation of fatty acids
to generate ATP [107,116]. Blocking oxidativemetabolismhas been suc-
cessful at abrogating theM2-like phenotype and increasing the number



Fig. 2. Keymechanisms ofmonocyte/macrophage activation and potential therapeutic interventions. Activation ofmonocytes andmacrophages bymay bemediated by interactionswith
TLRs. TLR4 engagement for example induces activation of the PI3K/Akt/mTOR axis and increases glutamine metabolism promoting pro-inflammatory cytokines and toxic nitric oxide
production. Also indicated are potential points to therapeutically limit inflammation by repurposing currently available metabolic drugs used to treat cancers. Figures designed using
image stocks from nice-consultants.com.

526 J. Alzahrani et al. / EBioMedicine 46 (2019) 522–531
ofM1-likemacrophages in bonemarrowderivedmacrophages andmu-
rinemodels [116,117]. Since themetabolic status of macrophages intri-
cately connects their inflammatory and developmental status, it is
conceivable that new macrophage nomenclature may be considered
based on their biochemical imprints to better distinguish their func-
tional phenotypes.

Glycolytic influx is also essential for maintaining morphological
changes in macrophages that are required for phagocytosis upon LPS
stimulation. Venter et al. have shown that a low level of extracellular
glucose was required for remodeling of cytoskeleton in M1-like macro-
phages [118]. These studies suggest that metabolic reprogramming of
macrophages is a key event that has both metabolic and non-
metabolic consequences on macrophage function.

1.8.2. Metabolic reprogramming in IBD and HIV infection
In amurinemodel of IBD, a Glut1 conditional knockout in CD4 T cells

led to a reduction in disease progression with a less pro-inflammatory
cytokine profile. Since Glut1 deletion caused failure of immune cells to
increase glucose metabolism, this could have led to abrogation of the
inflammatory response [119]. Recent studies reviewed by Venegas
et al. have found that metabolism of butyrate, a SCFA, is impaired in in-
flamed mucosa of IBD patients [120]. Defects in butyrate oxidation
could be related to multiple mechanisms, with suggestions that upreg-
ulation of Glut1 causes a switch from butyrate to glucose oxidation. This
leads to impairment of cellular homeostasis and suppression of the anti-
growth action of butyrate. Such a scenario would cause damage to
colonocytes and worsen the pathology of IBD by supporting glycolysis
and increasing inflammation [121].

The activation of monocytes during HIV infection is accompanied by
increased aerobic glycolysis, mediated by increased cell surface expres-
sion of Glut1, elevated glucose uptake, and enhanced lactate production
even in the presence of sufficient oxygen. High glycolyticmetabolismby
monocytes is essential for the production of pro-inflammatory cyto-
kines such as IL-6 and TNF [122,123]. Therefore, expression ofmetabolic
regulators such as Glut1 on monocytes may be explored as a potential
marker of immune activation and inflammation in people with chronic
inflammatory diseases such as IBD andHIV. This is supported by studies

http://nice-consultants.com


Table 1
Comparison of immunopathological changes in HIV and inflammatory bowel disease.

Marker HIV IBD

Disruption of tight junctions,
Villous atrophy

YES [76,77] YES [78,79]

Microbial translocation ↑LBP, ↑LPS, ↓EndoCAb
[80–82]

↑LBP, ↑EndoCAb, ʘ LPS
[83,84]

Inflammasome activation YES [85,86] YES [87,88]
Increased
Monocyte/Macrophage
infiltration in gut

YES [82,89,90] YES [72,91,92]

Increase in CD38+ HLA-DR+
CD4+ T cells

YES [93,94] YES [83]

Immunometabolic
disturbances in T cells

↑Glut1, ↑HIF-1α,
↑glycolysis in CD4 T cells
↓Mitochondrial
respiration in T cells
↑Glycolysis in
HIV-infected CD4 cells
[95–99]

No data

Immunometabolic
disturbances in
monocytes/macrophages

↑Glut1 on monocytes
[73]
↑Oxphos and
glutaminolysis [100]

No data

Increased secretion of
inflammatory cytokines
(IL-1, IL-6, TNF. IFN-γ)

YES [76] Yes [61,69]

Th17/Tregs ↓Th17 cells, ↓IL-17a
[64,101]

↑Th17 cells, IL-17a,
IL-21, IL-22
↓Tregs [102–104]

Alteration in the microbiome
community

↑Proteobacteria,
Prevotella ↓Firmicutes,
Bacteroides [18,105]

↑Proteobacteria,
Actinobacteria
↓Firmicutes [26,106]

Probiotics improve gut
function

↓ Microbial translocation,
↑CD4 + cells [40]

Improve gut barrier
dysfunction and
inflammation [39]

YES indicates that the change is uniformly observed, ↑, ↓ indicates upregulation or down-
regulation of a particular factor only, ʘ indicates levels unchanged compared to control
population.
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where Glut1 is significantly upregulated in both ART-treated and un-
treated HIV+ persons and is associated with CVD risk [73,124].

1.8.3. LPS reprograms monocyte and macrophage metabolism from oxphos
towards glycolysis

Higher levels of L-lactate secretion are observed in activated mono-
cytes in vitro by LPS and IFN-γ. In activatedmonocytes, the amount of L-
lactate secreted due to glycolytic metabolism is higher in the inflamma-
tory intermediate monocyte subset than in other monocyte subpopula-
tions, suggesting that intermediate monocyte inflammatory responses
are driven by glycolytic metabolism [122]. Therefore, we propose a
model in which gut microbial translocation results in increased level
of bacterial products such as LPS in the blood. In turn, LPS induces acti-
vation of monocytes and macrophages mediated by increases in Glut1
expression and glycolysis, thus promoting pro-inflammatory cytokine
synthesis critical for the development of age-associated comorbidities
in HIV+ persons [122,125]. Important in this model is the imbalance
of good and bad bacteria such as reduced Firmicutes, essential for the
production of anti-inflammatory SCFAs, which helps tomaintain gut in-
tegrity (Fig. 1A).

Modulation of glucose, lipid and glutamine metabolism are emerg-
ing as promising therapeutic approaches to alleviate the impact of in-
flammatory diseases, such as HIV and IBD [123,126,127]. The increase
inmetabolism is a characteristic feature ofmonocytes during a rapid ac-
tivation period that is regulated at least in part by the PI3K/Akt/mTOR
axis and glutamine-metabolizing enzymes such as glutaminase. There-
fore, normalization of overactive metabolic activity of monocytes and
macrophages by therapeutic targeting of these pathways presents po-
tential to treat existing inflammatory conditions or develop prophylac-
tic treatments for patients at higher risk of leaky gut syndrome and gut
inflammation (Fig. 2).
Of note, not all data support this hypothesis. One study foundhuman
peripheral blood monocyte-derived macrophages activated with LPS
did not undergo metabolic reprogramming towards glycolysis, but in-
stead exhibited an oxidative phenotype. By contrast, mouse bone
marrow-derived macrophages challenged with LPS showed increased
glycolysis and reduced oxidative phosphorylation. It may be argued
that human cells andmurine cells have significant biological differences
[128]. Regardless, it emphasizes that caution should be taken when
interpreting metabolic data from animal models, or different cell types
due to intrinsic physiological differences.

1.9. Other factors driving metabolic reprogramming and inflammation in
immune cells in HIV+ persons

Besides LPS, other factorsmay inducemonocyte andmacrophage ac-
tivation and metabolic reprogramming. HIV proteins such as viral-
protein-r (vpr) produced during residual replication, may inducemeta-
bolic switch in HIV-1 infected macrophages from oxphos towards gly-
colysis through hypoxia-inducible factor 1 (HIF-1α) and peroxisome
proliferator-activated receptor gamma (PPARγ)-dependent mecha-
nisms. These metabolic effects may be manifested by pronounced glu-
cose uptake and elevation of critical glycolytic enzymes in infected
macrophages [129] and dysregulated systemic lipid metabolism [130].
Metabolic activation of macrophages by HIV may cause accumulation
of α-ketoglutarate and glutamine, suggesting a compensatory mecha-
nism to fuel the tricarboxylic acid cycle (TCA) cycle and ATP production
via oxphos [108].

Type 1 and II Interferons within the microenvironment may impact
activation and glycolysis in macrophages [131,132]. Indeed, IFN-γ
through activation of the JAK (Janus tyrosine kinase)-STAT-1 (Signal
Transducer and Activator of Transcription 1) induces a robust glycolytic
response while reducing oxphos in M1-like pro-inflammatory macro-
phages [132].

Apart from soluble factors, extracellular vesicles (EVs) have been
shown to be potential key players in HIV disease pathogenesis. HIV-
infected CD4 T cells release pro-glycolytic EVs, which induce cytokine
secretion from bystander lymphocytes and macrophages [97]. Thus
the coordinated actions of immune cell metabolic reprogramming and
EVs may participate in inflammatory responses that underlie
immunometabolic-related sequels in HIV infection [97].

In ART-treated HIV+ persons, the treatment regimen itself may also
affect immune cellular metabolism and function due to mitochondrial
impairment. In fact CD4 T cells exposed to integrase inhibitors
dolutegravir or elvitegravir exhibit reduced functions [96]. Finally, it
has been shown that in HIV+ persons opportunistic pathogens, such
as cytomegalovirus (CMV), can disrupt epithelial junctions, which sig-
nificantly impairs gut barrier and potentiate chronic inflammation
[133].

1.10. Immunometabolism offers promising opportunities towards HIV
remission and cure

Compelling evidence shows that immune cell metabolism underlies
mechanisms essential for HIV persistence and inflammation in ART-
treated HIV+ persons. A specific plasmametabolic/metabolomic signa-
ture is associated with the natural control of HIV infection. Compared to
HIV persistent controllers, patients who lost their ability to naturally
control HIV without ART have a plasma metabolomic profile enriched
with glycolytic intermediates implying disturbances in oxidative me-
tabolism and mitochondrial functions [134]. Systemic lipid dysregula-
tion is also associated with HIV-specific T-cell responses that are
important for viral control in untreated HIV infection [134].

Similar immune cellular metabolic changes are associated with CD4
T cell activation, HIV replication and HIV reservoir seeding
[97,99,135,136,142]. Indeed, ROS-mediated HIF1-α signaling induces
metabolic reprogramming and residual HIV replication in HIV-infected
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CD4 T cells. Further, extracellular vesicle release from metabolically-
stressed CD4T cellsmay release their cargo to uninfected recipientmac-
rophages and T cells to induce a glycolytic phenotype that increases HIV
infectivity [97,99]. Such immune cell metabolic dysregulation is also
linked to T cell exhaustion and reduced functionality [137].

Promising strategies to rewire or re-polarize cells towards their nor-
mal metabolic status include use of mTOR inhibitors (e.g rapamycin
clinical trialNCT02440789) [123], and AMPK activators (e.g metformin)
[138] to regain immune functions [139]. mTOR inhibitors may also sup-
press reactivation of HIV, a strategy called “lock and block” [140,141] or
reduce proliferation of HIV reservoir cells to “starve the reservoir” [123].
Other emerging metabolic targets include Glutaminase (GLS1 and
GLS2) that catalyze the conversion of glutamine to glutamate, and glu-
tamate dehydrogenase that converts glutamate to α-ketoglutarate
[108,142]. This anaplerotic reaction drives production of mitochondrial
ATP as a compensatory energy-producing pathway in glycolytic T cells
and macrophages. Indeed, glutamine/glutamate represents a major en-
ergy source for survivingHIV-infectedmacrophages, and inhibiting glu-
taminase activitywith bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)
ethyl sulfide (BPTES) or benzylserine caused death of these latently in-
fected cells [100].

Such interventions may also be adaptable to repolarize pro-
inflammatory glycolytic-M1 macrophages towards an anti- oxidative
M2 phenotype as promising therapies to treat and prevent metabolic-
mediated non-AIDS co-morbidities.

2. Conclusion

Here we bring together evidence to support a model by which in-
creased intestinal permeability and microbial translocation instigate a
peripheral pro-glycolytic inflammatory environment in both HIV and
IBD. These diseases share several commonalities, of which disruption
of the intestinal tight junction, inflammation and immune cellular met-
abolic reprogramming are hallmarks. However, while these similarities
exist, there are unique differences in terms of the genera and species of
themicrobial population, andmechanisms of immune cell homeostasis.
in the gut.

Compromised gut barrier andmetabolic remodeling of immune cells
may also play a central role in the pathophysiology of obesity, cancer
and aging diseases related to, or independent of HIV infection [6,7,43].
Beyond implication for HIV cure [100,125,126] and treating non-AIDS
comorbidities [7,73,123], the emergence of immunometabolism pro-
vides genuine opportunities for novel biomarker discoveries, and thera-
peutic approaches to manage inflammatory, and metabolic-mediated
non-communicable diseases.

Outstanding questions

There are significant gaps in our knowledge on how fundamental
biochemical processes in gut endothelial and immune cells are affected
in HIV infection and how this influences reservoir persistence in the gut.
To bridge this knowledge gap, it is important to decipher whether gut
barrier dysfunction and its inflammatory consequences in HIV infection
are the results of perturbed cellular mechanisms or whether altered
processes are simply the manifestation of infection. How does pre-
existence of IBD orHIV affect the risk of acquisition of the other and clin-
ical progression? A better fundamental understanding of these aspects
will improve diagnosis and long-term management of patients.

Search strategy and selection criteria

Content for this review were obtained through PubMed search
and Google Scholar using the search terms “HIV leaky gut” “IBD
leaky gut” “macrophage metabolism” “monocyte metabolism”
“Immunometabolism IBD” “HIV inflammation” “IBD inflammation”
“HIV immunometabolism” “Metabolism HIV cure”. To obtain up-to-
date scientific evidencewe placed preferences for articles published be-
tween 2014 and 2019, except where seminal articles were relevant.
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