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ILCs Innate lymphoid cells
ILFs Isolated Lymphoid Follicles
JE Junctional epithelium
LPS Lipopolysaccharide
MALT Mucosa-associated lymphoid tissue
MHC Major Histocompatibility Complex
MIF Migration Inhibitory Factor
MS Multiple Sclerosis
mTOR Mammalian Target of Rapamycin
mTORC1 Mammalian Target of Rapamycin complex 1
MV Measles Virus
NETs Neutrophil Extracellular Traps
NK Natural killer
NLRP3 NLR family pyrin domain containing 3
NO Nitric Oxide
Nrf2 Nuclear Factor erythroid-derived 2
OAA Oxaloacetate
OXPHOS Oxidative Phosphorylation
PAMPs PathogenAssociated Molecular Patterns
PDK1 Phosphoinositide-Dependent Kinase 1
PFK1 Phosphofructokinase 1
PGE2 Prostaglandin E2
PI3K Phosphoinositide-3 Kinase
pIgA Polymeric Immunoglobulin A
pIgR Polymeric immunoglobulin receptor
PIP3 Phosphatidylinositol-3,4,5-Trisphosphate
PKM2 Pyruvate Kinase M2
PPARδ Peroxisome Proliferator-Activated Receptor Gamma
PPP Pentose Phosphate Pathway
PPs Peyer’s Patches
PRRs Pattern Recognition Receptors
ROS Reactive Oxygen Species
SARS-CoV-2 Respiratory Syndrome Coronavirus 2
SH2 Src Homology 2
TAC Tricarboxylic Acid Cycle
TGF-β Transforming growth factor-β
Th T helper
TLRs Toll-like receptors
Tr1 Type 1 Regulatory T cells
Tregs Regulatory T cells
TRMs Tissue-Resident Macrophages
UTIs Urinary tract infections
α-KG α-Ketoglutarate
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1 Barrier Tissues as Major Sites for Pathogen Entrance

Barrier tissues are in close contact with the external environment and exposed to
a variety of antigens. These sites are endowed with characteristics that differen-
tiate them from the other tissues due to their protective mechanisms against external
agents. Such functions place the barrier tissues as the first line of host response to
changes in homeostasis, including skin, oral cavity, respiratory, genitourinary and
gastrointestinal tracts. Since these sites are highly exposed to environmental antigens,
commensal microbes and pathogens, a selective barrier is crucial to limit the entry
of external contents to the organism. The firewall mechanisms include cells and their
products that act physically or actively to protect the organism. Besides, the barrier-
associated immune systempromotes effective immune surveillance, preventing exac-
erbated inflammatory responses, as well as tolerating commensal and innocuous
antigens [8]. Next, we describe the barrier components that contribute to tissue-
specific immunity and how episodes of infection could influence the metabolic
reprogramming of immune cells.

The different tissues comprising the host barriers share structural components
such as epithelial cells connected by tight junctions controlling tissue permeability,
antimicrobial peptide-secreting cells, antibody-secreting B cells and other special-
ized epithelial cells supporting the chemical barrier. Also, a full network of immune
cells covering mononuclear phagocytes, innate and adaptive lymphocytes, is in
charge of monitoring the barriers. According to the organization of such compo-
nents, the mucosal tissues are classified into two types: I and II (Table 1). Type I
mucosal surfaces are covered by a single columnar epithelium, as seen in the small
and large intestine, pseudostratified epithelia of the respiratory tract and the female
upper reproductive tract. Common features comprise mucus-secreting goblet cells
and polymeric immunoglobulin receptor (pIgR) expression at the basolateral surface.
The pIgR binds to polymeric Immunoglobulin A (pIgA) secreted by plasma cells and
releases the secretory IgA into the lumen. Hence, IgA is the main protective antibody
in type I mucosal surfaces and contributes to the immune firewall by neutralizing

Table 1 Immune composition of barrier tissues and products that assist in the defense of the host

Components Type I mucosa Type II mucosa

Tissues Intestine, respiratory tract, upper
female reproductive tract

Vagina, eyes, mouth

Epithelia Simple columnar Stratified squamous

Mucus source Goblet cells Epithelial cells

IgA transport Present Absent

Major antibody isotype Secretory IgA Absent

Submucosa cells DCs, macrophages, memory
lymphocyte

Sparse network of DCs,
macrophages, rare lymphocytes

Abbreviations Ig, Immunoglobulin; MALT, Mucosa Associated Lymphoid Tissues; DCs, dendritic
cells
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toxins and microbial-associated antigens [45]. Innate and adaptive immune cells in
the type I mucosal tissues are classically found in the mucosa-associated lymphoid
tissue (MALT), while type II mucosal surfaces are characterized by sparse clusters
of immune cells in the submucosa. Type II mucosal surfaces, including the lower
female reproductive tract, eyes and mouth, are characterized by a protective strati-
fied squamous epithelial layer (keratinocytes), which shares many features with the
skin. However, type II mucosal surfaces are protected by mucous and usually do
not undergo terminal cornification. Also, the absence of pIgR in keratinocytes from
stratified epithelial impairs IgA secretion into the lumen. Therefore, IgG is the main
antibody found on the type IImucosa [44]. Despite the similarities among the firewall
mechanisms, each barrier has unique characteristics providing the immune tone of
tissue-specific responses, as depicted below.

1.1 Skin Barrier

In order to prevent physical insults and pathogen entrance, the body is covered by
a keratinized stratified epithelium comprising the epidermis and dermis. Immuno-
competent cells are located in both compartments, and the dead cells compose the
stratum corneum that forms the outermost layer protecting the skin from injuries and
infection. The skin surface holds a variety of microbial communities that shapes the
immunological tone of the tissue [7, 69]. By controlling the expression of innate
immune components by keratinocytes, e. g. cathelicidins, β-defensins and other
antimicrobial peptides (AMPs), the skin-resident microbiota protects the host from
the colonization by pathogenic species [32, 66]. Also, the skin commensals modu-
late the production of IL-17A and IFN-γ by local T cells that are involved in both
host defense and inflammatory diseases [68, 69]. Through the expression of Toll-like
receptors (TLRs), keratinocytes favor the differentiation of CD4 T lymphocytes to
the T helper (Th) 1 profile and the production of interferons (IFNs), IL-1β, IL-18
and IL-6 that coordinate leukocyte traffic to the skin [60]. A specialized subset of
mononuclear phagocyte, the Langerhans cells, projects the dendrites towards the
outermost layers to uptake antigens and stimulate the adaptive immune response. In
the dermis, mast cells store large amounts of substances in granules, such as catheli-
cidins, histamine and proteinases, that contribute to resident dendritic cell maturation
and the immune dialogue with T cells [94].

1.2 Airway Barrier

Human lungs consume up to 11, 500L of air each day, therefore exposed to an
enormous amount of particulates, as dust, smoke, pollution, pollen and aerosols
[86]. The immune system associated with the airways ensures that inappropriate
responses are not initiated against such particulate innocuous antigens, preventing
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tissue damage and inflammatory disorders [5, 86]. However, lung immunity also
needs to be effective due to the massive surface of the epithelial area in contract
with the environment and the intimate association of an extensive blood capillaries
network, which turns the respiratory tract into a major portal for pathogen entrance.

The continuous rhythmic movements of the cilia and constant production of a thin
mucous layer by goblet cells afford the first barrier protection by trapping airborne
particles and removing them out of the lung. The immune system associated with
the respiratory tract consists of a specialized network of lung-resident innate cells,
comprising epithelial cells, macrophages, dendritic cells and innate lymphoid cells
(mostly from type 1 and 2 subsets), interacting with local stromal cells. Alveolar
macrophages (AMs) are thought to account for 90–95% of lung immune cells during
homeostatic conditions and are critical for the phagocytosis of invading microor-
ganisms and also for the production of transforming growth factor-β (TGF-β) to
maintain the homeostasis [5, 110]. AMs also phagocytes particulate matter, dying
cells and cellular debris, limiting lung inflammation and promoting tissue repair after
the clearance of infection. In addition to TGF-β, retinoic acid metabolized by AMs
can convert naïve or activated T cells into regulatory T cells [96], crucial to control
immune responses against lung disease. Pathogens that evade the aforementioned
innate mechanisms of immunity require the activation of T cell subsets for the ulti-
mate control of infection, and DCs are crucial for stimulation and differentiation
of specialized T cell subsets. In this context, surveillance of the lung environment
and uptake of foreign airborne particles are controlled by lung-resident bronchial,
interstitial, and alveolar macrophages, as well as by conventional, plasmacytoid, and
monocyte-derived dendritic cells.

1.3 Urinary Tract Barrier

The urinary tract consists of the kidneys, bladder, ureters and urethra, and, except
for the urethra, most of it is considered to be a sterile microenvironment. In addi-
tion to the anatomical barrier and mucus layer [36], as protective mechanisms, the
urinary tract has soluble components secreted in the urine, such as the glycoprotein
plaque uroplatins, which protect against microbial colonization. [109]. Also, epithe-
lial and immune cells residing in the urinary tract reinforce protection against infec-
tions that, in the urinary tract, are mainly caused by intestinal microorganisms. The
epithelial cells secrete several soluble components, such as the cytokines IL-1, IL-6
[95] and IL-8 [67], promoting the enrollment of phagocytes to the bladder or kidney
[2], uromodulin prevents interactions between pathogens and epithelial cells and
antimicrobial factors inhibit microbial growth, e. g. neutrophil gelatinase-associated
lipocalin, AMPs, and pentraxins. In the early stage of urinary tract infections (UTIs),
neutrophils are recruited into the bladder to promote the bacterial clearance [38].
Resident macrophages in the bladder act as sentinels secreting the chemokines such
as CXC-chemokine ligand 1 and 2 andmacrophagemigration inhibitory factor (MIF)
to recruit and stimulates transepithelial movement of neutrophils and other immune
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cells to combat the pathogens [88]. Mast cells also play a pivotal sentinel role during
UTIs, due to the release of pre-stored proinflammatory mediators such as TNF,
histamine and several chemokines [1]. During the resolution phase of infection, mast
cells secrete IL-10 that have been associated with the regeneration of the bladder
epithelium [17]. Of note, while the innate cells of the urinary tract are highly reac-
tive in the presence of microbes, the adaptive immunity, particularly in the bladder,
tends to be limited. In the context of adaptive immunity, the arrival of the infectious
agent in the kidneys leads to the production of specific antibodies but a robust acti-
vation of adaptive immunity is not seen in the bladder [55, 79]. The limited ability
of the bladder-associated immune system to become activated and differentiate into
memory cells could be a main cause for the return of UTIs, which may be linked to
the increase of local IL-10 production by mast cells.

1.4 Oral and Intestinal Barriers

The oral mucosa is lined by non-keratinized stratified squamous epithelia, while
regions with mechanical stimulation or mastication injury have a protective layer of
keratin. The junctional epithelium (JE) that lines the teeth is an extremely vulner-
able site in the oral barrier. The JE connection to the tooth is highly permeable to
the passage of fluid containing host protective factors, including plasma proteins,
cytokines, immunoglobulins, and cells. Notably, the neutrophils are the main cells
recruited to the gingival crevice and form a “defense wall” in the subgingival biofilm.
[22]. In parallel, the gingival mononuclear phagocyte set comprises a complex
network of DCs, macrophages, and recruited monocytes. Particularly, macrophages
mediate the main antimicrobial functions at the gingiva but can also participate in
healing and continuous tissue repair [57]. In the gingiva, also reside innate lymphoid
cells (ILC), natural killer (NK) cells, B cells and T helper 17 (Th17) cells. Recently, it
has been demonstrated that Th17 cells in the gingiva increase with age in response to
local damage from chewing. [26]. IL-17 produced by Th17 cells is crucial for innate
antimicrobial defense mechanisms, such as β-defensin 3, crucial for oral antifungal
immunity. In addition to immune cells, saliva also comprises a plethora of antimi-
crobial agents, such as immunoglobulins, lysozyme, lactoferrin and peroxidases
[42].

Moving forward towards the gastrointestinal tract, the intestine is specifically
adapted to support (1) the colonization of commensal microorganisms, essential
to promote the digestion and absorption of dietary nutrients, (2) tolerance towards
innocuous environmental antigens and (3) immunity against infectious challenges.
Notably, the gut epithelial and immune cells detect the microbiota components and
its metabolites to maintain the tone of the tissue-specific immune response (Fig. 1).
The primary firewall preventing pathogen and pathobiont invasion in the gut is the
mucus layer. Ranging from a thin to a thick layer along the gastrointestinal mucosa,
this multi-component structure integrates an intricated network of mucin glycopro-
teins along with the presence of AMPs and neutralizing IgA antibodies. Underneath
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Fig. 1 The intestinal barrier comprises physical, chemical and active structures. The physical
barrier includes the epithelium and a mucus layer. Along with epithelial cells, other cell subtypes
contribute to the defense of the mucosa. The antimicrobial peptides and the immunoglobulin A
(IgA) provide chemical strength to prevent the pathogen invasion and the host immune cells act as
an active barrier, controlling the homeostasis and responding to invading microorganisms

the mucus layer, the intestinal lamina propria is covered by an epithelial cell mono-
layer. The intestinal epithelium is organized into crypts and villi, being the crypt
compartment organized as invagination in the underlying lamina propria and respon-
sible for the epithelium regeneration and microbicidal activity by AMPs-producing
Paneth cells [76]. Among the enterocytes, which recognizes and respond to micro-
bial components via pattern recognition receptors, several other cell subsets with
immunological properties are found in the epithelial layer, including goblet cells
(mucus producers), intraepithelial lymphocytes, DCs, macrophages, Paneth cells,
Microfold (M) cells (transport of luminal particles), enteroendocrine cells (hormone
producers) and tuft cells (initiation of type 2 immunity) [33, 106]. The crosstalk
between this immunological compartment and the MALT is crucial for the full
activation of gut immunity.

In the intestine, the MALT is named as gut-associated lymphoid tissue (GALT)
and comprises subepithelial lymphoid aggregates, such as Peyer’s patches (PPs) and
isolated lymphoid follicles (ILFs). DCs, T and B cells in the GALT, immediately
beneath the follicle-associated epithelium, are exposed to luminal antigens trans-
ported by M cells [76]. Specialized subsets of CD103-expressing DCs in the lamina
propria and PPs produce high levels of IL-10, TGF-β and retinoic acid, therefore
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promoting the differentiation of regulatory T cells and the expression of gut-homing
molecules CCR9 and α4β7 on activated lymphocytes [48, 64]. The regulatory T cells
induced in the gut mucosa are essential for the tolerance towards environmental anti-
gens and commensal microbiota. In contrast, lower concentrations of TGF-β, and
IL-6 in the mesenteric milieu induce the differentiation of Th17 cells [114]. Both,
Th17 and regulatory T cells are the canonical responses in the gut mucosa shaped by
the resident microbiota and its metabolites, such as short chain fatty acids [49, 50].
In contrast to the immunomodulatory effects of the regulatory T cells, the IL-17A
produced by Th17 cells acts on intestinal epithelium to promote barrier function.
In addition, together with IL-17F, IL-21, IL-22, TNF-α, IL-17 is critical in control-
ling extracellular infections. Th17 and regulatory T cells can also be converted into
follicular T helper cells that support intestinal IgA production [40, 103]. Recently,
adipose tissue depots adjacent to the intestine, particularly the mesentery, have been
described as an important reservoir for memory T cells activated towards intestinal
antigens [37]. As discussed later in this chapter, the adipose tissue provides a unique
environment for the long-term survival of memory T cells that undergo metabolic
reprogramming. In this context, the interplay between the metabolites, microbiota,
epithelial and immune cells is critical to shaping the tissue-specific responses during
homeostasis and in the face of infectious challenges. The disruption of this fine-
tuned balance directly impacts the canonical pathways of the gut immune response
and defines the outcome of infection and inflammatory diseases.

2 Consequences of Infection for the Tissue Immune
Homeostasis

As described previously in this chapter, the barrier-associated immune system is
endowed with tissue-specific mechanisms to ensure immunity, tolerance towards
innocuous challenges and protection against tissue injury. However, defined
pathogens can escape the firewall mechanisms and disrupt the tissue homeostasis,
initiating infection and inflammatory process. Success in combating infectious
disease consists of activating an innate immune response to prevent the growth of
pathogens, induce an inflammatory response and promote the generation of adap-
tive immunity. However, pathogens are able to modulate the immune response to
ensure their survival, which usually promotes a decrease in the tolerogenic response
and increases the pro-inflammatory profile in the barrier tissues. For instance, years
ago, several studies demonstrated that the protozoa Leishmania spp. has developed
mechanisms to subvert macrophage killing through the modification of host cytokine
expression such as IL-1 and TNF-α, downmodulation of major histocompatibility
complex (MHC)class I and II by IFN-γ and reductionofROSproduction [15, 23, 81].

Not only protozoan but also several other pathogens are capable of subverting
macrophage or neutrophil microbicidal function, including bacteria and fungi. In the
urogenital tract, for instance, the uropathogenic Escherichia coli has been shown
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to suppress NF-κB activation in urothelial cells, decreasing cytokine secretion and
increasing apoptosis [10, 43]. Salmonella typhimurium infection by the oral route
impairs the adaptive immune response by promoting MHC class II ubiquitination in
infected DCs, decreasing antigen presentation to CD4 T cells, and favoring bacterial
survival [56]. Fungal species such asCandida spp. are part of themicrobiome, but are
considered pathobionts. Of these species,C. albicans is the most relevant, promoting
oral thrush and vulvovaginal candidiasis. Neutrophils and macrophages have a rele-
vant role in controlling mucosal fungal infections. However, studies have shown that
C. albicans could escape neutrophils (NETose) and extracellular neutrophil traps
(NETs) that release DNAse into the extracellular medium [112] and form biofilms
[52], which renders fungal cells less accessible to immune cells. C. albicans also
influence polarization ofmacrophages from a classic phenotype toward an alternative
phenotype, thereby reducing antimicrobial response and promoting fungal survival.
These are just a few examples about how pathogens evade specific cellular path-
ways of immunity. However, infections can compromise not only the functioning of
defined immune cell subsets but also may interfere in the entire firewall mechanism.

Indeed, it has been described that a single gastrointestinal episode of infectionwith
the bacteria Yersinia pseudotuberculosis can lead to chronic inflammation in several
tissues, particularly themesentery, long-term after the clearance of the pathogen. The
infection impairs the immune dialog in the gut by changing the function of mesen-
teric lymphatic vessels. As a result, migratory DCs in the gut are deviated from
the gut-lymph node migratory route, which permanently compromises the canonical
regulatory responses in the mucosa, impacting mucosal immunity and promoting
chronic inflammation [30]. Another example of immunological scar driven by infec-
tion, is the oral infection with Toxoplasma gondi. Although the systemic infection
with T. gondii triggers a transient activation of IFN-γ- and TNF-producing Th1 cells,
essential to infection control, there is also a persistent thymic atrophy and decrease
in the naïve CD4 T lymphocyte pool. The result of the loss of thymic architecture
supports chronic T. gondii infection and compromises resistance to other pathogens
[54]. In the context of immune modulation, in 2019, two complementary studies
demonstrated that measles virus (MV) infection, efficiently transmitted by aerosol
or respiratory droplets, diminishes preexisting antibodies to previously encountered
pathogens, a phenomenon called “immunological amnesia” [62], due to depletion of
expanded B cell memory clones, and inability to restore the naïve B cell pool [77],
and consequently, increasing vulnerability to future infections.

Therefore, despite the sophisticated mechanisms of barrier immunity, pathogens
evolved to subvert the immune system and establish infection. For a very long time,
the studies on host–pathogen interaction at barrier tissues had almost exclusively
focused on the immunological aspects of the responses. However, only recently, the
involvement of host and pathogen metabolic reprogramming began to be appreciated
for understanding the outcome of infection. Indeed, the immune system adapts to the
infectious environment to obtain nutrients used in cellular functions. The presence of
pathogens at barrier sites, such as the lung and intestine, interfere with immune cell
metabolism and pathogens modulate host cell metabolism to their advantage. In the
next sections, will be discussed how cells of the innate and adaptive immune systems
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induce ametabolic reprogramming necessary for antimicrobialmolecules production
and cell activation, proliferation and differentiation. Such changes also allow tissue
repair and the generation of memory cells against future pathogen encounters.

3 Effects of Infection in the Immune Cell Metabolism

The cellular metabolic state is directly regulated by the surrounding microenviron-
ment. Metabolic changes occur as an alternative to maintain homeostasis and control
infections. However, metabolism also reflects the cell activation profile and, conse-
quently, supports the immune response against pathogens. Metabolic processes are
divided into anabolic processes, gathering macromolecules, and catabolic processes
with the disruption of macromolecules. The catabolic process provides carbon and
nitrogen sources, mainly through the use of glucose and glutamine, for the biosyn-
thesis of nucleotides, amino acids, and lipids. In this way, the immune cell supports
its activation and proliferation process. Each immune cell type has its own metabolic
choice depending on its energy requirement and nutrient demand. For this purpose,
cells have specific nutrient sensors and transcription of metabolic enzymes that assist
in targeting the metabolism [58]. In the absence of glucose and glutamine, immune
cells use fatty acids and amino acids as new sources of nutrients. Cellular energy
is obtained through a catabolic process of high (oxidative phosphorylation) and low
(glycolysis) efficiency. Quiescent cells use glucose degradation to generate pyruvate
that supplies Tricarboxylic acid cycle (TCA) and oxidative phosphorylation. Unlike
resting cells, classically activated M1 macrophages, DCs and effector T cells induce
a metabolic reprogramming to support cellular biosynthetic processes termed “War-
burg effect”, often driven by aerobic glycolysis [25] (Fig. 2). Therefore, the uptake
of nutrients is crucial to supply the cell demand for energy and favor metabolic shift.
Likewise, pathogens use the same nutrients for their maintenance, which drives the
competition for the available glucose [102].

Fig. 2 Metabolic reprogramming in immune cells during infection. Quiescent cells maintain
the glucose influx to supply the TCA cycle. Upon infection, innate immune cells increase glycolytic
flux that culminate in lactate production evenwith oxygen availability (Warburg effect) and decrease
in TCA cycle. TCA - Tricarboxylic acid cycle
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Microbial compounds such as lipopolysaccharide (LPS) are recognized by Toll-
like receptors (TLRs) in immune cells. This engagement induces a metabolic
reprogramming in the innate immune cells to supply their current needs. In addi-
tion to microbial products, the inflammatory milieu drives cell differentiation and
metabolism. Macrophage differentiation occurs according to the production of
cytokines at the inflamed site into cell subsets that diverge mainly in their metabolic
state. The cytokine IL-4 increases mitochondrial respiration and oxidation of fatty
acids that culminate in the production of Arginase-1 (Arg-1) in macrophages named
M2. However, IFN-γ increases the glycolytic pathway and the production of antimi-
crobial peptides such as the superoxide burst (ROS) and reactive nitrogen intermedi-
ates (NO)[101], characterizing a population of pro-inflammatory macrophages also
known asM1.Although the polarization ofmacrophages is important for the outcome
of the infection, the front line in combating pathogens at mucosal sites are tissue-
resident macrophages (TRMs) that are specialized immune sentinels. In this way,
TRMs change their metabolic reprogramming according to the environment. Upon
IL4 stimulation, alveolar and peritoneal macrophages can undergo STAT6 phos-
phorylation, but only peritoneal macrophages upregulate Arg-1 [99]. Therefore, the
escape mechanisms used by pathogens in TRMs may differ depending on the entry
barrier. Indeed, the TRMs metabolism is mostly unknown due to its heterogeneity
in barrier tissues, making this a crucial issue that must be addressed in future studies
on cell metabolic reprogramming.

Like macrophages, the activation of DCs, mast cells and neutrophils increases the
glycolytic pathway and fatty acid synthesis. In addition to switching to the glycolytic
pathway, metabolic reprogramming of innate immunity cells triggers several
metabolic changes after the pathogen recognition. The infected cell activates the
phosphoinositide-3 kinase/Akt (PI3K / Akt) pathway to induce a signaling cascade
that supports metabolic reprogramming. PI3K promotes phosphatidylinositol-3,4,5-
trisphosphate (PIP3) which conscripts Akt to be activated by Phosphoinositide-
dependent kinase 1 (PDK1) [31]. Phosphorylated Akt prompts the glucose trans-
porter 1 (GLUT1), hexokinase 2 (HK2), and phosphofructokinase 1 (PFK1) expres-
sion. Next, Akt induces ATP-dependent citrate lyase (ACL), which converts citrate
in the cytosol into oxaloacetate (OAA) and Acetyl-CoA. The metabolic switch to the
glycolytic pathway reduces pyruvate entry into mitochondrial TCA and increases
lactate production. In this context, the TCA pathway is supplied by the increase in
glutaminolysis, providing α-ketoglutarate (α-KG) and, consequently, precursors of
amino acids. Thus, the citrate released into the cytosol is converted to OAA and
acetyl-CoA for the synthesis of lipids and fatty acids. The citrate is also a precursor
for the itaconate acid [61], which has antimicrobial functions against intracellular
bacteria from lung barriers such asMycobacterium tuberculosis andLegionella pneu-
mophila; or intestinal barriers such as Salmonella enterica [59]. Still, citrate is also
used to develop reactive oxygen species (ROS), nitric oxide (NO) and prostaglandins.
The accumulation of succinate induced by high levels of pyruvate kinaseM2 (PKM2)
after LPS recognition, stabilizes hypoxia-inducible factor 1 alpha (HIF1a) allowing
translocation to the nucleus and inducing IL1 transcription [100]. Oxidized succinate
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induces mROS production and also assists in HIF1a-mediated IL1b mRNA expres-
sion. In contrast, glucose 6-phosphate triggers the Pentose Phosphate Pathway (PPP),
which culminates in reducing equivalent NADPH and NADH, that will be used for
the generation of ROS and NO (Fig. 3).

The recognition of molecular patterns is crucial for inducing metabolic repro-
gramming during infection. Notably, it has been observed that defined stimuli, such
as β-glucan and Bacillus Calmette-Guérin (BCG), recognized by innate immune
cells induce long-term functional reprogramming, which is referred to as “trained
immunity”, which is an innate version for immunological memory [77, 85]. The
changes occur through epigenetic reprogramming due to histones acetylation and
methylation in monocyte, macrophage or NK cells that culminate in an increase in
cytokine production and metabolic shift [85]. Therefore, trained immunity increases
responsiveness to second infections for weeks and the ability to eliminate the
pathogen.

Fig. 3 Metabolic reprogramming in innate immune cells during infection. Microbial
compounds increase glycolysis through Akt activation and induce PKM2 dimers and tetramers.
PKM2 dimers translocate to the nucleus and contribute to IL1β expression. Accumulated succinate
stabilizes HIF1α to drive IL1β expression and citrate promotes NO, ROS and itaconate production
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4 Metabolic Reprogramming of T Cells to Protect Against
Infections

Similar to innate immune cells, activated T cells also induce metabolic reprogram-
ming to support cell biosynthesis. After activation by antigen and costimulatory
molecules, T cells increase glycolysis and oxidative phosphorylation (OXPHOS) to
supply the energy demand. High expression of glucose transporters (Glut1) supports
glucose uptake to maintain the functional glycolytic pathway. In addition, Glut1
expression increases T cell proliferation, cytokine production and cell survival. In
naïve T cells, Glut1 expression is low and is increased after activation of TCR and
CD28-mediated Akt-dependent and independent pathways [46]. T-cell glycolytic
metabolism is restrained by the mammalian target of rapamycin (mTOR) complex
1 (mTORC1) activity and transcription factors targeting metabolic reprogramming,
such as HIF1 and c-Myc [91, 107]. In addition, under low nutrient availability, T cells
adapt to lowglucose levels, increasing glutaminolysis through glutamine uptake [11].
Glutamine uptake is controlled by the ERK / MAPK pathway during T lymphocyte
activation [16].

Effector T cells maintain the glycolytic pathway after differentiation, while Foxp3
+ regulatory T cells decrease glucose consumption and prefer to use derived fatty
acids to support oxidative metabolism [34]. Besides its own metabolism, the mainte-
nance and generation of regulatory cells in barrier sites depend on homeostatic envi-
ronmental control. The production of TGFβ, prostaglandin E2 (PGE2) and IL-10 by
the mucosal epithelium, down regulates the immune response and induces regula-
tory T cells [4, 53, 74]. As discussed previously, the presence of regulatory T cells is
essential for mucosal tolerance, and the mucosal surface portrays a complex system
that must work to contain harmful pathogens, but at the same time, it must inhibit
the immune response against commensal microorganisms, proper antigens and nutri-
ents. Thereby, mucosal components provide significant metabolic changes, mainly
targeting tissue hypoxia for environmental control or supporting metabolic shift in
T cells. Intraepithelial cells detect the pathogen and promote metabolic changes in
TCRγδ intestinal intraepithelial lymphocytes, increasing the glycolytic pathway to
sustain the maintenance of the intestinal epithelial barrier against enteric pathogens
[41]. However, T-cell subpopulations have their own energy demand and metabolic
reprogramming to perform their immune function.

Contrary to Foxp3 + regulatory T cells, type 1 regulatory T cells (Tr1) maintain
the glycolytic pathway as effector T cells. Meanwhile, memory T cells predomi-
nantly use fatty acid oxidation to support oxidative phosphorylation (OxPhos), and
glucose is used to generate mitochondrial citrate (Fig. 4). However, in an infec-
tious context, the metabolic reprogramming of T cells depends on the environmental
conditions and available nutrients that result in efficient activation, regulation and
memory generation. Chronic infections such as Mycobacterium tuberculosis, mito-
chondrial dysfunction in CD8 T cells result in greater dependence on glycolysis
and show bioenergetic deficiencies [84]. However, for memory T cells generation,
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Fig. 4 Metabolic pathway in T cell subsets. A. Naive T cells use glucose and glutamine to
maintain the oxphos pathway. B. Effector and Tr1 cells increase glycolysis and produce lactate.
Intermediate components support the synthesis of nucleotides (Nuc), amino acids (AA) and fatty
acids (FA). C. Foxp3+ T regs use extracellular FA to support oxphos by fatty acid oxidation (FAO).
D. Memory T cells use glucose to increase TCA intermediate components to support fatty acid
synthesis (FAS). Glycerol and FA are used to fuel the oxphos pathway. Blue cells show oxidative
metabolism and red cells show glycolytic metabolism

the glycolytic pathway is reduced, and the AMP-activated protein kinase (AMPK)
activity and OxPhos are increased for homeostatic maintenance.

5 Modulation of Immune Cell Metabolism by Pathogens

As discussed previously, immune cells that compose an active barrier at sites of high
exposure to pathogens control infections and maintain the body’s homeostasis. For
this, immune cells need to change the metabolism and provide energy even with the
drop of nutrients in the environment. In contrast, pathogens havemechanisms that act
as an opposite force for their survival within the host. Intracellular pathogens, such as
viruses and some bacteria, are able to reprogram host cell metabolism to increase the
demand for nutrients and allow their replication. Elseways, extracellular pathogens
modulate the immune system to improve the production of essential metabolites for
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their survival. Herein, we will discuss how pathogens modulate the metabolism of
immune cells and determine their permanence during infection.

The limited resources of cellular energy during the pathogen-host interaction lead
to a race against time in obtaining nutrients for the cellular machinery of both. In
addition, metabolic changes in the host cell may favor the pathogen’s permanence
due to the evasion of the immune system. In this way, metabolic changes act as
key mechanisms for the survival of some species, mainly by increasing glucose
and lactate in the host cell. Some protozoa use the host’s glucose as a primary
carbon source, such as Trypanosoma brucei and Plasmodium falciparum [75, 89].
The extracellular pathogenic bacterium group A Streptococcus (GAS) causes an
endoplasmic reticulum stress to host cells. This stress increases asparagine (ASN)
synthetase expression that promotes GAS proliferation, while proliferation-linked
genes are downregulated in the absence of ASN [6]. Another extracellular pathogen,
the Citrobacter rodentium, modulates innate immunity and microbiota composition,
impairing cellular bioenergetics [65].

In general, the modulation of host metabolism guarantees nutrients and evasion of
the immune system to increase the pathogen survival. Thereby, the metabolic shift in
the host cell promotes the intracellular survival of Mycobacterium tuberculosis [9],
Legionella pneumophila [29], Brucella abortus [20] or Chlamydia trachomatis [83].
Cancer cells, known to induce the Warburg effect, are more susceptible to Listeria
monocytogenes replication, suggesting that metabolic reprogramming is a favorable
mechanism for the survival of this bacterium [35]. Among the many infections that
interfere with the host metabolism, a group of pathogenic bacteria, known as Intra-
cellular Bacterial Pathogens (IBPs), survive and proliferate inside vacuoles or in the
cytosol for long periods. Because IBPs are heterotrophic, i.e., metabolism depends on
carbon sources for energy,they use both the host carbon and nitrogen. An interesting
fact is a possible association between intracellular carbon metabolism and virulence
gene expression. It is known that specific regulators can control these genes that sense
metabolites generated by the metabolism of carbon and nitrogen [27]. As a primary
carbon source, IBPs use glucose from immune cells for their metabolic activities
[13]. However, defined bacteria need a “biopartite metabolism” because they have
more difficulty in using only glucose. These IBPs use several sources of carbon
from the host to generate energy and stay within the host cells. Among them, it is
possible to highlight TCA intermediaries such as succinate and malate, amino acids,
fatty acids and also products derived from glucose such as glycerol (-3P), pyruvate
and lactate [28]. Due to the evolutionary adaptation of the pathogen, some compo-
nents in the metabolic reprogramming of the host cell, are used as an escape and
survival mechanism. Alternatively, pathogen virulence factors interact with central
regulators of host metabolism (Fig. 5). The activation of PI3K/Akt pathway is down-
modulated by the Src homology 2 (SH2) domain-containing inositol-5′-phosphatase
(SHIP) protein that promotes Francisella tularensis to escape into the cytosol [3,
19]. Still, the motility and phagocytosis of the host cell are controlled by molecular
mechanisms developed by IBPs subverting the metabolism of phosphoinositides
[78]. In experimental model, the infection with Yersinia enterocolitica led to HIF-1
in Peyer’s patches [39]. Furthermore, Salmonella requires the fatty acid regulator
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Fig. 5 Intracellular bacterial pathogens (IBPs) modulate central metabolic regulators in the
host cells. Bacterial components activate or alter metabolic pathways to evade the immune system
and maintain its survival. The main metabolic mediators affected by IBPs are the Pi3K/Akt/mTOR
pathway, HIF1α, fatty acid regulators and AMPK

PPARδ to establish a metabolic environment that favors a long-term permanence.
Under cellular stress, defined metabolic strategies to obtain nutrients also promote
the elimination of intracellular pathogens. These cells reach high levels of AMP/ATP
by reducing the production of ATP, which in turn induces the AMP-activated protein
kinase (AMPK) activation. Therefore, AMPK regulates the autophagic process, effi-
cient autophagosome maturation [47]. Thus, autophagy is used as a self-degrading
process to obtain energy, and hence intracellular pathogens can be eliminated as
well. However, pathogens have machinery capable of modulating autophagy in the
host, either by changing the maturation of the phagosome such as Mycobacteria
[93], Legionella [90], Brucella [97] and Salmonella [108], or escaping from those
vacuoles into the cytoplasm as in Shigella [72] and Listeria monocytogenes infection
[63]. Therefore, pathogens evade host defense mechanisms not only by interfering
in the microbicide function of immune cells, but also, in their metabolic pathways.

In general, the viruses perform both lytic cycles, with high replication and viral
load, as well as latent and persistent within the cell. Therefore, these conditions
have different metabolic needs of the host cell [21]. During viral replication, the
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Fig. 6 Virus infection modulates host cell metabolism to support its replication. Viruses
promote metabolic changes in host cells to increase the production of Nucleotides (Nuc), amino
acids (AA) and ATP that support viral replication. Entry into the glycolytic pathway is a critical
mechanism to supply the demand for viral components

virus depends on high demand for nucleotides, amino acids and ATP (Fig. 6). There-
fore, changes in glycolytic pathways, fatty acid synthesis (FAS), glutaminolysis and
Pentose Phosphate Pathway (PPP) are observed. The targeting of glucose to PPP
supports the production of nucleotides. In addition, pyruvate can be converted to
lactate or enter the TCA pathway. Citrate can be transported to the cytoplasm via the
FAS pathway. On the other side, glutamine enters the infected cell and supports the
TCA cycle [87]. Therefore, the catabolism of suitable carbon sources in infected cells
is crucial for viral replication, enabling the synthesis of nucleic acids and the viral
envelope. For instance, the infection of monocytes with acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) triggers mitochondrial ROS production, capable of
HIF-1α stabilization, which promotes the expression of glycolytic genes and IL-1β,
responsible to monocytes metabolic reprogramming to aerobic glycolysis (Warburg
effect) and T cell dysfunction, respectively. These data may explain how diabetic
individuals with uncontrolled glucose levels are more susceptible to develop the
severe form of Coronavirus disease 2019 (COVID-19), the pandemic that affected
the world’s population in 2020 [18].
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Another example of metabolic reprogramming in the context of viral infection is
the HIV. The susceptibility of different subtypes of CD4 T cells to HIV-1 infection is
associated with high cellular metabolic activity. In fact, independently of their activa-
tion phenotype, CD4 T cells with high oxidative phosphorylation and glycolysis are
more infected by HIV as compared to CD4 T cells harboring other metabolic profiles
[105]. As exemplified above, different viruses are capable of infecting specific barrier
tissues, such as COVID-19 respiratory tract infection and HIV-1 genital tract infec-
tion. However, regardless of the virus or the infected barrier site, one of the character-
istics observed is the ability that these viruses to interfere within the metabolism of
immune cells in favor of their survival and replication. Most of the studies regarding
immune cell metabolism were performed in vitro, and now this knowledge needs
to be integrated into the context of tissue-specific immune responses. Therefore, we
need to better understand how the cellular metabolic reprogramming imposed by
different types of pathogens can interfere, especially in the long-term, in the barrier
immune response and its function, given the relevance of the balance between expan-
sion and contraction of effector immune response in these tissues and their role as
pathogen entrance sites.

6 Therapy Targeting Cell Metabolism to Control Infections

Considering that intracellular as well as extracellular pathogens can promote the
metabolic reprogramming of the host immune cells, either through the modification
of the cellular immune response profile or even the bioavailability of nutrients, it is
plausible to suggest that therapies targeting metabolic pathways may be important
to better target the immune response to fight the infectious agent and return home-
ostasis. In contrast to the pathogen-targeted traditional antimicrobial therapy, these
therapeutic approaches would target the host metabolism.

For instance, the first line of oral drugs for controlling glucose metabolism is
metformin, that activates AMP kinase, therefore lowering blood glucose concen-
trations by decreasing hepatic gluconeogenesis and improving glucose cell uptake.
Because of this, metformin is commonly used to treat diabetes. One of the anti-
inflammatory effects associated with metformin seen in LPS-activated macrophages
is the inhibition ROS generation through reverse electron transport at Complex I
and inhibition of IL-1β production [51]. Another one is to induce the inhibition of
Complex I, which consequently reduces intracellular ATP production and activa-
tion of AMP-activated protein kinase (AMPK) [98, 113]. In contrast, in an AMPK-
independent manner, metformin has been shown to inhibit the mammalian target of
rapamycin complex I (mTORCI) in T cells and prevents the expression of the tran-
scription factors c-Myc and Hif-1α [111]. Although metformin treatment is associ-
atedwith a decreased risk of developing sepsis in humans [92],in experimental model
it has been suggested that metforminmay increaseC. albicans infections by reducing
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macrophages responses to this opportunistic fungal infection [104]. Another anti-
inflammatory drug is dimethyl fumarate, which promotes the expression of antiox-
idant genes by stabilizing the expression of the transcription factor Nuclear Factor
(erythroid-derived 2) like 2 (Nrf2) [24] and is usually prescribed for treating multiple
sclerosis (MS) [12] and psoriasis [14]. The Nrf2 regulates the pentose phosphate
route in macrophages, reducing inflammatory macrophages response and induces
lipid metabolism alterations in MS patients. In addition, fungal β-glucan administra-
tion is demonstrated to induce trained immunity characterized by increased glycol-
ysis and partial reversion of LPS-induced immunoparalysis in monocytes isolated
from human blood [71]. Moreover, oral glucan administration also demonstrated
increased survival in experimental models challenged with S. aureus, as well as C.
albicans, demonstrating that trained immunity is not a pathogen-specific response
[82]. The world has been witnessing a constant emergence of new pathogens against
which there may be no effective antimicrobial drugs. Therefore, the manipulation of
metabolic cell reprogramming may represent a new promising approach for treating
infectious diseases.
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