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ARTICLE INFO ABSTRACT

Keywords: Inflammation occurs as a result of acute trauma, invasion of the host by different pathogens, pathogen-associated
Inflammation molecular patterns (PAMPs) or chronic cellular stress generating damage-associated molecular patterns
Macrophages (DAMPs). Thus inflammation may occur under both sterile inflammatory conditions including certain cancers,
Neutrophils autoimmune or autoinflammatory diseases (Rheumatic arthritis (RA)) and infectious diseases including sepsis,
; :;IILSS pneumonia-associated acute lung inflammation (ALI) or acute respiratory distress syndrome (ARDS). The pa-
Immunometabolism thogenesis of inflammation involves dysregulation of an otherwise protective immune response comprising of

various innate and adaptive immune cells and humoral (cytokines and chemokines) mediators secreted by these
immune cells upon the activation of signaling mechanisms regulated by the activation of different pattern re-
cognition receptors (PRRs). However, the pro-inflammatory and anti-inflammatory action of these immune cells
is determined by the metabolic stage of the immune cells. The metabolic process of immune cells is called
immunometabolism and its shift determined by inflammatory stimuli is called immunometabolic reprogram-
ming. The article focuses on the involvement of various immune cells generating the inflammation, their in-
teraction, immunometabolic reprogramming, and the therapeutic targeting of the immunometabolism to

manage inflammation.

1. Introduction

Inflammation is known to ancient Indian Ayurvedic physicians
dating back to 1500 BCE and 600 CE [1]. It is well documented in the
Brihat Trayee, the Charaka Samhita, the Susruta Samhita, and the Astanga
Samgraha. Inflammation and the associated edema have got an atten-
tion in Ayurveda as pathological manifestation of the disease [1,2]. It is
known to different context called Shotha, and Shopha along with other
terms used in Ayurveda including Svayathu, Utsedha and Samhata [1].
In Ayurveda it is characterized by elevation, edema, heaviness and
pain. Even Ayurveda has shown an interconnection between chronic
inflammation and cancer [3]. Hippocrates (an ancient Greek physician)
introduced the term edema for inflammation in the 5th century BCE.
Later on Aulus Celsus (30 BCE-38 CE) described inflammation with four
cardinal signs including redness (Rubor), elevated heat (Calor), swelling
(Tumor), and pain (Dolor) as occurring during acute inflammation in
response to the localized acute infection or trauma [4]. These four
signs of inflammation are known as "Celsus tetrad of inflamma-
tion". Galen, the physician and surgeon of Roman emperor Marcus

Aurelius, is often credited with introducing a fifth sign of inflammation
called loss of function in the affected tissue/organ. However, Virchow in
1871 more precisely added the description of fifth sign of inflammation
described as function laesa (loss of function) that viewed inflammation
as inherently pathological to host [5,6].

Modern medicine uses the term inflammation that is a derivative of
Latin word inflammare (to set on fire) [6]. Immunologists consider in-
flammation as a host generated protective immune response evolved to
protect the host in response to acute trauma or pathogens or their
PAMPs by containing the damage or removing/killing the pathogen
responsible for infection [7]. The process of inflammation involves a
complex network of cellular and molecular signaling cascades directed
to restore the tissue or organ homeostasis, repair, and regeneration.
However, severe and systemic acute inflammation may result in pa-
thology, organ failure and death as seen during sepsis. Furthermore, if
inflammation persists for a longer duration of time (for months and
years) and becomes chronic, may cause chronic inflammatory diseases
including cancer and autoimmunity. The cellular components of im-
mune system playing active role in the process of both acute and
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Fig. 1. Schematic representation of different immune cells expressing different PRRs and their role in the generation of pro-inflammatory immune response. The
activation of different PRRs (FPRs, TLRs, NLRs, and RLRs) via their corresponding ligands (PAMPs, DAMPs, and pathogens) leads to the activation of NF-kB signaling
and other pro-inflammatory signaling event causing the initiation of inflammation or other inflammatory diseases including cancer, allergy, autoimmunity, and the
generation of infection associated inflammatory immune response. Detail is mentioned in the text.

chronic inflammation involve endothelial cells (ECs), epithelial cells,
monocytes/macrophages, mast cells (MCs), neutrophils, dendritic cells
(DCs), innate lymphoid cells (ILCs), mucosal-associated invariant T
(MAIT) cells, natural killer (NK) cells, and different subsets of T cells
(Fig. 1) [8-11]. These cells maintain immune homeostasis through
immunometabolism, and immunometabolic reprogramming observed
during the process of inflammation. Thus the present article is designed
to highlight the role of major immune cells in the process of

inflammation (both acute and chronic inflammation), immunometa-
bolic reprogramming among these immune cells from normal homeo-
static stage to the stage of inflammation, and the therapeutic targeting
of immunometabolic reprogramming to target inflammation.
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2. Immunopathogenesis of inflammation

2.1. PRRs and their role in the initiation of inflammatory cascade or the
process of inflammation

Inflammation can develop in any organ exposed directly to the outer
environment including mucosal surface of gastrointestinal tract (GIT),
reproductive tract, respiratory tract, and skin or to the vital organs
including liver (hepatitis), kidneys (nephritis), brain (meningitis), and
lungs (pneumonitis) etc. due to the exposure to various infectious
agents or pathogens, PAMPs, xenobiotics or DAMPs produced by the
host in response to cellular stress and acute trauma. The recognition of
both PAMPs and DAMPs by various pattern recognition receptors
(PRRs) expressed by innate immune cells including the endothelial cells
lining the blood vessels and vital organs, epithelial cells present in the
skin and lining the mucosal surfaces or barrier surfaces of GIT (epi-
thelium lining the intestine), respiratory (lungs), and reproductive
(Vaginal and urethral epithelial cells) tract, monocytes/macrophages,
neutrophils, and mast cells (MCs) etc. plays a crucial role in induction
of inflammatory immune response. The innate immune cells express
various pattern recognition receptors (PRRs) such as formyl peptide
receptors (FPRs), toll-like receptors (TLRs), intracellular PRRs (Nod-like
receptors (NLRs; NOD1 and NOD2)), RIG-like helicases (RLH) such as
MDA-5, C-type lectin receptors (CLRs) [Dectin 1 or CLEC7A, dectin 2 or
CLEC6A, DC-specific ICAM3-grabbing non-integrin (DC-SIGN)], com-
plement receptor 3 (CR3), Triggering receptors expressed on myeloid
cells (TREM-1) and myeloid DAP-12 associated lectin (MDL-1) [12-15].

2.2. FPRs in inflammation

FPRs are members of the family of seven-transmembrane G protein-
coupled receptors (GPCRs) that are well conserved among mammals
[16]. Human FPRs (FPR1, FPR2, and FPR3) are primarily expressed by
myeloid cells (neutrophils and monocytes) (Fig. 1) and are considered
as myeloid cell receptors with the exception that neutrophils lack FPR3
[17]. Additionally, FPR1 is also expressed by astrocytes, hepatocytes,
microglia, and immature DCs, whereas FPR2 is expressed by astro-
cytoma cells, epithelial cells, hepatocytes, microvascular endothelial
cells, and neuroblastoma cells [17]. FPR1 usually recognizes short
peptides of approximately 3-5 amino acids starting with N-for-
mylmethionine, which are cleavage products of bacterial (Escherichia
coli-derived peptide N-formylmethionyl-leucyl-phenylalanine (fMLP))
and mitochondrial proteins including mitochondrial formylated pep-
tides (MFPs) to initiate the inflammatory immune response [18-20]. On
the other hand, FPR2 serves as a low-affinity receptor for many of the
potent FPR1 agonists including mitochondrial proteins [19]. FPR2 is
activated by longer peptides with a-helical, amphipathic properties
including the most prominent FPR2 ligand called staphylococcal-de-
rived phenol-soluble modulins (PSMs) and causes neutrophil infiltra-
tion, a hallmark of inflammation [21]. PSMs also upregulate the neu-
trophil complement receptor CD11b via FPR2 activation in an Agr-
quorum-sensing response-dependent manner [22]. FPR2 also serves as
PRR for various other pathogens (Both bacteria and viruses including
Listeria monocytogenes (L. monocytogenes), Enterococcus faecium (E. fae-
cium), Helicobacter pylori (H. pylori), Streptococcus pneumoniae (S. pneu-
moniae), and human immunodeficiency virus (HIV)) and cause mono-
cyte activation, neutrophil infiltration, and apoptosis of lymphocytes
[21,23-28]. Even the lack of both FPR1 and 2 in mice is associated with
their death during pneumococcal meningitis induced by S. pneumoniae
due to the impaired inflammatory immune response including in-
creased neutrophil infiltration with an impaired level of anti-in-
flammatory cytokines and antimicrobial peptides (AMPs) [29]. FPR2
also plays a crucial role in the resolution of inflammation by acting as a
receptor for lipoxin A4 (LXA,4) and resolving D1 (RvD1) [30]. The de-
tails of FPRs in inflammation and immunity are described elsewhere
[12,31,32].
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2.3. TLRs in inflammation

TLRs are expressed by almost every type of innate immune cells
including epithelial cells and endothelial cells along with both myeloid
and lymphoid immune cells [33]. TLRs form a separate family of PRRs
comprising of two major domains characterized by leucine-rich repeats
(LRRs) and Toll/internuekin-1 receptor (TIR) domain [34]. Till date a
total of 10 functional TLRs (TLR1-TLR10) in humans and 13 active TLRs
in laboratory mice have been discovered [35]. They are expressed both
on the cell surface of immune cells and in the cytosolic organelles in-
cluding lysosomes, endosomes, endolysosomes, and phagosomes [35].
For example, TLR1, TLR2, TLR4, TLR5, TLR6, and probably TLR11 and
TLR12 of laboratory mouse and TLR10 of humans are expressed on the
cell surface of innate immune cells normally [35]. However, TLR4 and
TLR2 are also found to express intracellularly in endothelial cells, epi-
thelial cells and DCs [35]. TLR3, TLR7, TLR8, and TLR9 recognize in-
tracellular pathogens, their PAMPs, and DAMPs are expressed in in-
tracellular compartment including phagosomes, endosomes, lysosomes
and phagolysosomes. The activation of TLR signaling in the presence of
pathogens (including bacteria, virus, fungi, and parasites), their PAMPs
(Lipopolysaccharide (LPS, a TLR4 ligand), peptidoglycan (PGN, a TLR2
ligand), lipoteichoic acid (LTA, also TLR2 ligand), double stranded RNA
(dsRNA, a TLR3 ligand), single stranded RNA (ssRNA, a TLR7 and TLR8
ligand), bacterial flagellin (a TLR5 ligand), and CpG oligodeox-
ynucleotide (ODN) or CpG DNA, a TLR9 ligand), and several DAMPs
activates nuclear factor-kappa B (NF-kB) (Fig. 1) to initiate the pro-
inflammatory event by inducing the release of various pro-in-
flammatory cytokines (IL-1, IL-6, TNF-a etc.) and type 1 interferons
(IFNs) along with mediating the generation of free radicals including
reactive oxygen and nitrogen specie (ROS and RNS) [34,35]. TLRO is
the first cytosolic PRR discovered in 2000 involved in the detection of
the pathogen (Bacteria)-derived cytosolic DNA as a PAMP to initiate the
synthesis and secretion of type 1 IFNs via the activation of NF-xB [36].
The observation was made in respect to the inability of TLR9 ™/~ mice
to elicit the innate immune response against bacterial CpG ODN or CpG
DNA. TLR9 is expressed mainly in B cells and plasmacytoid DCs [37].
The detailed TLR signaling event involved in the inflammatory immune
response is described somewhere else [38-41].

2.4. NLRs in inflammation

NLRs (Nucleotide-binding domain, leucine-rich repeat con-
taining receptors) comprise of three separate domains found
throughout the evolution of animal kingdom [42]. Alternatively NLRs
are also known as CATERPILER, NOD, and NOD-LRR [43-45]. The N
terminus of NLRs either have a pyrin domain, a caspase recruitment
domain (CARD), or a baculovirus inhibitory repeat (BIR) domain
[42,43]. However, the N terminus of the NLRX1 protein contains a
domain that differs from any of these three domains with a similar
three-dimensional fold. The central NBD or NACHT (nucleotide-binding
domain or NAIP, CIITA (Class II transactivator), HET-E and TP1) do-
main exerts a dNTPase activity and oligomerization [42]. The NBD is
responsible for the formation of a signal-receptive state in the presence
of nucleotides including ATP molecules. The C terminus of NLRs com-
prises of a series of leucine-rich repeats (LRRs) varying in their number
and composition [43]. All these three domains play a crucial role in
protein-protein interactions and networks. Along with cytosolic TLRs,
NLRs also serve as the prominent intracellular or cytosolic PRRs to
sense intracellular pathogens, their PAMPs, and DAMPs responsible for
the induction of inflammation via the activation of MAP (Mitogen-ac-
tivated protein) kinases (MAPKs) and NF-kB (Fig. 1) [46-48]. For ex-
ample, NOD1 and NOD2 are two NLRs sensing the cytosolic PGN meso-
DAP and muramy! dipeptide to activate MAPK and NF-kB to initiate the
inflammatory cascade [14]. In addition to their PRR role, NLRs also
regulate major-histocompatibility complex (MHC) genes to affect
adaptive immunity in response to RIP2 (Receptor interacting Protein 2
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Fig. 2. Schematic representation of different cytosolic PRRs sensing host or pathogen-derived cytosolic or nuclear dsDNA as a PAMP or DAMP. ALRs including AIM2
and IFI16 recognize cytosolic and nuclear viral dsDNA to initiate the inflammatory immune response via the activation of AIM2 inflammasome and acetylation of
IFI16 that activates STING downstream of cGAS to signal the synthesis and release of type 1 IFNs along with activating both canonical and non-canonical NF-kB-
dependent release of pro-inflammatory cytokines, AIM2 activation also inhibits cGAS-STING signaling via directly binding to the cGAS. However, IFI16-f inhibits
AIM2 inflammasome activation in response to cytosolic dsDNA. IFI16-a present in nucleus recognizes viral DNA entered into the nucleus to activate inflammasome-
dependent IL-1P release. In addition to AIM2 and IFI16, intracellular dsDNAs are also recognized by cGAS that causes the formation of cGAMP (the second
messenger) that activates STING. STING activation phosphorylates TBK1 that phosphorylates IRF3. The dimerized and phosphorylated IRF3 enters the nucleus to
activate IRF3 target genes including ISGs that activate type 1 IFNs. In addition of viral and host-derived dsDNAs, cGAS-STING signaling is also activated by bacterial

CDNs. The details are mentioned in the text.

(RICK or CARDIAK), RIPs are close members of the interleukin-1-re-
ceptor-associated kinase (IRAK) family, and belong to the family of
serine/threonine kinases, play a crucial role in microbial infections,
inflammation, and DNA damage) [49] and regulate the cell death me-
chanisms including necroptosis [46,49]. NLRC5 deficiency also impairs
the basal expression of MHC class-1 in T, NKT, and NK cells and impairs
the clearance of lymphocytes, intracellular pathogens (L. mono-
cytogenes) and viruses (Influenza A virus (IAV)) by CD8* cytotoxic T
cells [50-53].

Humans and laboratory mice have 22 and 34 NLR member proteins
respectively [54]. The members of NLR protein family including
NLRP1, 2, 3, 6, 12, NLRC4, and NOD2 form an inflammatory complex

with caspase 1 (CASP1) and ASC (Apoptosis-associated speck-like pro-
tein containing a caspase recruitment domain) called inflammasome
facilitating the activation of CASP1 and CASP11 causing maturation
and release of pro-inflammatory cytokines IL-1f3 and IL-18 (major pro-
inflammatory cytokines initiating neutrophil and monocyte influx at
the site of infection or inflammation by increasing the expression of
adhesion molecules on endothelial cells and leukocytes including
monocytes and neutrophils) [55-57]. Activation of NLRs and in-
flammasomes further aggravates inflammation by inducing the cell
death through pyroptosis and necroptosis (A regulated necrotic cell
death involving RIPK1, RIPK3, and MLKL (mixed-lineage kinase do-
main-like pseudokinase)) [58-60]. The detailed mechanism of
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necroptosis and its involvement in the inflammation and organ injury is
beyond the scope of this article and is described somewhere else
[58,61,62]. NOD1 and NOD2 also play a crucial role in the generation
of endoplasmic-reticulum (ER) stress-induced inflammation via med-
iating the releasing IL-6 [63]. The detailed mechanisms of NLRs and
inflammasomes signaling are discussed elsewhere [14,42,47,55,64].
Thus along with acting as individual PRRs, both TLRs and NLRs interact
with each other in the process of pathogen, PAMP, and DAMP re-
cognition to initiate the pro-inflammatory immune response to clear the
invading pathogens and if this pro-inflammatory process is not con-
trolled effectively may lead to the development of inflammatory dis-
eases.

2.5. RLRs in inflammation

RLRs (RIG-I (Retinoic acid inducible gene-1) like receptors) or
RIG-I like proteins are another class of PRRs involved in the re-
cognition of intracellular viral nucleic acids including dsRNA, ssRNA or
even host-derived self RNA and activate certain interferon-regulated
factors (IRFs) (Fig. 1) [65-67]. MDA5 (Melanoma differentiation-asso-
ciated gene -5) also belongs to the RLR family of proteins and recognize
intracellular RNA [66,68,69]. The MDA-5 acts as a dsRNA-dependent
ATPase containing both CARD and RNA helicase motifs [69]. RLRs are
the family of DExD/H box RNA helicases [70]. The activation of RLRs in
response to their corresponding PAMPs activates the CARD domain to
downstream activation of CARD-containing adaptor protein, IFN-f3
promoter stimulator (IPS)-1 [or mitochondrial anti-viral signaling
protein (MAVS) or virus-induced signaling adaptor (VISA) or CARD
adaptor inducing IFN-f} (Cardif)] to further activate NF-xB and IRF-3 to
produce type 1 IFNs [67,71,72]. Under homeostasis, the expression of
RLRs maintains at low levels but it increases during viral infections or
exposure to the IFNs [67]. The detailed mechanism of pathogen and
PAMP sensing by RLRs is described somewhere else [66,73-75].

2.6. Intracellular PRR for cytosolic pathogen-derived (bacteria and viruses)
and host-derived DNA

2.6.1. Absent in melanoma 2 (AIM2)-like in
inflammation

AIM2 (p210), Interferon-y-inducible protein 16 (IFI16), and the
mouse orthologue of human IFI16, called p204 together form the new
family of PRRs known as ALRs recognizing cytosolic viral dsDNA
[37,76]. The human ALRs, AIM2 and [FI16 are encoded by the inter-
feron (IFN)-inducible gene cluster located on the chromosome 1q23
[76]. AIM2 is a member of the PYHIN (Pyrin and HIN domain-con-
taining protein) family, discovered in 2009 as a cytosolic PPR for cy-
tosolic viral dsDNA (Fig. 2) [77,78]. The cytosolic viral dsDNA directly
binds to the HIN200 (Hematopoietic IFN-inducible nuclear antigen of
200 amino acids) domain of the AIM2 (Fig. 2) [79]. The AIM2-mediated
recognition of dsDNA occurs in a non-sequence-specific manner via
electrostatic attraction between positively charged HIN domain re-
sidues and the dsDNA sugar phosphate backbone [80]. However, the
dsDNAs with at least 70-bp have the potential to initiate AIM2-depen-
dent inflammasome signaling pathway, and its optimal activation re-
quires dsDNAs reaching the length of ~200-bp (Fig. 2) [80-82]. The
assembly or disassembly dynamics of AIM2 filaments also depends on
the dsDNA length, for example, assembly rate (k,ssm) of AIM2 filaments
increases nonlinearly approximately 700-fold depending on the length
of dsDNA (Between 24- and 600-bp dsDNA) [83]. Thus AIM2 in-
flammasome activation optimally occurs upon the recognition of longer
dsDNA as compared to the shorter one.

The binding of the cytosolic viral dsDNA to the HIN200 domain of
the AIM2 liberates the autoinhibited state of the AIM2 Pyrin and HIN
domains facilitating the inflammasome assembly along the DNA stair-
case via recruiting the ASC through homotypic PYRIN domain inter-
action to activate CASP1 [80,84,85]. Thus AIM2-mediated recognition

receptors (ALRs)
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of the cytosolic dsDNA stimulates synthesis and release of pro-in-
flammatory cytokines (IL-1p and IL-18) due to the formation and ac-
tivation inflammasomes (Fig. 2) [86]. The AIM2-ASC interaction also
forms ASC pyroptosome to induce the pyroptosis among infected cells
[84]. The activation of AIM2 inflammasome signaling pathway in the
presence of cytosolic dsDNA reduces the activation of cGAS-STING
signaling pathway in vitro in murine macrophages and DCs by inducing
the death of the immune cells in CASP-1-dependent manner [87]. The
death of immune cells or their pyroptosis occurs due to cleavage of
CASP-1-dependent gasdermin D in response to the activation of AIM2
inflammasome (Fig. 2) [88]. The gasdermin D depletes intracellular
potassium (K*) through membrane pores that serves as an essential
step to inhibit cGAS-STING signaling pathway dependent type-1 IFN
release (Fig. 2) [88].

IFI16 is constitutionally expressed in human lymphoid cells [89]. It
recognizes both cytosolic and nuclear DNAs of viruses [HIV-1, Herpes-
simplex virus-1 (HSV-1), Epstein Barr virus (EBV), and Kaposi's sar-
coma-associated herpesvirus (KSHV)] and the generation of the pro-
inflammatory immune response (Fig. 2) [90-93]. The recognition of
intracellular viral DNA by IFI16 during KSHV infection causes its in-
teraction with BRCA1 (Breast Cancer 1), ASC, and procaspase-1 to form
the inflammasome in the nucleus and perinuclear region to induce the
generation of IL-1B (Fig. 2) [92,94,95]. IFI16 has one extra dsDNA
binding HIN200 domain [83]. HIN200 domain of the IFI16 binds
dsDNA that induces the acetylation of IFI16 (Fig. 2) [96]. The acety-
lated IFI16 activates the stimulator of interferon genes (STING) that
activates the TANK (TRAF family member-associated NF-xB activator)-
binding kinase-1 (TBK1)-dependent phosphorylation of interferon reg-
ulatory factor (IRF) 3 and transcription of type I I[FNs (IFN-f) and other
related pro-inflammatory genes (Fig. 2) [95,96]. The involvement of
TBK1 in the recognition of cytosolic artificial dsSDNA Poly(dA:dT) and
the induction of IRF3-dependent production of type 1 IFN (IFN-B) was
first observed in the year 2006 [97]. The deletion of ASC and STING did
not impact the acetylation of IFI16 as it occurs upstream of ASC as-
sembly and STING activation [96]. The deletion of IFI16 severely at-
tenuates IFN-a and the IFN-stimulated gene retinoic acid-inducible
gene I (RIG-I) in response to cyclic GMP-AMP (cGAMP) that is syn-
thesized by cyclic GMP-AMP synthase (cGAS) as well as RNA ligands
and viruses [90]. The IFI16 knockout (KO) cells exhibit a compromised
level of RNA polymerase II on the promoter region of the IFN-a that
suggests the involvement of the IFI16 in the transcription of IFN-sti-
mulated genes (ISGs) [90]. Thus IFI16 is involved in the generation of
inflammatory immune response against the cytosolic viral DNA and
RNA both in inflammasome-dependent and independent (the activation
of ¢cGAS-STING signaling) manner. The upregulation of IFI16 in the
keratinocytes isolated from the patients of psoriasis aggravates the in-
flammation via producing the chemokines (CXCL10 and CCL20) [98].
The deletion of p204 (a mouse orthologue of human IFI16) in mice
subjected to imiquimod-induced psoriasiform dermatitis inhibits the
epidermal hyperplasia [98]. However, a recent study has indicated that
ALRs are needless for the generation of type 1 IFNs in response to cy-
tosolic DNA and also in TrexI ~/~ (Three Prime Repair Exonuclease 1)
mice with Aicardi-Goutieres syndrome (AGS), an autoimmune disease,
ALRs have negligible contribution [99]. IFI16-f is a transcript isoform
of IFI16 that inhibits the AIM2 inflammasome activation by interacting
with AIM2 to impede the formation of AIM2-ASC complex (Fig. 2)
[100]. IFI16-B also sequesters the cytosolic dsDNA to prevent its re-
cognition by AIM2. IFI16-a, the other transcript of IFI16 predominately
resides in the nucleus, whereas IFI16-f co-localizes with AIM2 in cy-
toplasm [100]. IFI16-a is a homolog of mouse p202 and contains two
HIN domains without any pyrin domain [100]. IFI16-a is present ubi-
quitously in various immune cells and its mRNA levels increases in the
lymphocytes of patients with SLE, viral infections, and in cells treated
with interferon-B or phorbol myristate (PMA) [100].
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2.6.2. cGAS or Chromosome 6 open reading frame 150 (C60RF150)-
STING signaling in inflammation

cGAS also serves as a cytosolic PRR for cytosolic DNAs (depending
on their length) of both pathogen-originated or host-derived including
retrotransposons (short interspersed nuclear elements (SINEs) and Alu
elements). For example, DNA molecules equal to or more than 36 base-
pairs (bps) serve as optimal inducers of cGAS-STING signaling to gen-
erate type 1 IFNs and other NF-kB-dependent pro-inflammatory mole-
cules (Fig. 2) [101]. The recognition and binding of cytosolic DNA to
cGAS synthesizes cGAMP that in turn activates STING to activate the
IRF3 (Interferon regulatory factor 3) and IRF3 target genes including
ISGs synthesizing type 1 IFNs (Fig. 2) [102]. The activation of STING
also activates both canonical and non-canonical NF-kB targets to syn-
thesize Pro-inflammatory cytokines and chemokines (Fig. 2). Of note,
cGAS-STING activation releases the highest amount of type 1 IFNs by
immune cells including macrophages and DCs in comparison to the
activation of other cytosolic PRRs including TLR9 and ALRs [103].
cGAS also facilitates the recognition of extracellular cyclic dinucleo-
tides (eCDNs) released by extracellular bacteria and dying cells as these
eCDNs are endocytosed through endocytosis [104]. cGAS further en-
hances the perinuclear accumulation of eCDNs, and subsequent acti-
vation of STING to release type 1 IFNs [104].

cGAS and IFI16 cooperate to activate STING during cytosolic DNA
sensing in human keratinocytes to fully activate the innate immune
response [105]. IFI16 plays a crucial role in the production of cGAMP
by c¢GAS and cGAMP-induced STING activation via interacting with
STING to promote its phosphorylation by TBK1, and translocation from
endoplasmic reticulum (ER) to ERGIC (ER-Golgi intermediate com-
partment) and clusters in membrane-bound peri-nuclear foci
[105,106]. It also promotes the translocation of IRF3 into the nucleus
[105]. The cGAMP produced due the activity of cGAS in the presence of
cytosolic dsDNA serves as a second messenger to activate the STING
signaling to generate IRF3-dependent type 1 IFNs and NF-kB-dependent
pro-inflammatory cytokines (Fig. 2) [102]. Thus the recognition of
cytosolic DNA (both, pathogen or host-derived) by intracellular PRRs
including ALRs, ¢GAS, and TLR9 induces a potent pro-inflammatory
immune response through the generation of type 1 IFNs and NF-kB-
dependent pro-inflammatory cytokines, chemokines, and ROS or RNS.

A recent study has shown that ZCCHC3, a CCHC-type zinc-finger
protein serves as a positive regulator of cGAS-STING signaling via di-
rectly binding to the cytosolic dsDNA to enhance its binding to the
c¢GAS [107]. Thus ZCCHCS3 serves as a co-sensor for cytosolic dsDNA
recognized by cGAS. Also the damaged dsDNAs in the presence of
PARP-1 [Poly [ADP-ribose] polymerase 1 or NAD® ADP-ribosyl-
transferase 1 (ADRT1) or poly[ADP-ribose] synthase 1 (PARS-1)] and
ATM (Ataxia-telangiectasia mutant) induce non-canonical STING sig-
naling due the activation of IFI16 that binds to the damaged dsDNA and
induces assembly of an alternative STING signaling complex with p53
(a tumor-suppressor protein) and E3 ubiquitin ligase TRAF6 (Tumor
necrosis factor receptor-associated factor 6) [108]. The TRAF6 cata-
lyzes K63-linked ubiquitin chain formation on STING to activating NF-
kB and induce an alternative STING-dependent pro-inflammatory gene
expression program [108]. Unlike human macrophages and DCs,
human B cells do not produce type 1 IFNs in the presence of cytosolic
dsDNA or cGAMP stimulation due to the lack of STING [109]. Even the
reconstitution of the STING in human B cells is unable to induce the
cGAS-dependent type 1 IFNs upon their exposure to dsDNA and
c¢GAMP. Thus human B cells are defective in the recognition of cytosolic
dsDNA and mounting a type 1 IFN-dependent pro-inflammatory im-
mune response. The detailed pro-inflammatory signaling event in-
volved in the cGAS-STING signaling during infection-induced or sterile
inflammatory conditions including autoinflammation, autoimmunity,
or cancer is beyond the scope and theme of the present article and is
described somewhere else [103,110-113]. The released type 1 IFNs also
act in an autocrine manner via type 1 IFN receptor (IFNR)-dependent
pathway on plasmacytoid DCs (pDCs) and alter their immunometabolic
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stage via increasing the fatty-acid oxidation (FAO) and oxidative
phosphorylation (OXPHOS) [114]. Type 1 IFNs also induce FAO and
OXPHOS in non-hematopoietic cells in virus-infected cells through the
activation of PPAR-a. Thus targeting of FAO, OXPHOS and PPAR-a in
cells infected with dsDNA or where host cytosolic dsDNAs serve to
stimulate cytosolic PRRs may be used to target downstream pro-in-
flammatory action of type 1 IFNs [114].

Hence PRRs initiate the signaling events required for the patho-
genesis of inflammation including the immune cell migration at the site
of inflammation. These inflammatory signaling events induce im-
munometabolic reprogramming in activated immune cells for their
survival, growth, proliferation, and release of pro-inflammatory med-
iators to contain the infection through inflammatory mediators.
However, the dysregulation of the protective inflammatory process
causes inflammatory tissue/organ damage or death of the person.

3. Immune cells involved in the process of inflammation

The recognition of pathogens/PAMPs/DAMPs at the mucosal sur-
faces covered by epithelial cells or by the endothelial cells lining the
lymphatic or vascular blood vessels activates them to release several
pro-inflammatory cytokines and chemokines. The release of cytokines
and chemokines further causes the influx of neutrophils and monocytes
at the site of infection or inflammation due to the expression of various
adhesion molecules on endothelial cells. The apoptotic and necrotic
death of epithelial, endothelial, and migrated inflammatory cells fur-
ther aggravate it through tissue or organ failure. The following sections
describe in detail the immune cell interaction taking place in the event
of inflammation.

3.1. Neutrophil-epithelial cell and monocyte-epithelial cell interaction
during inflammation

The epithelial neutrophil transmigration involves CD11b (Integrin
alpha M (ITGAM) or macrophage-1 antigen (Mac-1))/CD18 (Integrin
beta chain-2) interaction with epithelial cell ligands including fucosy-
lated glycoproteins [115]. The neutrophil adherence to the epithelium
is facilitated by HIF-1 (Hypoxia-inducible factor-1)-promoted f, in-
tegrin expression [116]. The epithelial neutrophil transmigration acti-
vates protease-activated receptors (PARs) PAR-1 and PAR-2, located on
the basolateral surface of the epithelium inducing the GPCR-mediated
signaling [115]. This GPCR signaling activates myosin light chain ki-
nase (MLCK)-dependent contraction of the actomyosin ring associated
with proteins in the apical epithelial tight and adherence junctions to
disrupt epithelial barrier function [115,117,118]. The epithelial cell
activation releases the monocyte chemo-attracting chemokines in-
cluding CCL2 (Monocyte chemoattractant protein-1 (MCP-1)) and CCL5
(RANTES, Regulated upon Activation, normal T cell Expressed and
Secreted) to induce the strong transepithelial monocyte migration
[119]. The monocytic response depends on CCR2 but not on CCR5
[119]. The transepithelial migration of monocytes depends on adhesion
molecules including ICAM-1 (intracellular adhesion molecule-1),
VCAM-1 (Vascular cell adhesion molecule-1), CD47 (Integrin-asso-
ciated protein), and junctional adhesion molecules expressed on epi-
thelial cells that interact with monocyte 1 and 2 integrins and in-
tegrin-associated proteins [119-121]. Thus both neutrophil and
monocyte interaction with epithelial cells plays a crucial role in in-
flammation or organ injury including intestinal epithelium (In-
flammatory bowel disease, (IBD)), lung epithelium (Acute lung injury
(ALI) or acute respiratory syndrome, (ARDS), cystic fibrosis) ur-
oepithelium (pyelonephritis, Acute kidney injury (AKI) causing pro-
teinuria), and gingival epithelium by damaging the epithelial barriers
(Fig. 3) [115,121-124].
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3.2. Endothelial cell and leukocyte interaction during inflammation

The infiltration of inflammatory cells including neutrophils, mono-
cytes (during acute inflammation) and sets of T cells (during chronic
inflammation) into the target organs affected with infectious or sterile
inflammatory inflammogens from the systemic circulation involves the
process of diapedesis (a rapid transmigration of inflammatory cells
across the endothelium via the formation of pseudopods) (Fig. 3) [125].
The process of diapedesis occurs at microvasculature of the affected
tissue/organ principally known as the postcapillary venules (PCVs)
(Fig. 3). The PCVs are the site of the histamine-induced vascular
leakage occurring early during the inflammatory process. They serve as
the site for leukocyte extravasation [125]. If the inflammatory insult is
not very severe, then the endothelial junction regains its integrity. The
endothelial-neutrophil interaction during diapedesis involves homo-
philic interaction followed by the Platelet-endothelial-cell adhesion
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molecule-1 (PECAM-1, CD31) and CD99 interaction during their
transmigration [125,126]. The systemic inflammatory stimuli in-
cluding, pathogens, PAMPs, and DAMPs induce the pro-inflammatory
phenotype among circulating neutrophils and monocytes (an increase
in phagocytosis, secretion of pro-inflammatory mediators and cyto-
kines, and the formation of neutrophil or monocyte extracellular traps
(NETs or METs)) along with stimulating the inflammatory signaling
including Angiopoietin (Ang)/Tie2 signaling and the expression of
several adhesion molecules including ICAM-1, VCAM-1, etc. on en-
dothelial cells to promote their adhesion and migration to distant or-
gans (Fig. 3) [127-129]. Furthermore circulating neutrophils and
monocytes regulate each other's inflammatory function to contain the
systemic infection or inflammation [10,129,130]. The loss of this reg-
ulatory network may lead to the uncontrolled inflammation and tissue
or organ injury causing organ failure or death of the patient or chronic
inflammatory conditions including cancer and autoimmunity
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[129,131-133]. However, the irreversible loss in the functional and
junctional integrity of the endothelium during severe inflammatory
conditions including sepsis may lead to the development of vascular
leakage and tissue and organ damage [134]. Thus epithelial cells, en-
dothelial cells, neutrophils, monocytes, macrophages are the major
immune cells playing important role in the pathogenesis of inflamma-
tion by secreting various pro-inflammatory molecules and cytokines.
The different subsets of T cells come in action during chronic in-
flammatory conditions. However, the pro-inflammatory or anti-in-
flammatory action of these immune cells is determined by their im-
munometabolic stage governed by their immunometabolic
reprogramming discussed later.

3.3. Endothelial cell and DC interaction during inflammation

DCs (professional APCs) express MHC-II molecules, CD80, CD86,
different PRRs, and release various immunoregulatory cytokines and
chemokines to impact the immune response [135-137]. In addition to
their presence in various organs including mucosal surfaces, skin
(Langerhans cells (LCs) and dermal DCs), and lymph nodes, they are
also present in the circulation [136]. There are two major subtypes of
DCs called myeloid or classical/conventional DCs (mDCs or cDCs), and
plasmacytoid DCs (pDCs), the details of their phenotype and im-
munoregulatory roles are mentioned somewhere else [138,139]. The
DCs involved in the process of inflammation are called inflammatory
DCs (InfDCs) [140-142]. The inflammation-induced InfDCs
(CD64*CD11c*MHCII*) are of two types: (1) originates from c¢DCs
called ‘CD64% ¢DCs’ and, (2) monocyte-derived CD64* DCs in in-
flamed lymph nodes [143]. The CD64* c¢DCs are seen in Listeria
monocytogenes infection in response to type 1 IFNs and activate T cells
more potentially than monocyte-derived CD64% DCs [143]. The
monocyte-derived InfDCs or TipDCs (TNFa- and iNOS-producing DCs)
develop from monocytes in situ at the site of inflammation under the
influence of inflammatory stimuli and activate CD4* and CD8* T cells
along with the induction of Th17 subset of T cells in several infectious
and inflammatory diseases including cancers and autoimmune diseases
(Rheumatic arthritis (RA), systemic lupus erythematosus (SLE), and
psoriasis etc.) [140-142,144-148].

DCs interact with endothelial cells for their migration to the site of
inflammation (Fig. 3) and subsequent migration to the secondary
lymphoid organs (SLOs) including lymph nodes during autoimmunity,
and angiogenesis, a process seen in the tumor microenvironment
[149-153]. The DC migration from the site of inflammation to the SLOs
(Lymph nodes, Peyer's patches (PP), spleen, tonsils etc.) is also required
to present the antigens to T cells through interacting with endothelial
cells of high endothelial venules (HEV) of lymphatic vessels [154,155].
These DCs migrating through endothelial layer are called interstitial
DCs or migratory DCs [156,157]. The interaction of peripheral blood
DCs with the vascular endothelium involves the ICAM-1, E- and P-se-
lectin expressed by endothelial cells and this interaction increases by
the stimuli increasing the atherogenesis or vascular inflammation or
skin inflammation as rapid recruitment of DCs occurs during cutaneous
inflammation [158,159]. However, the increased production of nitric
oxide (NO-) by endothelial cells due to the enhanced endothelial nitric
oxide synthase (eNOS) activity prevents this interaction. The CXCL12,
CCL5, and CCL2 serve as major chemoattractants for cDCs for their
transendothelial migration generated during inflammatory conditions
[160,161]. LFA-1 (Leukocyte function-associated antigen-1) on DCs is
involved in endothelial-DC interaction by binding to ICAM-1 during
endothelial transmigration [162]. Immature DCs interact with brain
endothelium during inflammatory conditions via ICAM-1, ICAM-2,
platelet-EC adhesion molecule (PECAM)-1, VCAM-1, CD18, and DC-
specific ICAM-3-grabbing nonintegrin (DC-SIGN), whereas mature DCs
do the same by ICAM-1, CD18, DC-SIGN, and PECAM-1 [163]. The DC-
endothelial cell interaction is also seen during cardiorenal syndrome
(CRS) involving inflammatory cardiac and renal injury or failure [164].
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Thus DC migration is a major step involved in both acute and chronic
inflammatory conditions observed during acute trauma or infection-
induced inflammation.

3.4. Endothelial and T cell interaction during inflammation

T cells (CD4™ T cells, CD8* T cells, regulatory T cells (Tregs), and
Th17 cells etc.) are mainly involved in chronic inflammation or in-
flammatory diseases along with autoimmune diseases causing autoin-
flammation or chronic infection-associated inflammation [165-167].
The migration of circulating T cells to the site of infection or in-
flammation also involves their interaction with vascular endothelial
cells (Fig. 3) [168,169]. Endothelial cells stimulated with potent in-
flammogens including LPS, IFN-y, and IL-1f induce the expression of
CD69 on CD8*CD45RO™ T cells and this activation is blocked by in-
hibiting the ICAM-1 and CD18 expression of endothelial cells [170].
Thus, ICAM-1 and CDI18-meidated interaction of T cells with en-
dothelial cells during inflammatory conditions activates their pro-in-
flammatory action including the production of IFN-y. IL-15 is also in-
volved in the endothelial transmigration of peripheral blood T cells
(PBTLs) [170]. The E- and P-selectin expressed on endothelial cells
promote the migration of T effector cells (Teffs) grown in the presence
of IL-12 during acute inflammation or skin inflammation [171]. While,
ICAM-1 and VAP-1 (Vascular adhesion protein-1) expressed on en-
dothelial cells promote the adherence and migration of CD8* T cells.
The intestinal T cells highly express a4f,-integrin migrate to the sites
high in mucosal addressin cell adhesion molecule-1 or MAACAM-1 (gut
mucosa) and vascular cell adhesion molecule-1 or VCAM-1 (Synovial
tissues) [172]. It should be noted that both the nature of SLOs including
LNs and Peyer's patches (PPs) and their anatomic location impact the
endothelial (HEV) transmigration of T cells [173]. Hence T cell and
endothelial cell interaction is also crucial during the process of in-
flammation under diverse conditions.

4. Immunometabolic reprogramming and inflammation

Immunometabolism is an interdisciplinary area of research com-
prising metabolism and immune system [174]. Immunometabolism
further divides into two branches: (1) Cellular immunometabolism and
(2) Tissue Immunometabolism. The cellular immunometabolism in-
volves the immunometabolic reprogramming of the immune cells that
governs their phenotype and function (Pro-inflammatory or anti-in-
flammatory action) under different condition (homeostasis or patho-
logical conditions including inflammation, infection or cancer)
[174,175]. The tissue Immunometabolism deals with the impact of
immune cells and their immunometabolic reprogramming on the
tissue/organ and systemic metabolism favoring the transformation re-
quired to environmental changes in an individual [174].

4.1. Metabolic reprogramming in epithelial cells during inflammation or
inflammatory disease

The inflammatory diseases involving the epithelial cells influence or
reprogram their metabolic process or immunometabolism as epithelial
cells are also considered as innate immune cells [33,176,177]. For ex-
ample, an increase in glycolysis in intestinal epithelial cells (IECs) is
observed during chronic colitis, inflammatory bowel disease (IBD)/
Crohn's disease (CD) or colon cancer [178]. During chronic inflamma-
tion of colon an upregulation of key glycolytic enzymes in response to
the activation of STAT3/c-Myc signaling pathway is observed like im-
munometabolic programing observed during early activation of T cells
(Fig. 4A) [178]. Furthermore, DUOX (Dual Oxidase), a member of the
NADPH oxidase family acts as a first line of defence against enteric
pathogens by producing ROS [179]. Also, the increased tumorigenesis
of epithelial prostate cancer cells regulates cellular redox mechanisms
via mTORC1/c-Myc pathways of stromal glucose and amino acid (AA)
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metabolism to increase the production of IL-6 to promote tumorigenesis
in the prostate epithelial cells [180]. TNF-a also induces a Warburg
effect (a shift from OXPHOS to glycolysis), increases expression of
GLUT1, and facilitates lactate export in breast epithelial cells to further
promote inflammation and tumorigenesis [181]. The aberrant expres-
sion of transglutaminase 2 (TG2) regulates the Warburg effect re-
sponsible for metabolic reprogramming. Hence TG2 by acting as a
master regulator of epithelial cell metabolic reprogramming promotes
the inflammation by constitutively activating NF-xB [182] (Fig. 4A).
NF-kB further activates HIF-1a to increase the glucose uptake (glyco-
lysis), lactate synthesis and decreases the oxygen consumption by mi-
tochondria [182].

The gastrointestinal infection induces “pro-catabolic” signaling in
intestinal epithelial cells initiating the metabolic reprogramming of
enterocytes towards lipid catabolism or FAO that governs homeostasis
of DUOX [179]. The infection initiates the signaling events involving
TRAF3 (TNF receptor-associated factor), AMPK (5’adenosine
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monophosphate kinase), and WTS (Serine/threonine-protein kinase
WARTS homolog or Warts kinase) kinases regulating the TOR kinase for
controlling the balance between lipogenesis and lipolysis [179]. Tu-
bulointerstitial fibrosis or renal fibrosis both in mice and humans show
decreased FAO causing a higher deposition of intracellular lipids [183].
The FAO inhibition severely depletes ATP molecules, induces cell
death, dedifferentiation and intracellular lipid deposition in epithelial
cells and restoration of metabolic defect or FAO prevents the disease
[183]. Thus inflammation-induced metabolic reprogramming among
epithelial cells plays a crucial role in infection generated or sterile in-
flammation.

4.2. Immunometabolic reprogramming among endothelial cells during
inflammation

Endothelial cells are one of the major derivers of the inflammation

as described earlier. During inflammatory process the
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immunometabolic reprogramming of endothelial cells controls their
pro-inflammatory function. The endothelial cells highly express pyr-
uvate kinase M2 (PKM2) isoform in comparison to pyruvate kinase M1
(PKM1) that suppresses the activity of tumor suppressor gene p53 and
maintains cell cycle of endothelial cells undergoing the process of cell
proliferation [184]. The inhibition of PKM2 causes inflammatory en-
dothelial cell damage and the onset of vascular leakage during sepsis.
Endothelial cells are mainly dependent on glycolysis instead of OX-
PHOS for their energy supply during normal conditions (Fig. 4B) [185].
A further increase in the glycolysis fulfils the increased energy demand
of ECs during inflammation [185]. The glucose, glutamine, and fatty
acid (FA) oxidation contribute to about 15% of the ATP synthesis in
endothelial cells by serving as a substrate for the Krebs or tricarboxylic
acid (TCA) cycle [186]. FAO acts as another source of the energy to
endothelial cells due to the increased expression of CPT1A involved in
the transportation of FAs into the mitochondria for FAO and dNTP
production [187]. Hypoxia in endothelial cells during inflammation
promotes glycolysis, fatty acid synthesis (FAS), and glutaminolysis
[188]. However, endothelial cells undergoing inflammatory changes
during hypoxia show a decreased FAO [188]. Thus an increased rate of
glycolysis and glutaminolysis in endothelial cells subjected to in-
flammatory stimulus provides an increased energy demand to these
cells for their pro-inflammatory action. Further studies in the direction
will prove beneficial for therapeutic targeting of inflammation via en-
dothelial cell-specific immunometabolic reprogramming to target en-
dothelial vascular leakage in several inflammatory conditions including
sepsis [189].

4.3. Immunometabolic reprogramming among macrophages during
inflammation

Monocytes/macrophages during homeostasis or in the absence of
any infection or inflammogen do not require frequent and high energy
supply, therefore are dependent on OXPHOS for their energy demand
by utilizing glucose as the energy source (Fig. 4C) [190]. However, to
mount an effective pro-inflammatory immune response (ROS produc-
tion, phagocytosis, increased migration, and the release of pro-in-
flammatory cytokines etc.) the energy demand of macrophages in-
creases in the presence of infection or the potent inflammogen that is
met by shifting from OXPHOS to a very quick but not a very efficient
metabolic pathway called glycolysis [190-192]. For example, glycolysis
produces only two ATP molecules per molecule of glucose at a much
faster rate in comparison to the OXPHOS. This phenomenon of shifting
of OXPHOS to glycolysis is known as Warburg effect [193]. The in-
crease in glycolysis is supported by the increased influx of the glucose
due to the increased glucose transporter 1 (GLUT1) expression, causing
an increased production of pro-inflammatory molecules including nitric
oxide free radical (NO-) (Fig. 4C) [194]. The increased glycolysis in
macrophages during inflammatory conditions is accompanied by in-
creased glutaminolysis and FAS (Fig. 4C) [194]. Thus the pro-in-
flammatory M1 or classically activated macrophages (CAMs) are gen-
erated due to the immunometabolic reprogramming in response to the
infection or inflammogens and show an increase in glycolysis, FAS, and
glutaminolysis [192,194,195].

The immunometabolic shift from OXPHOS to glycolysis in M1
macrophages is induced by HIF-1a and mammalian target of rapamycin
(mTOR, a serine/threonine protein kinase) or more precisely mTORC1
(Fig. 3C) [196,197]. The inflammatory stimuli including LPS activate
Akt and mTORCI1 via B-cell adapter for PI3K (phosphatidyl inositol 3
kinase) (BCAP, an adaptor domain) that increases the surface expres-
sion of GLUT1 in M1 macrophages to increase the influx of glucose to
further increase the glycolysis [198,199]. Hypoxia is one of the several
inducers of the inflammation and HIF (a transcription factor) induced
due to tissue or organ hypoxia plays a crucial role in the generation of
inflammation and the regulation of the immune response [200-203].
This transcription factor is a heterodimeric protein having two subunits:
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HIF-1a (its stability is determined by oxygen levels) or HIF-2a and HIF-
1 B (also called aryl hydrocarbon receptor nuclear translocator (ARNT)
protein) [201]. HIF-1a is present ubiquitously, while HIF-2a is re-
stricted to only certain tissues [202,204]. HIF-1a generated by mac-
rophages during inflammation causes the increased production of IL-1f
by increasing the concentration of succinic acid or succinate [205].

PKM2 in macrophages further upregulates the HIF-1a by acting as
its cofactor and induces the production of IL-1 to further aggravate the
inflammation [206]. HIF-1a also induces the pyruvate dehydrogenase
kinase isoform 1 (PDK1) activation to further promote the glycolysis in
M1 macrophages and thus the inflammation [207]. Thus HIF-1la in
macrophages shows a defective immunometabolic reprogramming to-
wards the generation of M1 macrophages and thus the decreased in-
flammation. Serine metabolism in macrophages exposed to the in-
flammogens including LPS is required for the optimal generation of IL-
1B mRNA, but not the inflammasome activation [208]. The mechanism
involves the generation of glycine from serine that is required for the
synthesis of glutathione (GSH) that regulates the induction of IL-1f I
macrophages upon exposure to the LPS. The serine is synthesized in
macrophages de novo during glycolysis [208]. Furthermore, the in-
hibition of de novo serine synthesis decreases the LPS-induced IL-1(3
secretion by macrophages and increases the survival of mice subjected
to the sepsis [208]. Thus de novo serine synthesis in macrophages as
result of increased glycolysis increases the synthesis of GSH that favors
the IL-1f3 synthesis.

The M2 macrophages or alternatively activated macrophages
(AAMs) are anti-inflammatory in nature. These are generated during
the resolution phase of inflammation or in response to IL-4 and IL-13, or
during the pathogenesis of cancer as cancer-promoting cells. Due to
their role in immunosuppression of inflammatory immune response and
angiogenesis, these M2 macrophages show an increased OXPHOS and
FAO along with a decrease in mTOR signaling (Fig. 4C) [209]. Thus
both the Warburg effect (a shift from OXPHOS to glycolysis) and me-
tabolic processes occurring in the cytosol and mitochondria regulate the
inflammatory phenotype and function of the macrophages by control-
ling the genes involved in the activation of macrophages during infec-
tion and inflammation [210-212]. The detailed mechanism of im-
munometabolic regulation of macrophages is described somewhere else
[209,213,214].

4.4. Immunometabolic reprogramming among neutrophils during
inflammation

Neutrophils are first immune cells migrating towards the site of
infection and trauma leading to the development of the inflammation.
To phagocytose invading pathogens and kill them via their intracellular
killing (ICK) mechanisms (production of ROS and RNS etc.) and to
further send the chemotactic signal to chemo-attract further neutrophils
and monocytes they require a high energy supply to cope with higher
metabolic rate. To overcome the high energy demand for their im-
munological function neutrophils are dependent on increased glycolysis
along with pentose phosphate pathway (PPP) by the high influx of
glucose due to the low number of mitochondria [215,216]. The NET
formation during inflammation is also dependent on the glycolysis and
PPP [217,218]. The defective glycolysis in neutrophils is shown to
decrease their pro-inflammatory action, NET formation (called NE-
Tosis), antimicrobial action, and phagocytosis [219]. Neutrophils are
independent of OXPHOS for their pro-inflammatory function due to a
low number of mitochondria instead, show increased glycolysis and
PPP. HIF-1a serves as one of the several regulators of glycolysis in
neutrophils by increasing the expression of GLUT1 and GLUT3 required
for increased uptake of glucose (Fig. 5A) [220,221]. However, mTOR
signaling occurring as result of TLR signaling also regulates neutrophil
glycolysis by increasing the HIF-1a expression [222,223]. Thus neu-
trophils immunometabolic reprogramming controls its immunological
and inflammatory function.
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4.5. Immunometabolic reprogramming among DCs during inflammation

DCs also depend on OXPHOS for their energy requirement under
normal conditions in the absence of infection or any other in-
flammatory condition or inflammogen to maintain their normal
homeostatic function [190,224]. FAO plays a crucial role in OXPHOS of
bone marrow-derived dendritic cells (BMDCs), but its role in ¢DCs and
pDCs is not yet clear [225]. Hypoxic conditions develop in in-
flammatory environment and also exposure of inflammogens to DCs
induces transcription and translation of genes inducing HIFs and in-
flammatory cytokines and chemokines. This transition from their
normal steady sate phenotype to the pro-inflammatory phenotype re-
quires steady and frequent supply of energy that is attained by im-
munometabolic reprogramming inducing transition from OXPHOS to
glycolysis (Fig. 5B) [139]. Furthermore, the transition from OXHOS to
glycolysis among DCs during inflammation causes the conversion of
pyruvate or pyruvic acid (generated during glycolysis) into lactate or
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lactic acid that gets secreted into extracellular environment (Fig. 5B)
[223,225]. The inhibition of glycolysis among DCs inhibits their in-
flammatory action by inhibiting MHC I and II, CD40, and CD86 ex-
pression along with the inhibition of IL-6, IL-12p70, and TNF-a [224].
Thus the inflammatory function of DCs under inflammatory conditions
reprograms their immunometabolism into an enhanced glycolysis that
further fuels TCA cycle, increases FAS to fuel increased FAO and sup-
ports the PPP for their complete activation [139]. The TLR stimulated
an early induction of glycolysis among DCs mediated by TBK1, IKKe (I-
kappa-B kinase epsilon), and Akt promotes interaction between hex-
okinase II (HKII) and mitochondria [226]. It is noteworthy that both
mouse and human ¢DCs do not express iNOS and thus are unable to
produce NO- and do not exhibit the Warburg effect or the transition
from OXPHOS to glycolysis [227]. However, both mTOR signaling and
HIF-1a do not play a significant role in the early induction of glycolysis
from OXPHOS in DCs that is an AKT-dependent process [226,228]. The
loss of AMPK in DCs under inflammatory conditions also supports the
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immunometabolic reprogramming from OXPHO to glycolysis
[223,229]. Thus drugs or molecules or forceful induction of AMPK may
prove as a therapeutic approach to target immune cells including DCs to
counter the inflammation or inflammatory diseases. The details of DCs
immunometabolic reprogramming are described somewhere else
[139,224].

4.6. T cell imnmunometabolic reprogramming during inflammation

The naive and quiescent CD4+, CD8+, and CD4 + CD8+ T cells
like myeloid cells (neutrophils, monocyte/macrophages, etc.) are also
mainly dependent on OXPHOS for their energy requirement [230-232].
For example, 96% of the ATP molecules of naive T cells are generated
by OXPHOS and remaining 4% are generated by glycolysis (Fig. 5C)
[233]. The glucose undergone glycolysis, FAO, and AA metabolism
including glutaminolysis provide the pyruvate for the process of OX-
PHOS [230,231]. This glucose influx into the naive T cells is regulated
by the tonic TCR signaling (A low-level TCR signaling occurring in
response to self-peptide/MHC molecules and IL-7/IL-7receptor sig-
naling required for the survival of naive T cells) involving the cell
surface trafficking of GLUT1 modulated by PI3K/Akt/mTOR signaling
pathway [230,234]. Thus the absence of glucose influx due to the
dysregulation of tonic TCR signaling may cause their apoptotic death
due to the impaired or decreased expression of GLUT1 [235]. The IL-7/
IL-7R signaling maintains normal GLUT1 expression through STAT5
activation causing a sustained activation of Akt-signaling for glucose
uptake to prevent naive T cell apoptosis [234].

It is noteworthy that the deletion of Glutl gene selectively limits
glycolysis in CD4 ™", but not in CD8* T cells that also specifically affects
their cellular proliferation accordingly [236,237]. Thus, GLUT family of
glucose transporters is important for glucose uptake in CD8* T cells.
However, under chronic inflammatory conditions or during antigenic
stimulation and co-stimulation the immunometabolic reprogramming
among T cells takes place. Thus a shift from OXPHOS to glycolysis is
observed that further increases lactate production and its transport into
external cellular environment, FAS or lipid synthesis, nucleotides
synthesis, and amino acid (AA) synthesis required for their growth and
proliferation (Fig. 5C) [231]. However, FAO or lipid oxidation is de-
creased but the glutamine oxidation (glutaminolysis) like glycolysis is
increased [231]. The immunometabolic reprogramming towards
aerobic glycolysis is mainly induced by the induction of c-Myc tran-
scription factor in response to mTOR signaling during early T cell
growth and proliferation (Fig. 5C) [238]. The induction of c-Myc in
response to the mTOR signaling within the first 24 h following the ac-
tivation of naive T cells and their transition into Teffs is a very crucial
signaling event [239]. The effector CD4™ T cells show increased OX-
PHOS (up to two fold increase) as compared to the effector CD8* T
cells after activation as these cells do not increase the OXPHOS beyond
their resting stage [240]. Thus effector CD4" T cells can be dis-
tinguished from effector CD8* T cells on the basis of their OXPHOS
status and CD4 ™ effector T cells survive better than CD8* T cells under
conditions limited by pro-glycolytic signals seen during acute lym-
phocytic choriomeningitis virus (LCMV) infection [241].

The major immunometabolic pathway in Th1, Th2, and Th17 cells
generated from CD4™ T cells during inflammatory conditions including
cancer and autoimmunity comprises of aerobic glycolysis [231]. The
immunometabolic pathway involved in the generation of Th17

cells involves the PI3K-Akt-mTORC1-S6K1 signaling axis suppres-
sing the Gfil (a zinc finger protein) that acts as a transcriptional re-
pressor protein [242]. Additionally, S6K1 by binding to the RORyt
transports it into the nucleus for inducing the genes responsible for the
functional phenotype of Th17 cells [242]. The absence of mTORC1
signaling in CD4 ™" T cells prevents their transition into Th1l and Th17
cells without affecting their differentiation into Th2 immune cells
[243,244]. However, the induction of Th2 cells from CD4* T cells in
the absence of mTORC2 is inhibited [243]. Thus the induction of HIF-
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la, mTORC1 signaling pathway due to the increased glycolysis, glu-
taminolysis in CD4™ T cells may induce the generation of Th17 cells
during inflammation including sepsis [245]. The pro-inflammatory
action of Th17 cells depends on TCR engagement causing the influx of
calcium (Ca®%) from endoplasmic reticulum (ER) due the action of
second messenger called inositol-1,4,5-triphosphate (IP3). The in-
tracellular Ca?* activates stromal interaction molecule 1 (STIM1) and
STIM2 localized in ER membrane [246]. The activated STIM1 binds to
and opens ORAI1 (CRACM1,), the pore forming subunit of the Ca%*
influx through Ca® -release-activated Ca>* channel (CRAC) providing
the Ca®* influx in bulk (called store-operated Ca%* entry, or SOCE)
after TCR stimulation [247-249]. The STIM1-mediated influx of Ca%*
upregulates mitochondrial ETC and OXPHOS and decreases the ROS
generation enhancing the pro-inflammatory function of Th17 in the
inflammatory environment [247]. Thus Ca?™ influx in Th17 cells reg-
ulates their pro-inflammatory function by inducing immunometabolic
reprogramming towards their inflammatory phenotype and function.

The regulatory T cells (Tregs) are generated during inflammatory
conditions to suppress the severity of the inflammation, and their de-
ficiency or inhibition of their generation from CD4* T cells aggravates
the inflammatory immune response. Due to the low expression of
GLUT1 by Tregs as compared to the other Teffs, Tregs are not depen-
dent on aerobic glycolysis for their energy demand instead use lipid
oxidation or FAO for this process [250-253]. Resolution of the in-
flammation causes the apoptotic death of the majority of Teffs. The
leftover Teffs become memory T cells (Tmems) and enhance immunity
upon re-exposure to the same antigen including tumor antigens, in-
flammogen or pathogen [254-256]. Tmems are long living cells with
lower turnover rates requiring a unique metabolic demand. Therefore
Tmems exhibit a decreased mTOR signaling and exhibit FAO or lipid
oxidation for their immunometabolic demand [257]. Tmems also have
great number of spare respiratory capacity (SRC) in their mitochondria
to produce a rapid and high number of ATP molecules upon secondary
exposure to the same antigen or inflammogen [258-260]. IL-15 is a
critical cytokine for CD8* Tmems regulating SRC and oxidative meta-
bolism of FAs by promoting the mitochondrial biogenesis and the ex-
pression of carnitine palmitoyltransferase (CPT1a), a metabolic enzyme
regulating the rate limiting step of FAO [258,259,261]. Tmems can
increase their use of FAs for energy via OXPHOS decreasing their de-
pendency on aerobic glycolysis due to increased number of mitochon-
dria [238,261]. Hence Tmems show a higher survival rate as compared
to Teffs in the absence of pro-glycolysis signals including the stage
where the initial priming antigen is absent or eliminated and cytokines
including IL-2 dissipate. Thus immunometabolic reprogramming of
different sets of T cells including Tmems is an essential step in their
immunoregulatory or immunopathogenic role during inflammation and
various inflammatory diseases. Hence immunometabolic reprogram-
ming among immune cells is a crucial event to mount an inflammatory
immune response.

5. Therapeutic targeting of inflammation/inflammatory diseases
via immunometabolism

The immunometabolic reprogramming among immune cells in the
event of inflammation or inflammatory diseases is an essential process
to regulate their pro- or anti-inflammatory action. Rheumatic in-
flammatory diseases including RA, osteoarthritis (OA), and SLE also
involve immunometabolic reprogramming among immune cells re-
sponsible for the inflammatory phenotype [262-264]. Thus targeting
their immunometabolic stage may prove as a novel therapeutic ap-
proach to control the inflammation or inflammatory organ damage or
its failure observed during sepsis or other inflammatory diseases. For
example, methotrexate (belongs to the class of drug called anti-
metabolites) used in cancer and autoimmune diseases including psor-
iasis and RA acts by inhibiting Janus kinase (JAK)-STAT (Signal
transducer and activator) signaling pathway involved in the
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inflammation and associated immune response [265]. However, it also
exerts its anti-inflammatory action by altering the immunometabolic
stage of immune cells involved in the process by targeting one-carbon
metabolism involved in AA metabolism and nucleotide biosynthesis
[266,267]. The targeting of AA metabolism in inflammatory immune
cells by methotrexate potentially inhibits their growth, the redox bal-
ance (involved in inflammasome activation that further aggravates in-
flammation), and epigenetic reprogramming supporting inflammatory
immune response [266].

The targeting of immunometabolic reprogramming (OXPHOS —
Glycolysis) among CD4™ T cells by 2-deoxy-p-glucose (2-DG) in com-
bination with metformin has inhibited the release of pro-inflammatory
IFN-y and autoantibody production in the animal model of SLE [268].
The metformin restores the production of defective IL-12 by CD4* T
cell in lupus-prone B6.Slel.Sle2.Sle3 (TC) mice by impacting mi-
tochondrial oxidative metabolism [268]. Thus 2-DG and metformin
overcome the inflammatory phenotype of SLE by normalizing the pro-
inflammatory T cell immunometabolism. The combination of 2-DG and
metformin in the presence of an inhibitor of glutaminolysis called 6-
diazo-5-oxo-L-norleucine (DON) inhibits the T cell-mediated
flammatory mechanism involved in organ transplantation [269]. The
process involves the immunometabolic reprogramming among CD4* T
cells towards the anti-inflammatory phenotype notably regulatory T
cells (Tregs) and the inhibition of Teffs [269,270]. In addition to tar-
geting inflammation associated with autoimmune diseases, targeting
immunometabolic reprogramming may serve as a novel approach to
manage systemic inflammation or sepsis [189,209,271]. For example, a
plant-derivative plumbagin extracted from the roots of the plant called
Plumbago zeylanica exerts anti-inflammatory action by inhibiting the
enzyme PKM2 responsible for the glycolysis-induced pro-inflammatory
action of the macrophages [272].

AMPK is a conserved serine/threonine kinase and its decreased
activity in M1 macrophages and Th17 cells is associated with their pro-
inflammatory phenotype during inflammation and tumorigenesis
[273]. The decreased AMPK activity in pathogenic or pro-inflammatory
T cells is associated with the defective function of N-myristoyl-
transferase 1 (NMT1) [274]. The NMT1 attaches fatty acid myristate to
the N-terminal glycine of the protein for sorting them into soluble and
membrane-bound fractions and AMPK works in a myristoylation-de-
pendent manner [274]. The defective NMT1 function prevents AMPK
activation and overly activates unopposed mTORC1 signaling shifting T
cells towards their pro-inflammatory phenotype (Thl and Th17 cells)
and function [274]. The protective action of NMT1 involves lipidic
modification of the AMPK (myristoylation) to its lysosomal recruitment
for its activation. Thus deficiency of NMT1 causes severe inflammation
(synovial tissue inflammation) by suppressing the function of AMPK
and unopposed activation of mTORCI signaling in T cells. Thus forced
expression of NMT1 may serve as an anti-inflammatory approach by
directly affecting immunometabolic reprogramming through impacting
AMPK and mTORCI1 signaling in T cells.

AMPK promotes the anti-inflammatory action of M2 macrophages
and Tregs by modulating the pro-inflammatory immunometabolic re-
programming that is inhibiting the transition from OXPHOS to glyco-
lysis to induce the stage of pseudostarvation and arresting the cell cycle
[273]. Thus drugs with a potential to increase the AMPK levels and
activity in immune cells during inflammation have a potential to target
immunometabolism. The AMPK is activated by several anti-in-
flammatory agents including 2-DG, AICA riboside (AICAR or Acadesine
or 5-Aminoimidazole-4-carboxamide-1-B-ribofuranoside), metformin,
berberine (a natural plant-derivative used in traditional Chinese med-
icine), and A-769662, derived from a high-throughput screen for AMPK
activator [275-277]. For example, AICAR, an AMP analog has a po-
tential to use in severe inflammatory conditions including sepsis and
associated organ injury [278,279]. Thus activation of AMPK may serve
as a potential strategy to target inflammation via modulating im-
munometabolic reprogramming. The immunomodulatory action of
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recombinant human IL-7 (rhIL-7 or CYT107) also involves its impact on
immunometabolism involving mTOR signaling, GLUT1 expression and
glucose uptake by conventional (CD4* and CD8%) T cells [280]. The
clinical trial of rhIL-7 in sepsis has shown promising results as an im-
munoadjuvant approach for sepsis by targeting the immunometabolism
of conventional T cells to increase their number [281]. Thus im-
munometabolism has a great potential for designing therapeutics to
target inflammation and inflammatory diseases.

6. Conclusion

Inflammation is a very complex and diverse immunological process
depending on the involvement of immune cells in the pathogenesis, its
severity, inducing agent including infections, trauma or cancerous en-
vironment etc., and the duration of its pathogenesis (Acute versus
chronic inflammation). The immune cells are first line of defence and
their activation is the major player in the induction of inflammatory
immune response and the pathogenesis of various inflammatory dis-
eases including sterile inflammatory diseases, autoimmunity, and
cancer. However, the induction pro-inflammatory or anti-inflammatory
action of immune cells depends on their immunometabolic stage gov-
erned by the process of immunometabolic reprogramming. For ex-
ample, inflammatory signals support anabolic metabolic processes re-
quired to the generate pro-inflammatory immune response [282].
However, naive and Tmems depend on catabolic metabolic process
(OXPHOS and FAO) for their energy requirement [282]. The TLR9
agonist called CpG-ODN-mediated stimulation of macrophages alters
their immunometabolic stage and increases their antitumor action and
phagocytic action against CD47* cancer cells [283]. For example, this
increases the FAO among macrophages shunts the TCA cycle inter-
mediates towards the de novo production of FAs through the activation
of CPT1A and ATP citrate lyase imparting these macrophages as anti-
tumor potential [283]. Targeting immunometabolic reprogramming of
immune cells comprises a novel therapeutic approach for inflammation
and inflammatory diseases including autoimmunity. The present article
is written in a way to introduce the concept of immunometabolism, its
involvement in the regulation of inflammation by describing the im-
munometabolic reprogramming of different immune cells serving as
sentinel inflammatory cells in the pathogenesis of both acute and
chronic inflammation and inflammatory diseases. Thus the long journey
of inflammation research has sailed the sea of immunology to get
ashore called immunometabolism for better cell-specific
munotherapeutic or immunomodulatory approach.
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