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Immunometabolism: Another Road to Sepsis
and Its Therapeutic Targeting
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Abstract— Sepsis is a major health problem all over the world. Despite its existence since
the time of Hippocrates (470 BC), sepsis is still a serious medical problem for physicians
working in both pediatric and adult intensive care units. The most current US FDA-approved
drug called recombinant human activated protein C or Drotrecogin-α is also failed in clinical
trials and showed similar effects as placebo. The epidemiological data and studies have
indicated sepsis as a major socioeconomic burden all over the world. Advances in immunol-
ogy and genomic medicine have established different immunological mechanisms as major
regulators of the pathogenesis of the sepsis. These immunological mechanisms come into
action upon activation of several components of the immune system including innate and
adaptive immunity. The activation of these immune cells in response to the pathogens or
pathogen-associated molecular patterns (PAMPs) responsible for the onset of sepsis is
regulated by the metabolic stage of the immune cells called immunometabolism. An alterna-
tion in the immunometabolism is responsible for the generation of dysregulated immune
response during sepsis and plays a very important role in the process. Thus, it becomes vital to
understand the immunometabolic reprograming during sepsis to design future target-based
therapeutics depending on the severity. The current review is designed to highlight the
importance of immune response and associated immunometabolism during sepsis and its
targeting as a future therapeutic approach.
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INTRODUCTION

Sepsis is a major healthcare problem for physicians
working in intensive care units (ICUs) along with the medical
research scientists involved in sepsis research. It is character-
ized as a disease with a constellation of symptoms originating

from the dysregulated immune response against an invading
pathogen (i.e., bacteria (both gram negative and gram posi-
tive), viruses, fungi as well as a parasite) responsible for the
systemic infection and induction of systemic inflammation.
The pathophysiological symptoms involved are characterized
by the presence of hyper/hypothermia, leukocytosis/leukope-
nia, hypertension, hypotension due to decreased resistance
causing induction of septic shock, disseminated intravascular
coagulation (DISC), multi-organ damage/failure (severe sep-
sis), and ultimate death of the patient. According to the
recommendations by the third international consensus defini-
tions for sepsis and septic shock (Sepsis-3), sepsis should be
defined as a life-threatening condition of organ dysfunction
caused by a dysregulated immune response to infection [1].
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For the clinical purpose, organ dysfunction can be shown by
an increase in the Sequential [Sepsis-related] Organ Failure
Assessment (SOFA) score of 2 points or more that is associ-
ated with an in-hospital mortality greater than 10% [1]. Thus,
as per definition, sepsis and severe sepsis can thus be used
interchangeably sometimes to illustrate the constellation of
symptoms caused by certain infections along with distant
organ injury/dysfunction [2]. As per sepsis-3 guidelines, sep-
tic shock is defined as a subset of sepsis with particularly
profound circulatory, cellular, and metabolic abnormalities
cause a greater risk of mortality than with sepsis/severe sepsis
alone [1]. The patients with septic shock can be clinically
identified by a vasopressor requirement to maintain a mean
arterial pressure of 65 mmHg or greater and serum lactate
level greater than 2 mmol/L (> 18 mg/dL) in the absence of
hypovolemia [1, 3].

With the discoveries and advancements in antibiotic
therapies, ventilator management of respiratory difficulties
observed in patients with sepsis/acute pneumonia, blood
glucose maintenance, and advanced resuscitative strate-
gies, an improved outcome in sepsis-associated mortality
is reported [4–6]. But still, the mortality associated with
severe sepsis and septic shock approaches to 50% in some
countries whereas in other countries it lies between 20 and
30% [7]. Still with the advancement in the management of
sepsis, its annual incidence is very high in high-income/
developed countries and it accounts for 5.3 million deaths
annually [8, 9]. Additionally, the emergence of pathogens
with antibiotic resistance has created another challenge for
intensivist dealing with sepsis patients. For example, anti-
microbial resistance has become a great challenge to man-
age both adult and neonatal sepsis all over the world [10–
12]. Thus, alternative approaches targeting sepsis along
with a combination of appropriate antibiotics at appropriate
time are highly desired [13]. One of the alternative ap-
proaches includes targeting host immune cells to clear the
infection responsible for the development of uncontrolled
infection and inflammatory damage observed in sepsis/
severe sepsis [14]. Thus, to target host immune system
effectively during sepsis, a better understanding of
immunopathogenesis is essential as described in the fol-
lowing section. Immunometabolism controlling the devel-
opment and function of immune cells during homeostasis
and different diseases including autoimmune diseases, can-
cers, and infections may provide an alternative approach to
target immune cells that get dysregulated in terms of their
function and survival during sepsis [15–19]. Thus, the
major emphasis of the review is to highlight the importance
of immune cells including neutrophils, myeloid-derived
suppressor cells (MDSCs), macrophages and T cells in

the pathogenesis of sepsis, al teration in their
immunometabolic stage, and its therapeutic targeting.

IMMUNE RESPONSE DURING SEPSIS

The immune system plays a major role in host-
pathogen interaction; therefore, an establishment or clear-
ance of the infection depends on the immunological status
of the host [20–22]. However, the immune system is not
fully developed in neonates and therefore fails to mount an
effective immune response to clear the invading pathogen
and causing the development of sepsis [23–25]. Whereas
proper functioning of the immune system (i.e., the balance
between anti-inflammatory or pro-inflammatory immune
response) also gets compromised in older population due
to the process called immunoaging [26–29]. Thus, the
failure of the immune system to clear the pathogen and
an induction of dysregulated immune response in both age
groups predisposes them to develop sepsis and associated
mortality.

The role of immune system in the pathogenesis of
sepsis in detail is described elsewhere [30–34]. Thus, I will
briefly explain the role of immune system here in the
pathogenesis of sepsis. An initial encounter of the host
with a specific pathogen leads to the phenomenon of
host-pathogen interaction. This may either lead to the
clearance of the infection or may provide an opportunity
to form an ecological niche favoring survival, growth, and
division of the bacteria. During this stage, the pathogen is
taken caremainly by the innate immune system comprising
of innate immune cells and its humoral components includ-
ing the complement system, cytokines, chemokines etc.
[30, 35–37]. Additionally, the endothelial cells (ECs) are
also considered as innate immune cells and secrete pro-
inflammatory cytokines upon interaction with different
PAMPs via different PRRs [38–40]. Furthermore, mice
expressing exclusively TLR4 on ECs efficiently clear sys-
temic bacterial infection during lethal sepsis [41]. Howev-
er, in actual human cases of sepsis, a profound damage to
the endothelial lining or ECs is observed causing a defec-
tive vasoregulation, inflammation, induction of oxidative
and nitrosative stresses, induction of septic shock, and
multi-organ dysfunction syndrome (MODS) [42–47].
Thus, the failure of the innate immune system to clear the
pathogen at this stages causes its profound activation lead-
ing to the induction of overwhelming release of pro-
inflammatory cytokines (i.e., IL-1α, IL-1β, TNF-α, IL-6,
IL-8, IL-12, IL-17, IL-18, granulocyte-monocyte colony
stimulating factor (GM-CSF), interferon (IFN)-γ,
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macrophage migration factor (MIF) etc.) causing the in-
duction of a phenomenon called Bcytokine storm^ [48–50].
In addition to pro-inflammatory cytokines, anti-
inflammatory cytokines (i.e., IL-10, transforming growth
factor-β (TGF-β), IL-30, and IL-37 etc.) are also generated
and released during sepsis and their persistent overproduc-
tion exert great impact on sepsis pathogenesis and its
outcome [51–54].

FAILURE OF EARLIER IMMUNE-BASED THER-
APEUTICS AND NEED FOR AN ALTERNATIVE
APPROACH TO TARGET SEPSIS

Various strategies were applied earlier to target sepsis
via using immune-based therapies as mentioned [55]. For
example, intravenous immunoglobulins (ivIGs) had been
used in Streptococcal toxic shock syndrome (STSS) but
with little success and is not recommended for these pa-
tients nowadays [56–58]. Additionally, inhibition of IL-1,
IL-6, and TNF-α did not show a significant impact on
sepsis-associated mortality and failed in their clinical trials
[59]. Furthermore, targeting of a pattern-recognition recep-
tor (PRR) called toll-like receptor-4 (TLR4) involved in the
recognition of lipopolysaccharide (LPS) of gram-negative
bacteria with eritoran tetrasodium (E5564) also failed in
clinical trials [59, 60]. The most recently developed drug
(recombinant human activated protein C or Drotrecogin-α,
first USA FDA-approved drug for sepsis) designed to
prescribe during sepsis-associated disseminated intravas-
cular coagulation (DISC) also did not show any significant
benefit to sepsis patients in 28 or 90 days mortality trial in
comparison to placebo [61, 62]. These failures in clinical
trials have left us without any direct therapeutic against
sepsis since its description by Hippocrates in 430 BC [63,
64]. Further studies in this direction also indicate that
immune status of the patient exerts a major impact on the
course of septic shock and their susceptibility to getting
infected with a hospital or ICU-acquired infections [65,
66]. Thus, the complexity of sepsis pathogenesis also in-
volves the immune status of the person infected in terms of
the comorbidity associated sepsis and different endpoints
in sepsis/septic shock associated clinical findings [65, 66].
Thus, an effective management of sepsis via modulating
immune system requires a very specific and direct ap-
proach specifically depending on the immune cell’s phys-
iological status. This can be achieved by targeting meta-
bolic status of immune cells or immune cell metabolism
called immunometabolism.

IMMUNOMETABOLISM AND ITS
REPROGRAMMING DURING SEPSIS

Immunometabolism is an interdisciplinary field that
originates from the combination of classical immunology
and metabolism that utilizes the experimental preferences
and archetypes of both the branches of basic medical
science [67]. This is further classified into two main
streams: (a) Cellular immunometabolism involves the
study of reprogramming of immune cell metabolism under
different (i.e., homeostasis or pathological conditions in-
cluding inflammation, infection, or cancer etc.) situations
that determines their destiny [68, 69] and (b) Tissue
immunometabolism that mainly deals with the impact of
the immune cells on tissue and systemic metabolism that
favors the required transformation of an individual or an
o r g a n i sm t o e n v i r o nmen t a l c h a n g e s [ 6 7 ] .
Immunometabolism exerts its regulatory role on the im-
mune system and associated diseases including infections,
cancer, and autoimmunity [17, 70, 71]. This development
in the field has also fascinated metabolomics towards im-
munology and sepsis research [72, 73]. This current review
is highlighting the importance of immunometabolism in
terms of sepsis immunopathogenesis and its targeting as a
future therapeutic approach.

Immunometabolism and the Pathogenesis of Sepsis

Sepsis is a disease of aberrant and dysregulated im-
mune response to certain infections (i.e., Streptococcal
infections, Staphylococcal infections and/or infection
caused by Pseudomonas aeruginosa, Klebsiella
pneumoniae etc.) that are more frequent in both neonates
and older population (i.e., ≥ 60 years of age) [23, 74]. Most
of the immunologists, microbiologists, and ICU specialists
remember metabolism as a course taught with physiology
and biochemistry classes during their undergraduate stud-
ies called protein/amino acid metabolism, carbohydrate
metabolism (glycolysis, gluconeogenesis, lactate metabo-
lism, oxidative phosphorylation (OXPHOS), Krebs or tri-
carboxylic acid (TCA) cycle etc.) lipid metabolism com-
prising of lipid synthesis and its oxidation called beta-
oxidation of fatty acids (FAs). Still, the metabolism is
mainly linked to metabolic diseases like obesity, diabetes
mellitus or protein-energy malnutrition (PEM). However,
an advancement in the field of immunology and infectious
diseases has also implicated the metabolic changes in the
functional state of immune cells during various inflamma-
tory and infectious diseases [71, 75–79]. This advancement
in the field of immunology led to the development of a
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branch of immunology called immunometabolism dealing
with the study of the metabolism of immune cells during
homeostasis and infectious and inflammatory diseases [70,
80]. For example, anorexia proves beneficial to host during
bacterial (Listeria monocytogenes) sepsis and nutritional
supplementation proves detrimental during with bacterial
sepsis [81]. Whereas during viral infections including in-
fluenza and associated viral sepsis, food supplementation
proves beneficial to the host and limiting the glucose intake
increases the mortality [81]. Thus, this study indicates that
individual’s nutrient intake affects the immune cell func-
tion via impacting their metabolic stage during infections/
sepsis. Therefore, the activation, division, growth, prolif-
eration, and effector function of immune cells and
returning back to their homeostasis are linked and depen-
dent on their metabolic status and the processes or stimuli
impact ing the i r metabo l ic processes . Hence,
immunometabolism can be defined as metabolic process
exhibited by immune cells in their various compartments
during homeostasis or disease conditions that control all
their homeostatic and effector functions.

Under the normal homeostatic condition, the immu-
nologic response of immune cells required to maintain the
homeostasis is effectively controlled via the process of
immunometabolism [82]. For example, OXPHOS plays a
major metabolic pathway to synthesize ATP molecules
required as a source of energy for their growth and prolif-
eration [80, 83]. The process of OXPHOS depends on
glycolysis, Krebs cycle, fatty acid synthesis (FAS) and its
oxidation along with the process of glutaminolysis [80, 83,
84]. Thus, under normal conditions, OXPHOS plays a
major role to maintain the metabolic energy requirements
of the immune cells.

Neutrophils and Changes in Their Immunometabolism
During Sepsis

Neutrophils are major circulating innate immune cells
in addition to monocytes with potent phagocytic and intra-
cellular killing activity due to the generation of highly
reactive oxygen species (ROS) [85–89]. Microarray data
has shown the upregulation of 2248 gene transcripts in
neutrophils of the persons voluntarily challenged with
intravenous lipopolysaccharide (LPS) or endotoxin [90].
These genes are mainly upregulated during inflammatory
process (i.e., genes involved in TNF-α, IL-1α, and IL-1β
signaling) and are the negative regulators of apoptosis [90].
This upregulation of pro-inflammatory genes and anti-
apoptotic genes (i.e., Bcl-xL, Mcl-1, A1, and Bak) in
neutrophils proves detrimental to the pathogens but also

exerts bystander inflammatory action on various organs or
tissues where these cells are infiltrated causing multi-organ
dysfunction syndrome (MODS) (Fig. 1a) [91–94]. Thus,
the suppression of neutrophil apoptosis during sepsis may
prove detrimental to the host via increasing the apoptosis of
other cells through increasing the dephosphorylation of
epithelial cell caspase-8 [95].

An increased upregulation of PDL-1 (Programmed
death ligand-1) is observed on neutrophils isolated from
sepsis patients and its interaction with PD-1 (Programmed
death receptor-1) expressed on lymphocytes can induce the
death of the CD4+, CD8+ or CD4+CD8+ T cells (Fig. 1a)
[96]. For example, this neutrophil PDL-1 upon engage-
ment with PD-1 on the T cells can inhibit their stimulatory
signaling event mediated by TCR signal transduction and
CD28-co-stimulation even at very low levels of PD-1 [97,
98]. This interaction inhibits the cytokine production re-
quired for T cell survival and proliferation, promotes cell
cycle arrest and decreases the transcription of the anti-
apoptotic factor Bcl-XL [99]. The event is regulated by
the termination of ZAP70 and PI3K phosphorylation
through the recruitment of SHP1 (Src homology region 2
domain-containing phosphatase-1) and SHP2 (Src homol-
ogy region 2 domain-containing phosphatase-2) phospha-
t a s e s t o t he t y ro s i n e phospho ry l a t ed IT IM
(Immunoreceptor tyrosine-based inhibitory motif) and
ITSM (Immunoreceptor tyrosine-based switch motif) mo-
tifs of PD1 [100–102]. This PDL-1 and PD-1 interaction
indirectly regulates the expression and activities of CK2
(Casein kinase 2) and cyclin-dependent kinases (CDKs),
thus blocking the phosphorylation of PTEN (Phosphatase
and tensin homolog) and inhibiting the PI3K/AKT signal-
ing [98, 103]. Furthermore, PDL-1-PD-1 interaction also
frequently reprograms immunometabolic stage of T cells
from an effector to a long-lived memory-like phenotype
indicated by an inhibition of glycolysis and amino acid
metabolism but the activation of fatty acid β-oxidation
(FAO) via increasing the expression of CPT1A (Carnitine
Palmitoyltransferase 1A), and inducing lipolysis as indi-
cated by expression of lipase, ATGL (Adipose triglyceride
lipase), lipolysis markers and the release of FAs [104]. The
change in the immunometabolic stage of Tcells upon PDL-
1 and PD-1 interaction is true for chronic infections and
cancers but needs to be explored during sepsis. However,
according to the current scenario, sustained PD1 stimula-
tion is responsible for T cell exhaustion and their death.
Further studies regarding PD1 signaling in T cell differen-
tiation and survival have a great potential to expand the
role of PD1-PDL-1 signaling in T cell-based immunosup-
pression during sepsis. Furthermore, the neutrophils
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Fig. 1. Schematic representation of neutrophils in sepsis and septic shock. a Pro-inflammatory stimuli including pathogens and other pro-inflammatory
factors generated during sepsis cause an activation of neutrophils in systemic circulation. This activation of neutrophils during sepsis causes an upregulation
of genes involved in inflammatory cascade and anti-apoptotic activities causing a long-term survival of neutrophils and thus increasing their antimicrobial
action via increased phagocytosis and pathogen killing via the generation of higher amount of ROS. However, if left uncontrolled as seen during sepsis, an
increasedmigration of neutrophils via vascular endothelium occurs to various target organs leading to the development ofMODS as a result of their bystander
tissue damaging action. The increased diapedesis of neutrophils occurs due the overexpression of adhesion molecules (i.e., β integrin and L-selectin on
neutrophils) and their cognate adhesionmolecules on endothelial cells (ICAM-1, VCAM-1 etc.) during sepsis. Additionally, an increased expression of PDL-
1 is observed in neutrophils isolated form sepsis patients that causes the apoptotic death of PD-1 expressing CD4+ and CD8+ T cells contributing to the
development of sepsis-induced immunosuppression along with other immunosuppressive mechanisms. The interaction between PD-1 and PDL-1 causes an
altered stage of immunometabolism in these T cells and also inhibits the PI3K/AKT-dependent mTOR signaling, ZAP70-ERK signaling, CK2 activity, and
PTEN activity. b During septic shock, the number of circulating neutrophils decrease due the their increased apoptotic death. However, the number of
circulating immature neutrophils showing defective pathogen killing and clearance increase. The increased number of immature neutrophils in the circulation
contribute to poor prognosis of the sepsis. While, both the decrease in circulating mature neutrophils and increased number of immature neutrophils in the
circulation contribute the MODS and increase the mortality among sepsis patients.
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isolated from pediatric patients of sepsis exhibit the upreg-
ulation of genes responsible for mitochondrial dysfunction
and dysregulation of redox-signaling pathways [105]. The
reciprocal upregulation of β2 integrins and L-selectin on
the neutrophil surface and their cognate ligands on the
endothelial cells result in margination and the egression
of the neutrophils from the vasculature into the tissues
(Fig. 1a) [106, 107].

The prior depletion of neutrophils before the onset of
cecal ligation and puncture (CLP)-induced sepsis increases
the mortality among experimental animals [108]. While
their blockage or depletion after 12 h of onset of sepsis
increases bacterial clearance and the survival of the animals
[108]. However, a decrease in circulating neutrophils is
observed in more severe form of the sepsis called septic
shock due to an increased apoptotic death and lesser pro-
duction of neutrophils in the bone marrow during septic
shock (Fig. 1b) [109, 110]. While an increased level of
immature neutrophils in the circulation is also associated
with a severity of the sepsis and may lead to poor prognosis
(Fig. 1b) [111]. Thus, this increase in immature
granulocytes in the peripheral circulation is directly asso-
ciated with an increased death of the patients with septic
shock (Fig. 1b) [112]. This is because the immature neu-
trophils are laden with the higher levels of elastase, cathep-
sins G, and myeloperoxidase (MPO) that are effective in
killing the invading pathogen but also cause bystander
inflammatory tissue or organ damage and increase the
degree of organ failure and mortality among sepsis patients
[113, 114]. These neutrophil serine proteases (NSPs) also
cause thrombus formation inside the blood vessel that may
play an important role in the induction of disseminated
intravascular coagulation (DISC) [113, 114]. Additionally,
the process of Netosis is also involved in sepsis or septic
shock-induced DISC [115, 116]. Thus, neutrophils are two
edge sword immune cells that in one way provide protec-
tion against invading pathogens and another way cause
MODS and DISC during sepsis.

Neutrophil Immunometabolism During Sepsis

Pathogenic and pro-inflammatory stimuli of neutro-
phils during infections leading to the development of sepsis
also cause metabolic changes among them by increasing
the process of aerobic glycolysis and an increased utiliza-
tion of glucose as an energy source, while the FA or lipid
metabolism is required for the neutrophil development
[117–119]. Adult mice with FAS deficiency induced by
tamoxifen-inducible global deletion of FAS die off due to
systemic endotoxemia or sepsis due to dysbiosis of

intestinal bacteria in response to disruption of intestinal
barrier function and severe neutropenia [118]. The FAS
deficiency causes neutropenia due to the induction of high
endoplasmic reticulum (ER) stress and apoptosis via spe-
cifically affecting the membrane content of peroxisome-
derived ether lipids [118]. Thus, lipid metabolism is im-
portant for the generation of neutrophils in the bone mar-
row, while glycolysis and pentose phosphate pathway
(PPP) are important for their immune function (Fig. 2).

The immunometabolic shift (i.e., glycolytic
reprogramming) among neutrophils was reported as early
as during 1980s [77]. An increased flux of glucose via the
parallel PPP is also observed to support the increased
production of the reducing equivalent NADPH that acts
as cofactor for NADPH oxidase enzyme involved in anti-
microbial action (Fig. 4) [120, 121]. While, glycolysis is
mainly required for the regulation of important function of
neutrophils including oxidative burst, calcium (Ca2+)
mobilization, and chemotaxis [122]. Thus, neutrophils
primarily use glycolysis and PPP as a major energy
source due to the lesser numbers of mitochondria that are
not involved in ATP synthesis but maintain the redox
balance required for their survival (Fig. 3) [120]. The
process is deemed to be coupled with the increased
consumption of non-mitochondrial oxygen and allows the
synthesis of ROS, an essential component of neutrophils to
kill the pathogens [121, 123, 124]. The increased uptake of
glucose through increased GLUT1 expression, aerobic
glycolysis, and a metabolic shift towards PPP are essential
for the formation and release of neutrophil extracellular
traps (NETs) due to the involvement of glucose-6-
phosphate dehydrogenase (G6PD), an important enzyme
from PPP fuelling the NADPH oxidase with NADPH to
synthesize superoxide [125–127]. The NADPH-
independent production of mitochondrial ROS, the gluta-
mine uptake and its metabolism are not required for the
process of Netosis or NET formation and its release [125,
127]. An impairment in the process of aerobic glycolysis in
neutrophils also inhibits their tendency to form NETs that
are composed of mixture of DNA, histone proteins, and
antimicrobial peptides [127]. For example, 2-deoxy-
glucose (2-DG), an inhibitor of glycolysis and ATP syn-
thase inhibitor called oligomycin both inhibit the process
of Netosis [127]. Thus, neutrophils are mainly dependent
on glycolysis for their energy requirement instead of
OXPHOS due to relatively low number of functional mi-
tochondria as compared to macrophages/monocytes that
play an important role in neutrophil apoptosis but not in
increased oxidation of glucose reflecting the phenomenon
of Warburg effect [120, 128, 129]. The neutrophil
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mitochondria are required for the maintenance of their
shape as the inhibition of mitochondrial function by FCCP
(Trifluoromethoxy carbonylcyanide phenylhydrazone, a
potent uncoupler of oxidative phosphorylation in mito-
chondria that disrupts ATP synthesis by transporting pro-
tons across cell membranes) or oligomycin resulted in the
change of their shape within 2 min [130]. However, an
increase in the duration of the presence of these inhibitors
to 2 h inhibited their chemotaxis potential and respiratory
burst [130]. Thus, the intact mitochondrial function in
neutrophils is important to maintain some functions, but
not for the rapid processes including pathogen phagocyto-
sis and respiratory burst. For example, neutrophil mito-
chondria maintain their membrane potential via glycerol
3-phosphate shuttle, a pathway that allows the receipt of

electrons from glycolysis by complex III of the electron
transport chain [131]. This high commitment towards the
maintenance of Warburg effect may be responsible for the
maintenance of temporary viability of neutrophil event
during the process of Netosis [132].

The activation of hypoxia-inducible factor-1α (HIF-
1α) and mTOR signaling pathways serves as major regu-
lators of glycolysis in neutrophils (Fig. 2) [133, 134]. HIF-
1α increases the activity and expression of GLUT1 and
GLUT3 on neutrophils and thus the uptake of glucose,
glucose metabolism by upregulating the enzymes hexoki-
nase 2 (HK2) and phosphofructokinase B3 (PFKFB3), and
ATP synthesis [135–137]. HIF-1α also serves as a major
controller of the expression of antimicrobial molecules
(i.e., granule peptides, antimicrobial peptides (AMPs),

Fig. 2. Neutrophil immunometabolism during sepsis. The neutrophil immunometabolism shifts towards an increased glycolysis strengthened by PPP leading
to the synthesis of reduced NADH or NADH2. NADH2 acts as cofactor for NADH-oxidase that increases the antimicrobial action of neutrophils. The
demand for increased glucose for glycolysis and PPP is fulfilled by an increased expression of GLUT1 andGLUT3 in response to increased synthesis of HIF-
1α and mTOR signaling. The increase in glycolysis and PPP also enhances the increase mobilization of Ca2+, oxidative burst, and neutrophil chemotaxis at
site of infection and inflammation. mTOR signaling and glycolysis are also responsible for the formation of neutrophil extracellular traps (NETs) contributing
to their antimicrobial action. The PI3K/Akt pathway activated downstream to TLR signaling in neutrophils increases the mTOR signaling causing HIF-1α
activation that further enhances glycolysis and NET formation or Netosis.
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NO, and TNF-α) by neutrophils [138]. The deficiency of
HIF-1α in neutrophils makes laboratory mice more

susceptible to Staphylococcus aureus-induced sepsis that
further indicates its requirement for glycolysis controlling

Fig. 3. Expansion ofMDSCs during sepsis and induction of immunosuppression. MDSCs are generated and expanded rapidly from immature myeloid cells
upon encountering pathogens and inflammogens. Both these factors, infection and inflammatory cytokines, are present in systemic circulation and target
organs including the liver, lungs, sepsis, kidneys, and brain etc. Thus, MDSCs are increased in circulation, bone marrow, spleen, and lymph nodes. MDSCs
secrete various immunosuppressive molecules including IL-10 and TGF-β, mentioned in text in detail to exert their immunosuppressive action on CD4+,
CD8+ T cells as well as polarizing them to exert Th2 immune response. The induction of MDSCs-derived suppression of T cell immune response adds in
further in the sepsis-induced immunosuppression responsible for the increased susceptibility of the sepsis patient to acquired nosocomial and community-
acquired infections.

772 Kumar



neutrophil effector function to contain infection and thus
the development of sepsis [139, 140].

The mTOR signaling is one of several regulators of
metabolic pathways in neutrophils controlling glycolysis

via enhancing the expression of HIF-1α (Fig. 2) [139,
141]. The mTOR signaling is initiated as a downstream
target of PI3K/AKTsignaling pathway upon inflammatory
stimuli including TLR stimulation (Fig. 2) [142] and

Fig. 4. Immunometabolism inMDSCs during sepsis. The rapid expansion ofMDSCs during sepsis causes an increase in FAO due to increased uptake of FAs
via an increased expression of CD36 or lipid uptake receptor. The FAO is further supported by an increased expression of enzymes required for FAO. Along
with increased FAO, amino acid (AA) metabolism is also increased. The inhibition of FAO through FAO inhibitor inhibits the immunosuppressive action of
MDSCs. In addition to FAO and AA metabolism, glycolysis, glutaminolysis, and TCA cycle is also increased in the presence of IL-6 and GM-CSF. An
increase in AMPK level is also observed and the inhibition of AMPK via compound-C (Comp-C) causes an inhibition of AA metabolism and thus the
MDSCs-mediated immunosuppression.
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contributes to the cell survival [120]. The mTORC2 sig-
naling plays an important role in the neutrophil polarization
in response to different chemoattractants and its loss of
function by the silencing of Rictor inhibits this process of
neutrophil polarization [143]. The production of NETs
from dying neutrophils during infection or sepsis is sup-
ported by (HIF-1α) and mTOR as the inhibition of both the
molecules inhibits the process of NETosis [144, 145].
Further, the inhibition of mTOR with high dose of
Rapamycin prevents the stimulatory action of IL-23 on
neutrophils to synthesize IL-17 and IL-22 [146]. Thus,
the altered neutrophil immunometabolism play an impor-
tant role in the pathogenesis of sepsis and the associated
immune response. However, its targeting needs a caution
depending on the immune status of the sepsis patients and
severity of the disease.

Myeloid-Derived Suppressor Cells (MDSCs) and the
Alteration of Their Immunometabolic Stage During
Sepsis

MDSCs are heterogeneous CD11b+Gr1+ cell
population of immature innate immune cells with
granulocytic and monocytic progenitors and expand
during inflammatory conditions including cancer and
infections [147–150]. These cells act as potent
immunosuppressor cells for antigen-specific CD4+ and
CD8+ T cells via different mechanisms including the
production of arginase, ROS, IL-10, transforming growth
factor-β (TGF-β), cysteine deprivation, and regulatory T
cells (Tregs) activation and differentiation (Fig. 3) [148,
150, 151]. Thus, MDSCs are potent immunosuppressive
innate immune cells. A gradual increase in the circulating
levels of CD11b+Gr1+ MDSCs from early sepsis to later
stages of sepsis has been observed (i.e., sepsis-associated
immunosuppression) (Fig. 3) [152]. The adoptive transfer
of early (day 3) sepsis-derived MDSCs, into naïve mice
after CLP led to the increased production of pro-
inflammatory cytokines, decrease in growth of bacteria in
the peritoneal cavity, and increase in their mortality [152].
However an increase in the survival of septic mice was
observed upon adoptive transfer of late stage (day 12)
sepsis-derived MDSCs. This difference can be explained
as early MDSCs express higher levels of nitric oxide (NO·)
and pro-inflammatory cytokines, while late MDSCs ex-
press a higher level of anti-inflammatory molecules includ-
ing arginase, IL-10, and TGF-β [152]. Furthermore, late
MDSCs have more CD31+ myeloid progenitors and upon
treatment with granulocyte-macrophages colony stimulat-
ing factor (GM-CSF) generate a lesser number of

macrophages and DCs in comparison to early MDSCs.
Thus, with the progression of sepsis, the number of pro-
inflammatory MDSCs decrease and the number of immu-
nosuppressive or anti-inflammatory MDSCs increase
[152]. In addition to suppression of T cell function, they
also polarize T cell immune response towards Th2 immu-
nity during polymicrobial sepsis and their number in-
creases in spleen, bone marrow, and lymph nodes (Fig. 3)
[153, 154]. However, another study indicated that both
early (3 days) and late (10 days) sepsis-derived MDSCs
are immunosuppressive and making their function in ani-
mal model of sepsis controversial [154, 155]. This can be
explained on the difference in the days of isolation of
MDSCs during late sepsis, i.e., 10th day and 12th day post
sepsis. However, the exact mechanism needs to be
identified.

MDSCs in humans are characterized differently as
CD14−CD11b+ cells [156]. Human MDSCs may express
CD15 or CD33 but lack the markers for mature myeloid
and lymphoid cells along with HLA-DR expression. Hu-
man cases of sepsis also show an expansion in the popula-
tion of MDSCs during sepsis-associated immunosuppres-
sion causing an enhanced susceptibility to nosocomial
infections in patients admitted to the ICUs (Fig. 4) [157].
In human cases of sepsis, granulocytic MDSCs (G-
MDSCs) producing arginase 1 (Arg-1) and S100A12 are
responsible for the higher incidence of nosocomial infec-
tions and play a major role in the sepsis-associated immu-
nosuppression. However, both G-MDSCs (CD14−CD15+)
and M-MDSCs (monocytic MDSCs, CD14+HLA-DRlow/

−) are highly involved in T cell dysfunction in human cases
of sepsis [157]. In addition, plasma levels of MDSCs
mediators including S100A8/A9, S100A12, and arginase
1 are highly increased in sepsis patients. Thus, MDSCs are
important innate immune cells playing a crucial role in the
pathogenesis of sepsis.

MDSC Immunometabolism in Sepsis

The rapid expansion of MDSCs is seen in various
inflammatory conditions including cancers, autoimmune
diseases, and infectious diseases including viral (i.e., Hep-
atitis C virus (HCV) and HIV infections etc.) and bacterial
infections, and sepsis [148, 149, 156, 158–162]. The pro-
cess of rapid expansion of MDSCs is induced by various
factors including G-CSF, GM-CSF, PGE2, TGF-β, M-
CSF (Monocyte colony stimulating factor), IL-3, VEGF
(vascular endothelial factor), IL-1β, IL-6 IL-4, IL-10, IL-
13, and IFN-γ [163–165]. The rapid expansion of these
MDSCs exert an impact on immunometabolic
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reprogramming of these cells. For example, an increase in
FAO is observed inMDSCs of peripheral blood circulation
and exhibits an increased FA uptakes via increased expres-
sion of CD36 (Lipid uptake receptor), increase in number
of mitochondria, increased activity of FAO enzymes in-
cluding CPT1 and 3-hydroxyacyl-CoA dehydrogenase
(HADHA), and an increase in the oxygen consumption
rate (Fig. 4) [15, 164]. This is further strengthened by the
observation that a pharmacological inhibition of FAO in
MDSCs inhibits their immunosuppressive or immunoreg-
ulatory action [15, 166]. Additionally, amino acid metabo-
lism, i.e., L-arginine either via ariginase-1 (Arg-1) or in-
ducible nitric oxide synthase (iNOS) further increases their
immunosuppressive action via suppressing T cell function
[151, 167]. The NO· produced via iNOS activity causes the
nitration of tyrosine and S-cysteine of various proteins
causing the death of the T cells [164].

In addition to FAO and amino acid metabolism, MDSC
generated in the presence of IL-6 and GM-CSF exhibit an
increased glycolysis, glutaminolysis, andKrebs or TCA cycle
(A. et al., 2017; [168]). An upregulation in the AMPK (5′
adenosine-activated monophosphate kinase) levels and its
activity are also reported in mature MDSCs generated
in vitro in the presence of IL-6 and GM-CSF but the associ-
ation of MDSC AMPK with specific metabolic pathway is
not reported yet [169]. However, the inhibition of AMPK in
MDSCs by a specific compound called compound C (Comp-
C) inhibited the L-arginine metabolizing enzymes and thus,
their immunosuppressive action (Fig. 4) [169]. HIF-1α is also
shown to control the immunosuppressive function of via
regulating their differentiation and maturation [170]. For ex-
ample, it controls the expression of PDL-1 on MDSCs and
thus the apoptosis of PD-1 expressing antigen-specific CD8+

Tcells [170, 171]. Thus, blockingMDSCHIF-1α and PDL-1
inhibits the process of T cell-mediated immunosuppression
observed in sepsis and can have an implication in targeting
sepsis-associated immunosupression. Further studies regard-
ing MDSC immunometabolism in context to sepsis are re-
quired for understanding and regulating sepsis-associated
immunosuppression.

Endothelial Cells (ECs) and Their Immunometabolism
During Sepsis

ECs form the single cell layer called endothelium
lining the blood vessels and lymphatic vessels forming
the semipermeable membrane between blood and lymph
[40]. In addition, they also comprise the vital organ includ-
ing the liver, kidney, lungs, and heart [172]. Due to the
secretion of various cytokines and chemokines in response

to various PAMPs and DAMPs recognized by different
PRRs expressed by them and the expression of both major
histocompatibility complex (MHC) class I and II mole-
cules required for antigen presentation to T cells, ECs are
also considered as conditional innate immune cells [40].
Hence, circulating pathogens, PAMPs, and DAMPs also
cause immunological stimulation of ECs during sepsis
causing an increased expression of adhesion molecules
including ICAM-1 (Intracellular adhesion molecule-1),
VCAM-1 (Vascular cell adhesion molecule-1), and various
integrins required for neutrophil and monocyte migration
at the site of infection [38, 40, 173]. The profound activa-
tion of ECs leads to their dysfunction during sepsis and is
involved in the sepsis-associated MODS and septic shock
(Fig. 5) [43–45]. Even NF-κB activation in ECs is shown
as a major deriver for the escalation of inflammation re-
sponsible for the induction of sepsis [174]. TheM2 isoform
of pyruvate kinase (PKM2) is found to be highly expressed
in ECs over PKM1 [175]. It controls suppression of tumor
suppressor gene p53 and maintains the cell cycle progres-
sion in proliferating ECs. However, in quiescent and non-
proliferative ECs, it regulates endothelial barrier integra-
tion and functions independent of its canonical function as
a pyruvate kinase as its inhibition causes degeneration of
vascular endothelial barrier via damaging tight junction
and inducing vascular leakage [175]. The regulation of
vascular endothelial barrier function by PKM2 involves
the inhibition of NF-κB and its downstream target mole-
cules called angiopoietin 2 (Ang-2) [175]. The over-
activation and overproduction of Angiopoietin-2 causes
the inhibition of Tie2 signaling (Tie2 activation under
maintains the quiescent state in ECs of the vascular endo-
thelium characterized by dynamic barrier function and
decreases expression of adhesion molecules for circulating
leukocytes) causing the induction of sepsis-associated vas-
cular leak and development of septic shock [176–178]. The
inhibition of PKM2 in vivo in mice causes the induction of
vascular leakage-associated with sepsis, increased bacter-
emia, and higher mortality [175]. Thus, it will be interest-
ing to observe both enzymatic and non-enzymatic func-
tions of PKM2 in ECs during sepsis and its impact their
immunometabolism. The EC activation during sepsis also
leads to the immunometabolic reprogramming among
these cells.

Immunometabolic Reprogramming Among MDSCs
During Sepsis

ECs are mainly dependent on glycolysis for their
energy demand under homeostatic or normal condition
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Fig. 5. Schematic representation of impact of sepsis on immunometabolism. Sepsis is result of dysregulated immune response responsible for organ damage.
This dysregulation of immune response is also governed by immunometabolic stage of immune cells that is macrophages, endothelial cells (ECs), and Tcells.
For example, under homeostasis, macrophages and T cells use OXPHOS for their energy demand, while ECs use glycolysis. However, sepsis leads to the
reprogramming of the immunometabolism andM1macrophages exhibit an increased glycolysis, fatty acid synthesis (FAS), andmTOR signaling.While,M2
macrophages show an increased OXPHOS and fatty acid oxidation (FAO) with a decreasedmTOR signaling. The process of glycolysis is further increased in
ECs during sepsis that aggravates their pro-inflammatory action and the organ damage. Sepsis also causes the early death of conventional T cells therefore
along with the induction of M2 macrophages, this leads to the development of sepsis-associated immunosuppression responsible for susceptibility to
secondary infection.
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instead of OXPHOS used by other innate immune cells and
the glycolysis is increased during inflammatory conditions
including cancer and sepsis (Fig. 5) [76]. Only 15% or less
ATP generation of ECs occur via oxidation of glucose,
glutamine, and FAs and serve as anaplerotic substrates
for the TCA cycle [179, 180]. Anaplerosis can be defined
as a process by which glucose, glutamine or amino acids
replenish the TCA cycle [181]. Glutaminase (GLS) cata-
lyzes the conversion of glutamine to glutamate and ammo-
nia in a phosphate-dependent manner, and increased GLS
flux is reported in ECs [182]. A higher level of GLS is
observed in ECs as compared to other immune cells [183].
The inhibition of GLS activity induces EC senescence and
needs to be checked during sepsis as endothelial dysfunc-
tion is associated with sepsis and septic shock [184]. FAO
also serves as an important energy source for ECs and an
increased expression of CPT1A is observed in ECs for the
transportation of FAs intomitochondria for FAO and dNTP
synthesis [185, 186]. The inhibition of EC FAO via the
blockage of CPT1A improves their dysfunction during
ocular angiogenesis and needs an attention to target ECs
during sepsis and septic shock. Induction of hypoxia in
ECs promotes both glycolysis and glutaminolysis but
causes a decrease in FAO and an increase in FAS [187].
ECs exhibit the hypoxia during sepsis and can be respon-
sible for sepsis-associated endothelium dysfunction [44].
Thus, an inhibition of hypoxia in ECs may inhibit an
increased glycolysis in ECs during sepsis that induces their
pro-inflammatory damage and sepsis-induced vascular
leakage causing development of, MODS, septic shock
and death of the patient.

Vascular endothelial growth factor (VEGF)-mediated
stimulation of ECs doubles the glucose influx and thus
doubles the glycolytic rate to overcome the increased en-
ergy demand [76]. An increased systemic level of VEGF is
reported in patients with sepsis, while its low concentration
is associated with an increased hematological and renal
damage [188–190]. Thus, this alteration in levels of VEGF
depending on the severity of the sepsis may lead to EC
damage causing vascular leak and organ damage during
sepsis. VEGF levels in systemic circulation have shown a
great prognostic value for sepsis syndrome [191]. Thus,
any change in the metabolic stages of immune cells can
promote an aberrant immune response that can be its over-
activation or immunosuppression (Fig. 5). Both these
stages of the immune response that are hyperactivation
and immunosuppression are observed during sepsis initial-
ly but at later stages of sepsis immunosuppression is a
major phenotype. A direct anti-VEGF antibody-based or
a pharmacological inhibitor of VEGF may have direct

potential to fix back the immunometabolic reprogramming
of ECs and thus their pro-inflammatory function responsi-
ble for vascular leakage, MODS, septic shock and death of
the patient. Further studies may prove beneficial in the
direction.

Macrophage Immunometabolism During Sepsis

Macrophages are potent innate immune cells playing
important role in the defense against invading pathogens
and the generation of pro-inflammatory immune response.
Under normal homeostatic conditions or in the absence of
any pathogen or potential inflammogens, macrophages are
dependent of OXPHOS for their energy requirement
through the utilization of glucose as energy source [80,
192]. But an encounter with pathogens or their PAMPs
induces a shift in immunometabolic programming in mac-
rophages that includes a shift from OXPHOS to glycolysis
and this phenomenon is called Warburg effect [77, 80,
193]. This increased glycolysis is maintained by an in-
crease in the membrane expression of GLUT1 required
for an increased glucose import and NO· generation [194,
195]. The increase in glycolysis is accompanied by an
increase in FAS and glutaminolysis; thus, the macrophages
with increased glycolysis, glutaminolysis, and FAS exhibit
a pro-inflammatory phenotype called M1 macrophages or
classically activated macrophages (CAMs) and secrete
various pro-inflammatory cytokines and molecules re-
quired to clear the pathogens but their uncontrolled activa-
tion causes pro-inflammatory damage to tissues and organs
(Fig. 5) [196]. An induction of alternatively activated mac-
rophages (AAMs) or M2 macrophages during later stages
of sepsis may further aggravate the immunosuppression
observed [197, 198]. The M2 macrophages isolated from
septic patients exhibit a decreased expression of HLA-DR
and CD86 (costimulatory molecule and M1 marker) in
addition to a higher expression of CD163 and CD206
[197]. TheM2macrophages show an increase inOXPHOS
and FAS with a decrease in mTOR signaling leading to the
induction of anti-inflammatory phenotype and further en-
hancing the sepsis-associated immunosuppression. The
detailed macrophage immunometabolism in context to
sepsis is beyond the scope of the present article and is
already discussed in detail by the author [199].

T Cell Immunometabolism Reprogramming During
Sepsis

An increased loss of CD4+, CD8+, and CD4+CD8+T
cells is observed during sepsis in both mice models and in
humans causing a simultaneous immunosuppression [200–
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203]. Similar to naïve macrophages, naïve CD4+ and CD8+

T cells are dependent on OXPHOS for their energy
requirement that is dependent on glucose via the process
of glycolysis, FAO, and glutaminolysis. The glucose
uptake is maintained by the process of Tonic TCR
signaling required for the survival of naïve T cells [204,
205]. However, T cells isolated form sepsis patient show
defective OXPHOS, glycolysis, and glutaminolysis and
are unable to restore their normal immunometabolic stage
even in the presence of glucose [206]. The alteration of
glucose uptake by these Tcells is shown to be dependent of
mTOR signaling and AMPK1α phosphorylation [206]. A
defective IL-7R signaling due to lowest levels of IL-7 in
sepsis patients is responsible for the defective
immunometabolic stage of these convention T cells and
their apoptotic death during early stages of sepsis due the
defective expression of GLUT1 required for glucose intake
[207–209].

Regulatory T (Tregs) cells under in vitro conditions
are dependent on lipid peroxidation (LPO) or FAO for their
energy requirement and have higher number of mitochon-
dria instead of glycolysis observed in effector T cells
(Teffs) [210, 211]. But in vivo Tregs are dependent on
glycolysis-mediated lipid synthesis or FAS for their
growth, proliferation, and survival [212, 213]. An in-
creased number of Tregs along with the decrease in the
population of conventional T cells during sepsis is respon-
sible for the generation of sepsis-induced immunosuppres-
sion. The discussion of immunometabolic factor influenc-
ing the immunometabolism of Tregs and conventional T
cells is beyond the scope of this article and is discussed by
the author somewhere else [214]. Thus, an altered
immunometabolism among immune cells during sepsis
controls their immunologic functions involved in the path-
ogenesis of sepsis.

IMMUNOMETABOLIC REPROGRAMMING IN
CASES OF CLINICAL SEPSIS

Transcriptional reprogramming of metabolic path-
ways in critically ill sepsis patients is reported recently
[215]. According to these authors, critically ill patients
reported an upregulation of enzymes involved in the gly-
colytic pathway [215]. For example, all the three isoforms
of the enzyme hexokinase (HK) (HK1, HK2, and HK3)
were upregulated in critically ill patients. HK is involved in
the conversion of glucose into glucose-6-phosphate, the
very first step in the glycolysis pathway. An increase in
pyruvate kinase M2 (PKM2) is also observed. This

enzyme is involved in the final step of glycolysis that is a
synthesis of pyruvic acid (pyruvate) and adenosine triphos-
phate (ATP) molecules [215]. In addition to an upregula-
tion of glycolytic enzymes, an overexpression of glucose
transporter gene called SLC2A3 is also reported [215].
Furthermore, an increase in glycolysis in macrophages
during sepsis-like conditions is also supported by an in-
crease in the expression GLUT1 [194] that promotes an
increased glucose uptake required for shifting cellular me-
tabolism from OXPHOS to glycolysis. However, an in-
creased level of lactate dehydrogenase A (LDHA) is also
observed [215]. This enzyme catalyzes the conversion of
pyruvate to lactate. This increased expression of LDHA is
accompanied by an overexpression of SLC16A3 gene that
encodes for monocarboxylate transporter 4 protein shut-
tling lactate out of the cell, thus creating a pro-
inflammatory extracellular environment. Along with this
increase in glycolytic enzymes, a decrease in both the
isoforms of phosphofructokinase (PFK) called phospho-
fructokinase M (PFKM) and phosphofructokinase L
(PFKL) is also reported in septic patients [215]. An upreg-
ulation of two other enzymes called glucose-6-
phosphatedyhydrogenase (G6PD) and phosphogluconate
dehydrogenase (PGD) is also reported [215], indicating an
upregulation of pentose phosphate pathway (PPP). Thus,
sepsis causes an alteration of normal immunometabolism
of circulating immune cells during sepsis via an increased
glycolysis and PPP as indicated by both animal model of
the disease and clinical cases of sepsis.

THERAPEUTIC TARGETING OF
IMMUNOMETABOLISM DURING SEPSIS

Immunometabolism has been extensively studied
during cancer and effectively targeted to strengthen the
existing tumor immunotherapies and other anti-cancer
therapies [16, 216, 217]. However, sepsis is compared to
cancer in terms of its immunopathogenesis therefore it
becomes important to target immunometabolism of im-
mune cells depending on the stage of sepsis [218, 219].
Targeting both macrophage and T cell (including regulato-
ry T cells) immunometabolism is shown to be a novel
approach to targeting sepsis [199, 214]. For example, the
treatment with plumbagin (a naphthoquinone derivative
obtained from the roots of Plumbago zeylanica) decreased
the PKM2 activity and inhibited the increased glycolysis in
macrophages [220]. The treatment also inhibited the re-
lease of pro-inflammatory cytokines during sepsis and
increased the survival of mice subjected to sepsis [220].
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A decreased activity of AMPK (a conserved serine/
threonine kinase) is reported in pro-inflammatory macro-
phages during inflammatory conditions [221]. Studies
have shown that the introduction of a constitutively active
form of AMPK-α1 in macrophages inhibits the pro-
inflammatory function of macrophages [222, 223].

An activation of AMPKwith an AMP analog called 5-
Aminoimidazole-4-carboxamide ribonucleotide (AICAR)
showed a protective action in a murine model of sepsis
[224, 225]. Another AMPK activator called acadesine also
proved beneficial to mice suffering from sepsis [226]. This
protective action of AMPK activation involves its immedi-
ate effect on the immunometabolic reprogramming of mac-
rophages during sepsis [227]. The deficiency of AMPK in
macrophages promotes aerobic glycolysis in macrophages
via an increased activation of PKM2, an enzyme required
for glycolysis via the release of HMGB1 [227]. A-769662
mediated activation of AMPK in macrophages inhibits the
release of HMGB1 and thus, sepsis-associated inflammatory
damage in mice [227]. Furthermore, shikonin (PKM2
shRNA) via inhibiting lactate production and HMGB1 re-
lease increased the survival of AMPKα-1 deficient septic
mice [227]. The antidiabetic drug called metformin is also
shown to exert a protective effect in sepsis-induced acute
lung injury model via activating the AMPK [228]. This
metformin-mediated activation of AMPK protects from
sepsis-associated lung injury via activating GSK3β signal-
ing pathway that controls the chemotaxis and ability of
neutrophils and macrophages to kill pathogens [229]. In
addition to enhancing the activity of GSK3β, metformin
also preserves themitochondrial complexVor ATP synthase
function and increases the amount of electron transport
chain (ETC) complex III and IV [229]. The metformin
treatment also inhibited the accumulation of immunosup-
pressive HIF-1α in macrophages and the development of
tolerogenic macrophages via activating AMPK. In addition
to activating AMPK in macrophages, metformin-mediated
activation of AMPK in neutrophils also prevented the dys-
regulated chemotaxis of neutrophils responsible for sepsis-
associated organ damage [229]. Thus, AMPK plays a criti-
cal regulator of immunometabolism during sepsis in macro-
phages as well as in neutrophils and prevents severe organ
damage during sepsis via preventing sepsis-associated im-
munosuppression. However, the metformin treatment
proved harmful in systemic fungal infection causing sepsis
due to its inhibitory action on mTOR signaling and cytokine
production including TNF-α and IL-1β [230]. Thus, the
pathogenic cause of sepsis should be kept in mind before
target ing AMPK-dependent immunometabol ic
reprogramming by metformin.

A decrease in genes regulating TCA cycle during
sepsis is reported [i.e., isocitrate dehydrogenase (Idh1)]
[215, 231, 232]. This causes an accumulation of succinate
and citrate in macrophages due to the suppression of the
enzymatic activity of isocitrate dehydrogenase (Idh1) [231,
232]. This increased oxidation of succinic acid or succinate
in mitochondria by succinate dehydrogenase (SDH) causes
an increased production of ROS along with other pro-
inflammatory molecules (i.e., HIF-1α) [233]. Dimethyl
malonate (DMM) treatment inhibited the succinate oxida-
tion in macrophages and exerted anti-inflammatory effect
during sepsis [233]. In addition to impacting innate im-
mune cell metabolism during sepsis, targeting T cells
immunometabolism may also prove beneficial during sep-
sis. For example, IL-7 signaling is required for the survival
and maintenance of normal growth, division, and prolifer-
ation of naïve conventional T cells via tonic TCR signaling
required for the uptake of glucose [204]. A very low level
of systemic/circulating IL-7 is reported in sepsis patients
[207]. The treatment of animals suffering from sepsis with
recombinant human IL-7 (rhIL-7) increased their survival
[234, 235]. The treatment with IL-7 also exerted an impact
on immunometabolism via improving mTOR signaling,
GLUT1 surface expression, and glucose uptake by T cells
[236]. Two phase II clinical trials focused on rhIL-7
(CYT107) in sepsis are just finished in the USA and France
[237, 238] and their results are promising [239]. The
CYT107 reversed the major loss of CD4+ and CD8+ T
cells responsible for sepsis-associated immunosuppression
that serves as a hallmark of sepsis and one of the key
mechanism related with its high morbidity and mortality.

An increased extracellular lactate level is observed in
sepsis patients and this environment proves supportive for
regulatory T cells (Tregs) as these cells can maintain their
redox balance under this condition and are capable of
exerting their immunosuppressive function [240, 241].
Thus, this prolonged survival of Tregs may be responsible
for the later immunosuppressive stage of sepsis and
targeting specifically Tregs and their immunometabolism
at later stages can prove beneficial to patients with immu-
nosuppression [242, 243]. The inhibition of mTORC1with
low-dose combination of a catalytic (BEZ235) plus an
allosteric (RAD001) mTOR inhibitor called rapalog in
older people is shown to improve their immune function
and prevented the development of certain infections that
can develop into sepsis [244]. It is well established that
along with newborns and children, elderly population is
more prone to develop infection and sepsis [74, 245–249].
Thus, in addition to elderly population, mTORC1 inhibi-
tion can also be used as an immune enhancing strategy via
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modulating the immunometabolism among patients under-
gone immunosuppression associated with sepsis or are
dealing with immunosuppression even after recovering
from sepsis [250]. The cell-specific immunometabolic
targeting can be achieved via cell-specific receptors and
the use of immunotoxins andmagic bullets that can be used
to deliver specific enzymatic inhibitor or activator control-
ling different metabolic pathways of the specific immune
cell population during sepsis. This magic bullet-based ap-
proach can be a successful therapeutic approach for
targeting immunometabolism as it has been used success-
fully in delivering drugs/toxins inside the cells as part of
cancer therapeutics [251, 252]. Future studies are urgently
required in the direction to targeting immunometabolism
during sepsis.

CONCLUSION

Immunometabolism is a relatively new branch of
immunology with its potential to have great application
in diverse diseases varying from cancer to autoimmunity to
infectious diseases including sepsis. Awell-controlled met-
abolic pathway is the major requirement for survival,
growth, division, and proliferation of immune cells during
homeostatic conditions or during various diseases includ-
ing sepsis. If this metabolic control of immunity is broken
as observed during sepsis, it may lead to either death of the
immune cells due to their increased apoptosis as observed
with conventional T cells in sepsis [253] or their increased
proliferation and pro-inflammatory or immunosuppressive
action depending on the cell type and the stage of sepsis.
Thus, studying a shift in immunometabolic stage of various
immune cells at different stages of sepsis has a great
potential to control both over-activation of the immune
system or immunosuppression observed during sepsis.
This can lead to further develop immunometabolism-
based therapeutics targeting sepsis that can be easily deliv-
ered inside the specific population of immune cells under
therapeutic targeting by using the novel drug delivery
systems. The successful completion of two phase trials of
II rhIL-7 or CYT107 has shown the importance of cellular
immunometabolism during sepsis and its cell-specific
t a rge t i ng to manag ing the seps i s . Thus , i t s
immunometabolism has a bright future in sepsis research
in terms of the development of precision medicine or cell-
specific biomarker and as a novel approach for immune-
based therapeutics. Future studies in this direction are
required urgently to target sepsis as it requires a greater
attention for developing therapeutic molecules specifically

designed to manage sepsis depending on its severity and
immune s ta tus of the pa t ien t . Targe t ing the
immunometabolic reprograming during sepsis has a great
potential to open a new avenue for sepsis research and its
therapeutic targeting depending on the immune status and
severity of the sepsis.
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