S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



International Immunopharmacology 110 (2022) 109005

ELSEVIER

Contents lists available at ScienceDirect

International Immunopharmacology

journal homepage: www.elsevier.com/locate/intimp
Roles of Interleukin-6-mediated immunometabolic reprogramming in i

COVID-19 and other viral infection-associated diseases

Ying-Shuang Li ', Hua-Cheng Ren ', Jian-Hua Cao

Intravenous Drug Administration Center, Department of Pharmacy, The Third People’s Hospital of Qingdao, Qingdao, Shandong 266041, P.R. China

ARTICLE INFO ABSTRACT

Keywords:

Interleukin-6

Immunometabolic reprogramming
Viral infection

COVID-19

Interleukin-6 (IL-6) is a highly pleiotropic glycoprotein factor that can modulate innate and adaptive immunity
as well as various aspects of metabolism, including glycolysis, fatty acid oxidation and oxidative phosphoryla-
tion. Recently, the expression and release of IL-6 is shown to be significantly increased in numerous diseases
related to virus infection, and this increase is positively correlated with the disease severity. Immunity and

metabolism are two highly integrated and interdependent systems, the balance between them plays a pivotal role
in maintaining body homeostasis. IL-6-elicited inflammatory response is found to be closely associated with
metabolic disorder in patients with viral infection. This brief review summarizes the regulatory role of IL-6 in
immunometabolic reprogramming among seven viral infection-associated diseases.

1. Introduction

Immunity is a physiological function that involves immune surveil-
lance, immune defense and immune homeostasis. And it enables the
human body to recognize self and non-self components, thereby
destroying and excluding foreign antigenic substances such as viruses
[1-3].

Metabolism is a fundamental biological process responsible for
biomass and bioenergy production. While immunity and metabolism are
two highly integrated and interdependent systems, the balance between
them plays a pivotal role in maintaining body homeostasis [4-6]. It has
been shown that the complex cellular microenvironment has a signifi-
cant impact on the metabolism of immune cells. Among all studies
involving the effects of immunometabolism, those on obesity, type 2
diabetes and cardiovascular diseases have been most widely conducted.
In recent years, studies have also found that immunometabolism may
play a significant role in the occurrence and progression of viral infec-
tion. Notably, immunometabolic reprogramming caused by viral infec-
tion not only contributes to viral replication, but also antagonizes the
host antiviral immune response [7,8].

Interleukin-6 (IL-6) is one of the most important members of the
cytokine network that is involved in the immune defense mechanism.
The IL-6 pathway has emerged as a key pathway implicated in health
immune regulation and immune dysregulation [9]. The pleiotropic

activity of IL-6 makes it both pro- and anti-inflammatory function [10].
Viral infection and inflammation usually lead to an acute increase in the
level of IL-6, which serves as one of the reliable indicators for stress
response [11,12]. Recent studies have demonstrated that IL-6 regulates
various aspects of metabolism, including glucose uptake, glycolysis,
fatty acid oxidation and oxidative phosphorylation [13-16]. Moreover,
the expression and release of IL-6 have been found to be significantly
increased in numerous diseases related to virus infection, and this in-
crease is positively correlated with the disease severity [17-19]. In this
review, we summarize the regulatory role of IL-6 in immunometabolism
among some virus infection-associated diseases. The classification and
transmission routes of these viruses have some representativeness and
commonality. Among them, severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), human immunodeficiency virus (HIV),
and Enterovirus 71 (EV71) are RNA viruses, whereas hepatitis B virus
(HBV), human cytomegalovirus (HCMV), adenovirus (AdV), and Den-
gue viruses (DV) are DNA viruses. HBV, HIV, and HCMV are all trans-
missible through the blood, from mother to child, and by sexual
transmission. Conversely, SARS-CoV-2, AdV, and EV71 can be all
transmitted through the digestive tract, respiratory tract, and direct
contact, whereas DV is transmitted through mosquito bites. Analyzing
and comparing the role of IL-6 in similar or different types of viral in-
fections can provide new insights into the target role of IL-6 in linking
different viruses, immunity, and metabolism.
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2. The structure and function of IL-6

IL-6 belongs to the interleukin family and has been identified as a 26-
kD secreted protein [20]. IL-6 is a single-chain glycoprotein mainly
composed of four a-helices and a C-terminal (amino acids 175-181)
receptor binding site [20]. It has a tertiary structure with four o helixes
containing 184 amino acids, as well as a helical structure with the C-
terminal involved in binding to the receptor [21,22]. The gene encoding
human IL-6 is located on chromosome 7 and consists of four introns and
five exons [22]. The precursor of human IL-6 has 212 amino acids, and,
after excision of the N-terminal with 28 amino acids, the mature IL-6
consisting of 184 amino acids is formed [22]. The human IL-6 gene is
65% homologous to mouse IL-6, whereas the human IL-6 amino acid
sequence is 42% homologous to that of mouse IL-6. The amino acid
sequence of rat IL-6 is 93% and 58% identical to those of mature mouse
and human IL-6, respectively [22,23]. IL-6 has three receptor binding
sites, one site for IL-6 binding receptor protein (IL-6R) and two for
signal-transducing protein (gp130) [24]. IL-6 binds to its receptor to
establish cell-cell communication (Fig. 1). IL-6R consists of IL-6Ra (also
known as CD126 or gp80) and IL-6Rp (also known as CD130 or gp130).
Of the two, IL-6Ra is a specific high-affinity ligand-binding chain with a
molecular weight of 80 kDa and is mainly distributed on the cell surface
of hepatocytes, neutrophils, macrophages, and some lymphocytes [22].
The molecular weight of gp130 can range from 100 to 130 kDa after
glycosylation. It functions as a signal transduction chain and is expressed
on the surface of almost all cells, including heart, kidney, spleen, liver,
lung, placenta, and brain cells [24]. IL-6 initially binds to IL-6Ra and
then to gp130 to form a trimer, and the two trimer complexes connect to
homodimerize gp130 and initiate signal transduction [24,25].

IL-6 signaling occurs mainly through three pathways, namely, clas-
sical signaling, trans-signaling, and trans-presentation signaling
[19,26,27]. In classical signaling, the pro-inflammatory cytokine IL-6
binds to a complex composed of membrane IL-6R (mIL-6R) and gp130
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and then transduces signals by activating the JAK-STAT3 pathway. mIL-
6R is mainly expressed in hepatocytes, neutrophils, monocytes, and T
cells and performs normal physiological functions mediated by IL-6
[28]. In trans-signaling, IL-6 binds to soluble IL-6 (sIL-6R), which is
found in serum and tissue fluid. sIL-6R is generated from mIL-6R
through proteolytic cleavage by metalloprotease gene family members
(ADAM10 and ADAM17) or secreted directly after the translation of
alternatively spliced mRNAs [29]. Elevated sIL-6R levels are associated
with autoimmune diseases. Most of the pro-inflammatory effects of IL-6
have been attributed to trans-signaling pathways [29]. IL-6 trans-
signaling has also been determined to play a key role in liver regener-
ation, hematopoietic stem cell expansion, and neuronal and smooth
muscle cell stimulation [19]. In contrast, anti-inflammatory and regen-
erative signals, including the antibacterial acute-phase response of the
liver, are mediated by IL-6 classical signaling [27]. Different from the
first two signal features, trans-presentation signaling mainly involves the
binding of IL-6 to mIL-6R expressed on immune cells, thereby forming a
complex with gp130 on T helper 17 (TH17) cells, resulting in down-
stream T cell signaling [26]. For example, mIL-6R on dendritic cells
combined with IL-6 is presented to T cells expressing gp130 on the
surface, phosphorylating STAT3 in T cells, and subsequently triggering T
cell activation [26].

Upon stimulation of specific inducers, many kinds of cells can secrete
IL-6, including epithelial cells, endothelial cells, fibroblasts, nerve cells,
monocyte-macrophages, activated T/B lymphocytes and osteocytes
[20,30]. IL-6 is a pleiotropic cytokine involved in the regulation of
numerous physiopathological processes such as cell proliferation, sur-
vival, migration, invasion, metastasis, angiogenesis, inflammation and
metabolism [20,30,31]. It can play an important role in adaptive im-
mune response by stimulating B cells to produce antibodies and inducing
the differentiation of naive CD4 + T cells into effector T cells [32].
Notably, IL-6 has a dual role in inflammation, exerting pro-
inflammatory and anti-inflammatory effects [33]. On the one hand, IL-
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Fig. 1. Three features of IL-6 action. A. IL-6 signaling. IL-6 produced by various cells such as lymphocytes binds to IL-6 receptor (IL-6R). IL-6 cannot transduce
intracellular signals and needs the assistance of transmembrane protein gp130. The IL-6/IL-6R complex binds to gp130 to form a hexameric structure, which in turn
induces Box/JAK activation. Activation of tyrosine 759 of gp130 mediates the negative feedback loop formed by SOCS3 and JAK. The terminal four tyrosine residues
of gp130 (Y767, Y814, Y905 and Y915) form the YXXQ motif necessary for STAT3 activation. B. Three features of IL-6R signaling. IL-6R includes mIL-6R expressed
on the cell membrane surface and sIL-6R present in the circulatory system. IL-6/mIL-6R signaling is called classic signaling and mainly mediates the regenerative and
protective effects. IL-6/sIL-6R signaling, known as trans-signaling, primarily mediates the pro-inflammatory effect. The recently discovered trans-presentation
signaling pathway occurs mainly in the antigen-specific interaction of dendritic cells involved in IL-6 signaling and T cells receptive to IL-6.
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6 displays a similar pro-inflammatory effect with TNF and IL-1p. In this
case, IL-6 activates the immune system, recruits monocytes, stimulates
the expression of endothelial cells and smooth muscle cells, and inhibits
the differentiation of regulatory T cells (Treg) and apoptosis of T cells
[33,34]. Furthermore, IL-6 can also induce the expression of intercel-
lular adhesion factor 1 (ICAM-1), leukocyte integrin, lymphocyte
function-associated antigen 1 (LFA-1, CD11a/CD18), and the ligand for
Mac-1 (CD11b/CD18) [34,35]. On the other hand, IL-6 can suppress
bacterial infection, promote the proliferation of epithelial cells, and
inhibit apoptosis of epithelial cells, thus exerting an anti-inflammatory
effect [31,34].

IL-6 levels have been significantly correlated with the occurrence
and progression of various diseases, such as autoimmune disease, in-
fections, and cancers [36-38]. Rheumatoid arthritis (RA) manifests as
polyclonal plasmacytosis with elevated autoantibodies, C-reactive pro-
tein (CRP), and platelets. High levels of IL-6 can be detected in the serum
and synovial fluid of patients with acute RA [37,39]. Significant corre-
lations exist between IL and 6 and IgG in synovial fluid and between IL
and 6 and CRP in serum [37]. Morever, T cells, B cells, synoviocytes, and
chondrocytes collected from patients with RA all produce high levels of
IL-6 [40]. Furthermore, patients with inflammation or infection are
noted to have markedly increased IL-6 levels, including burn patients,
postoperative patients, and those who underwent organ transplantation
or contracted SARS-CoV-2 infection [12,28,41]. In cancer, IL-6 is one of
the pro-oncogenic cytokines, which can activate the JAK-STAT3, ERK,

—

(A) — Thi-
— T/B lymphocytes | —CD4* T cell
/} f?l Th2-
| -
g
(B) *
“Treg~
CD8* T cell
s
‘ )
A
©)
IL-6 B cell
O ., // ’—?\ﬁ
W
— \

(D)

sIL-6R gp130 IL-6

N

@9
@

1L-6

o

Viral infection

@

—— Toxic CTL differentiation (@ =

STAT3/ IL-21/Bcl-6/CXCR5 —»

Release

T

International Immunopharmacology 110 (2022) 109005

and PI3K-Akt signaling pathways [35,36,42,43]. Among these targets,
STATS3 is considered a primary downstream signal transducer of gp130
signaling and a critical oncogene mainly involved in the link between
inflammation and cancer [33,43-45]. Recent studies have confirmed
that IL-6 enhances the ability of primary breast cancer cells to invade
and metastasize [46]. Disseminated cancer cells (DCCs) detach from the
primary tumor in the early stage of cancer formation and metastasize in
the blood and lymph. IL-6 has a high copy number variation in DCCs,
and it is only known to expresses the trans-signaling receptor gp130
[46]. Upon activation, the trans-signaling receptor enhances the invasive
capacity of DCCs and induces the non-stem cells to transform into stem-
like cells [46]. Morever, IL-6 also promotes DCCs growth, increases
tumor angiogenesis, and degrades the extracellular matrix [46].

3. Role of IL-6 in immunity and inflammation

As one of the reliable indicators for stress response, IL-6 participates
in innate and adaptive immunity and may affect the accumulation of
specific sub-populations of immune cells in the body [28,38]. IL-6
deficiency could prolong neutrophil infiltration in the infection sites
[32]. IL-6 regulates the release of inflammatory mediators from stromal
tissue cells including endothelial cells, smooth muscle cells, epithelial
cells, mesothelial cells, and fibroblasts via trans-signal transduction,
thereby triggering neutrophil-mediated phagocytosis and killing
[32,34]. In antigen presenting cells, IL-6 modulates the effector
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Fig. 2. Role of IL-6 in immunity and inflammation. A. Potential targets of IL-6 to regulate CD4™ T cells to secrete cytokines. B. IL-6 promotes the differentiation of
CD8" T cells into cytotoxic T cells (CTL). C. IL-6 promotes the survival, expansion and maturation of B cell and plasmablast, as well as antibody production, by
activating STAT3. D. IL-6 controls the release of inflammatory mediators from stromal tissue cells through trans-signaling, inducing the phagocytosis and killing of

neutrophils.
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characteristics of various CD4 + T helper cell populations and drives
tissue-specific pathological processes and fibrosis by stimulating the
expansion of Th1 cells [34]. Interestingly, IL-6 shows no direct effect on
promoting differentiation of primitive CD4 + T cells into Thl or Th2
cells. Instead, it controls the cell survival by facilitating the action of
other lymphokines [32,34]. Morever, IL-6 has the ability to expand the
effector T cell population including Th17 and Th22 cells [32]. Th17 cells
play a critical role in maintaining integrity of mucosal barrier and im-
mune homeostasis as well as preventing fungal infection and develop-
ment of inflammation related tissue damage. Besides, IL-6 suppresses
the function of Treg cells and prevents differentiation of Th17 cells into
Treg cells, thus mediating pro-inflammatory and rejection-promoting
responses [32] (Fig. 2).

In normal conditions, IL-6 concentration in human body is below 7
pg/mL. Infection or inflammation may lead to an acute rise in the level
of IL-6. In the case of septic shock, the median serum level of IL-6 can
increase to 189,000 pg/mL, which is 1,000 times higher than that in
patients with meningitis (200 pg/ml) or bacteriaemia (200 pg/ml)
[47,48]. Recent study has demonstrated that there is an inverse corre-
lation between high serum IL-6 with the density of T cells and lym-
phopenia in patients with SARS-CoV-2-induced disease [49]. Upon
being produced in focal lesions at early stage of inflammation, IL-6 is
released into liver via bloodstream and subsequently induces the
expression of a number of acute phase proteins, such as activating c-
reactive protein (CRP), serum amyloid A (SAA), fibrinogen gamma
chain (FGG), haptoglobin (HP), and Al antichymotrypsin [47]. The
long-term presence of IL-6-induced high level of SAA can elicit serious
complications of several chronic inflammatory diseases via the forma-
tion of amyloid A protein [47]. Moreover, IL-6 is involved in regulation
of serum iron and zinc levels through regulating the serum transporters
[50]. In bone marrow, IL-6 can promote the maturation of
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megakaryocytes, thereby resulting in the release of platelets [19]. For
routine assays in the clinical laboratory, the severity of inflammation
can be assessed based on changes in the level of acute phase proteins and
counts of erythrocytes and platelets.

In response to inflammation, the increase of IL-6 not only occurs
earlier than that of other cytokines, as well as CRP and procalcitonin
(PCT), but also lasts for a long time to assist early diagnosis of acute
infection [33,47]. Upon bacterial infection, the level of IL-6 increases
rapidly, reaching the peak at 2 h, and its elevated level is positively
correlated with the infection severity [47]. Regardless of the status of
liver function, IL-6 can be detected 12-24 h earlier than CRP after sur-
gery and has more correlations with duration of surgery, amount of
bleeding and stress level [47]. Thus, IL-6 has more advantages as an
inflammatory marker. Currently, monoclonal antibodies against IL-6 or
IL-6 receptor (IL-6R) have been successfully developed for the treatment
of autoimmune diseases [51]. Tocilizumab is the first marketed hu-
manized antibody against IL-6R, which can inhibit IL-6 signaling
through preventing the binding of IL-6 to IL-6R. To date, tocilizumab has
been approved for the treatment of various diseases, including rheu-
matoid arthritis, polyarticular juvenile idiopathic arthritis (pJIA), sys-
temic juvenile idiopathic arthritis (sJIA), giant cell arteritis (GCA),
cytokine release syndrome (CRS), castleman disease, and takaya-
su arteritis [19,50,52,53].

4. Role of IL-6 in metabolism

IL-6 is a highly pleiotropic factor that can modulate inflammation as
well as various aspects of metabolism, including glucose homeostasis
and fat tissue metabolism [19,54,55] (Fig. 3). However, activation of
gp130 signaling associated with IL-6 can be detrimental in some cases
and contribute to the development of metabolic diseases such as obesity,
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Fig. 3. Role of IL-6 in metabolism. A. In cardiac tissue, IL-6 can promote FAO, inhibit lipid accumulation and reduce cardiolipotoxicity. B. Hyperglycemia and
obesity promote the expression of IL-6. C. In skeletal muscle, IL-6 promotes glucose uptake, lipolysis, and activation of AMPK to produce ATP. D. The pro-
inflammatory effect of IL-6 leads to increased vascular permeability and plaque instability. E. IL-6 can induce synovial fibroblast-mediated osteoclast differentia-
tion and angiogenesis. F. In liver, IL-6 induces the expression of IRS-2 on hepatocytes, thereby enhancing insulin signaling. IL-6-dependent G6Pase inhibition reduces
peripheral blood glucose levels and increases liver glycogen storage. Besides, IL-6 drives the increase of SAA, CRP, FGG, HP and the decrease of Albumin. IL-6 can
promote the coagulation function of liver by regulating the production of fibrinogen. G. IL-6 maintains glucose homeostasis by controlling insulin secretion through
GLP-1. GLP-1: glucagon-like peptide-1; FAO: fatty acid oxidation; AMPK: AMP-activated protein kinase; MCP-1: monocyte chemotactic protein-1; ICAM-1: inter-
cellular cell adhesion molecule-1; C5aR: complement component 5a receptor 1; RANKL: receptor activator for nuclear factor-kB ligand; VEGF: vascular endothelial
growth factor; IR: insulin receptor; IRS-2: insulin receptor substrate-2; SAA: serum amyloid A; CRP: c-reactive protein; FGG: fibrinogen gamma chain; HP:

haptoglobin.
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chronic liver injury, inflammatory bowel disease (IBD) and cancer [56].
It has been demonstrated that IL-6 in skeletal muscle appears to affect
the substance selection in the liver under the basal state, while exerting
an indirect effect on the markers of glucose metabolism during long-
duration exercise, thus acting as a negative regulator of hepatic gly-
cose export [54,57]. In addition, CD8 + T cells activated by liver sinu-
soidal endothelial cells (LSEC) display a transient burst of oxidative
phosphorylation and glycolysis. Co-stimulation of IL-6 signals ensures a
high expression of FOXO1 in LSEC-derived CD8 + T cells, which sub-
sequently reduces metabolic activities related to T cell activation
[54,58]. Conversely, glucose transporter 4 (GLUT4) inhibitor WZB117 is
capable of effectively blocking the stimulating effect of glucose on LPS-
induced mRNA expression of IL-6, indicating that a high level of blood
glucose could stimulate the expression of IL-6 [59]. Notably, the level of
circulating IL-6 in patients with type 2 diabetes and/or obesity is 2-3
times as high as that in healthy individuals with normal glucose toler-
ance [13,16]. Acute administration of IL-6 in mice can promote glucose
uptake and fatty acid oxidation in skeletal muscle, probably leading to
an improvement in insulin sensitivity and prevention of diet-caused
obesity [60]. Meanwhile, IL-6 released from the contracted muscle can
drive the production of glucagon-like peptide-1 (GLP-1) in the intestines
and pancreas and subsequently control insulin secretion via GLP-1 to
maintain glucose homeostasis [19,61]. Thus, high levels of IL-6 appear
to release energy through cachexia and lipolysis, and may distribute
energy through regulation of insulin resistance. However, in chronic
inflammatory conditions, whether IL-6 increases the energy uptake of
immune cells by promoting metabolic transformation requires further
exploration [62] .

AMP-activated protein kinase (AMPK) is a pivotal cellular energy
sensor that can facilitate ATP production to meet energy requirements
[63]. AMPK activation may stimulate glucose uptake and glycolysis, as
well as fatty acid oxidation [63,64]. AMPK regulates the de novo syn-
thesis pathway of fatty acid (FA) through activating downstream acetyl
CoA carboxylase (ACC) [64]. IL-6 has been found to exert an indirect
effect on stimulating phosphorylation of AMPK and ACC [65]. Hence, IL-
6 deficiency may negatively regulate fatty acid oxidation (FAO) and
mitochondrial biosynthesis, resulting in ATP depletion and AMP accu-
mulation [61,65].

Invivo assays have shown that IL-6 can promote steatolysis in skeletal
muscle and facilitate FAO throughout the body [66]. Moreover, as a
neutralizing antibody against IL-6, tocilizumab can induce body weight
gain, hypertriglyceridemia and hypercholesterolemia [67]. Interest-
ingly, the plasma level of IL-6 in individuals carrying polymorphic allele
of IL-6 locus G174C tends to be elevated. This observation may be
related to a rise in the levels of plasma triglyceride (TG), very low
density lipoprotein (VLDL) and free fatty acid (FFA) [66,67]. Notably,
steatolysis is found to be enhanced in abdominal fatty tissues of in-
dividuals with overweight or obesity, which were incubated with IL-6
only [66]. On the contrary, mice with IL-6 deficiency exhibit obesity
during the maturation as well as disrupted metabolism of carbohydrates
and lipids [66]. Hence, IL-6 deficiency may lead to lipid accumulation
and cardiolipotoxicity, which further elicit cardiac dysfunction.

However, obesity itself can also induce IL-6 production [68].
Obesity-mediated recruitment and activation of immune cell subsets in
white adipose tissue systemically increase IL-6 levels. Massive secretion
of inflammatory factors, macrophage infiltration, and adipose tissue
remodeling have been identified as the main features of chronic
inflammation in obesity [69]. Adipose tissue is composed of mature
adipocytes, non-adipocyte cells, connective tissue matrix, blood vessels,
and nerve cells and secretes various pro-inflammatory factors, including
IL-6 [68,70]. Adipose tissue in a long-term inflammatory state will
exhibit increased adaptability in connective tissue, such as blood vessels
and fibers, resulting in adipose tissue remodeling and even fibrosis [69].
Macrophages are mainly divided into M1 and M2 types [71]. Of these,
M1-type macrophages are known to be involved in the induction of
obesity and chronic inflammation by secreting IL-6 [68,70]. Adipose
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tissue inflammation promotes apoptosis and recruits monocyte-
macrophages in large numbers [71]. In this process, the expression of
M1-type macrophages increases significantly, which further promotes
IL-6 secretion and inhibits insulin signaling, resulting in glucose and
lipid metabolism disorders [68]. The excessive release of IL-6 not only
impairs insulin action in metabolic tissues, but also contributes to cancer
development [33]. In addition, acute stress stimulation also induces IL-6
secretion in brown adipocytes, resulting in the inability of brown adi-
pocytes to normally regulate the metabolism of glucose and break down
fat, eventually causing obesity and obesity-related complications
[33,70].

The above studies indicate that normal IL-6 levels contribute to
glucose metabolism regulation, lipid homeostasis, and anti-obesity
treatment. Conversely, the excessive release of IL-6 can aggravate the
inflammatory state, which, in turn, interferes with insulin signaling and
causes lipid metabolism disorders.

5. Roles of IL-6-mediated immunometabolic reprogramming in
viral infection-associated diseases

5.1. Immunometabolic reprogramming in viral infection-associated
diseases

The term “Immunometabolic reprogramming” here refers specif-
ically to the manipulation of the metabolism, immune function, and the
relationship between the two by a virus in the host. Energy metabolism
underlies an excessive immune-inflammatory response and plays a key
role in controlling immune cell phenotype and function [72]. Immunity
and metabolism are two highly integrated and interdependent systems,
and balancing them is key to maintain the normal state of the body. The
term “immunometabolism” has been used to explain the close rela-
tionship between metabolic regulation and immune function. Immu-
nometabolic reprogramming is a mechanism by which immune cells
promote cell proliferation and differentiation and exert immune effects
by changing immune function and metabolic patterns to meet energy
needs [72]. Immunometabolic reprogramming caused by a viral infec-
tion not only facilitates viral replication, but also antagonizes host
antiviral responses associated with the immune system.

In viral infection-associated diseases, the phenomenon of immuno-
metabolic reprogramming is common, including the mutual regulation
of immune function and glucose, lipid, and amino acid metabolism
[73-75]. Immunometabolic reprogramming has been closely related to
disease occurrence and progression, and key proteins in related
signaling pathways can also be the targets of drug action [74]. Our
current understanding of how host metabolism is related to immune
responses and affects cytokine release remains to be limited. However,
several studies have uncovered specific immunometabolic reprogram-
ming phenomena observed in some viral infectious diseases. For
example, in coronavirus disease 2019 (COVID-19), metabolism can
modulate the immune response to SARS-CoV-2 infection [73,75]. Cor-
relation analysis revealed strong associations between metabolites and
pro-inflammatory cytokines/chemokines, such as IL-6, M—CSF, IL-1a,
and IL-1p, and suggested a potential link between arginine, tryptophan,
and purine metabolism and excessive inflammation [76]. Targeting
metabolism may be a potential strategy for the treatment of fatal CRS in
COVID-19 [77]. Small-molecule inhibitors targeting PI3 kinase VPS34
or fatty acid metabolism have been shown to inhibit SARS-CoV-2 ac-
tivity [77]. HIV infection in adulthood is more likely to cause metabolic
syndrome, which includes excess abdominal fat, abnormal blood sugar
and lipid levels, and high blood pressure, as well as an increased risk of
diabetes, heart disease, and stroke [78,79]. All of these are attributable
to HIV itself, inflammation, and side effects of antiretroviral therapy
[79]. AIDS-related inflammation and immune activation also occur
throughout the infection and treatment process, which is related to the
persistence of HIV, translocation of intestinal flora, reduction of regu-
latory T cells, and combination or secondary infection with other viruses
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[80,81]. People who were born with HIV or acquired HIV in early
childhood were found to be significantly more likely to develop meta-
bolic abnormalities, including insulin resistance, high triglyceride
levels, and adverse weight gain [82].

The roles of IL-6 in inflammation and metabolism are complex. While
IL-6 is generally considered a pro-inflammatory cytokine, other studies
suggest that it exhibits anti-inflammatory effects [33]. Under viral
infection conditions, a high IL-6 concentration is a reliable indicator of
the immune response [83]. In addition, as an inflammatory marker, IL-6
is closely related to the occurrence and development of metabolic syn-
drome [56]. IL-6 may be a bridge molecule linking systemic inflam-
mation and metabolic disorders. IL-6 upregulation induced under viral
infection may trigger IL-6-dependent metabolic reprogramming in the
host.

5.2. Roles of IL-6-mediated immunometabolic reprogramming in SARS-
CoV-2 infection-associated COVID-19

Immune responses induced by SARS-CoV-2 infection contribute to
virus clearance while probably causing cytokine release syndrome (CRS)
in severe corona virus disease 2019 (COVID-19) patients [84,85]. The
level of IL-6 is elevated in critically ill COVID-19 patients. In this case, a
large amount of pathogenic T cells and inflammatory monocytes
secreting a high level of IL-6 may enter pulmonary circulation and
trigger an inflammatory storm, leading to immune dysfunction and
extensive injury, and eventually resulting in multiple system organ
failure and even a high mortality [86-89] (Fig. 4). Thus, IL-6 acts as a
pivotal inflammatory factor triggering CRS in COVID-19 patients, which
can be used to effectively assess the disease severity and predict prog-
nosis of COVID-19 patients [90-92]. Recent clinical trials have shown
that tocilizumab could suppress hyperactive immune response,
improving the inflammatory symptoms of patients with or without mild
organ damage at the early stage of COVID-19 [86,88,93]. All these data
indicate that targeting IL-6 may play an important role in preventing and
relieving CRS, while IL-6 could serve as a potential therapeutic target for
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COVID-19 (Table 1). Besides, IL-6R blockers in combination with
glucocorticoid have been demonstrated to be capable of reducing all-
cause mortality in COVID-19 patients undergoing respiratory support
therapy [93,94]. However, it is not recommended that IL-6R blockers be
widely used among COVID-19 patients with mild symptoms or receiving
long term invasive mechanical ventilation [89,94,95].

While sMAdCAM is a critical marker for intestinal immune migra-
tion, the level of circulating sMAdCAM in COVID-19 patients appears to
be lower than that in healthy individuals or convalescent COVID-19
patients [96]. There is a negative correlation between the level of IL-6
and that of sMAdCAM in COVID-19 patients. Among convalescent
COVID-19 patients, the level of sSMAACAM is markedly elevated, while
the level of IL-6 declines significantly [96]. Assimilation of IL-6 and
SMAdCAM levels can be expressed as sMIL (the ratio of SMAdCAM to IL-
6 level), a new comprehensive marker index, which shows the highest
value in convalescent COVID-19 patients [96]. Collectively, IL-6 may
potentially serve as a novel marker for assessing intestinal immune
microenvironment and metabolic function in COVID-19 patients.
Meanwhile, the integrated analysis of metabolic remodeling and in-
flammatory response in COVID-19 patients reveals that intervening in
the metabolism of arginine, tryptophan or purine can significantly
improve the excessive inflammatory response in COVID-19 patients.
There is a close correlation between metabolic pathway dysregulation
and high levels of IL-6 in critically ill COVID-19 patients [76]. Moreover,
rise in blood sugar level among COVID-19 patients may facilitate the
replication of SARS-CoV-2 and cytokine production in monocytes. SARS-
CoV-2 infection-induced IL-6 regulates metabolism of glucoses and
lipids. It demonstrates that IL-6 release is associated with metabolic
reprogramming in COVID-19 patients, and IL-6 could be the key player
that links over-activated immune response to metabolic reprogramming
in those patients. Therefore, regulation of host metabolism via biological
agents such as tocilizumab could become a new pathway for improving
SARS-CoV-2-caused CRS [87].

The level of CRS-related cytokine IL-6 in COVID-19 patients is
gradually increased with the increasing severity ranging from
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Table 1
Current status of research and development of COVID-19 therapeutic drugs targeting IL-6.
Drug name R&D code The first R&D company  Targets (combined with simplified The world’s Indications
targets) highest R&D
stage
Tocilizumab MR16-1; R- Roche IL-6 receptor antagonist (IL-6R); IL-6 Listed stage Adult Still’s disease; autoimmune
1569; RG-1569; receptor modulator (IL-6R) encephalomyelitis; giant lymphadenopathy;
hPM-1; RO- chronic lymphocytic leukemia; COVID-19;
4877533 familial mediterranean fever; juvenile
rheumatoid arthritis; motor neuron disease ;
osteoarthritis; polymyalgia rheumatica;
pulmonary hypertension; rheumatoid arthritis;
systemic lupus erythematosus; toxicity; viral
pneumonia
Siltuximab CNTO-328 Johnson&Johnson Heat shock protein inhibitor (HSP); IL-6 Listed stage Megalymphadenopathy; chronic lymphocytic
receptor antagonist (IL-6R) leukemia; COVID-19; pneumonia
Levilimab BCD-089 Biocad Ltd IL-6 receptor antagonist (IL-6R) Listed stage COVID-19; rheumatoid arthritis
Olokizumab CDP-6038 UCB IL-6 receptor antagonist (IL-6R) Listing COVID-19; rheumatoid arthritis
application
Emiplacel PLX-1; PLX-R18 Pluristem Therapeutics ~ IL-6 receptor agonist (IL-6R) Phase III Aplastic anemia; autoimmune disease; bone
Inc clinical stage injury; bone marrow transplantation; heart
failure; COVID-19; diabetic foot ulcer; graft-
versus-host disease; hematopoietic stem cell
transplantation; inflammatory bowel disease;
intermittent claudication; interstitial lung
diseases; ischemia; lung injury; multiple
sclerosis; muscle injury; muscular atrophy;
muscular dystrophy; neurological disorders;
neuropathic pain; peripheral vascular disease;
preeclampsia; pulmonary fibrosis; radiation
sickness; respiratory distress syndrome
symptoms; skin burns; tendon injuries;
thromboangiitis obliterans; wound healing
Emvododstat PTC-299; PTC- PTC Therapeutics Inc Dihydroorotate dehydrogenase inhibitor Phase III Acute myeloid leukemia; COVID-19;
VG; PTC-VH; (DHODH); IL-6 receptor antagonist (IL- clinical stage myelodysplastic syndromes
PTC-VJ; PTC- 6R); VEGF receptor antagonist (VEGFR)
VK; PTC-WS
Clazakizumab ALD-518;BMS- Alder IL-6 receptor antagonist (IL-6R) Phase III COVID-19; kidney transplant rejection; lung
945429 clinical stage failure; organ transplant rejection; respiratory
distress syndrome
Sirukumab CNTO-136 Johnson&Johnson IL-6 receptor antagonist (IL-6R) Phase I1I COVID-19; major depressive disorder
clinical stage
MP-1032 MP-1000;MP- MetrioPharm AG Catalase stimulator (CAT); Interleukin-1 Phase II COVID-19; inflammatory diseases; multiple
1000 program; ligand inhibitor (IL-1); Interleukin-6 clinical stage sclerosis; psoriasis
MP-1031;MP- ligand inhibitor (IL-6); Interleukin-8
1032 ligand inhibitor (IL-8); Superoxide
dismutase stimulator (SOD); TNF alpha
ligand inhibitor (TNF-a)
Amilo-5MER —_— Galmed Apolipoprotein B modulator (APOB); IL-  Phase I COVID-19; crohn’s disease; inflammatory bowel
Pharmaceuticals Ltd 6 receptor antagonist (IL-6R); Serum clinical stage disease; multiple sclerosis; psoriasis; respiratory
amyloid A protein modulator (SAA); distress syndrome; rheumatoid arthritis;
Transthyretin modulator (TTR) ulcerative colitis
KSI-501 KSI-501; KSI- Kodiak Sciences Inc Interleukin-6 ligand inhibitor (IL-6); Preclinical COVID-19; diabetic macular edema; diabetic
501p;0G-2072 VEGF ligand inhibitor (VEGF) research stage  retinopathy; uveitis; wet age-related macular
degeneration
Tocilizumab BP-08 Curateq Biologics Pvt IL-6 receptor modulator (IL-6R) Preclinical COVID-19
biosimilar Ltd research stage
ACE2-Fc-anti-IL- —_— Shanghai Keqi COVID-19 spike glycoprotein inhibitor; Preclinical COVID-19
6R scfv fusion Pharmaceutical IL-6 receptor antagonist (IL-6R) research stage
protein Technology Co Ltd

rIFN-alpha 14

ILC Therapeutics Ltd

CXC10 chemokine ligand inhibitor
(CXCL10); CXC5 chemokine ligand
inhibitor (CXCL5); Growth regulated
protein alpha ligand inhibitor (CXCL1);
Interferon alpha 14 ligand (IFNA14);
Interferon gamma receptor agonist
(IFNGR); Interleukin 17A ligand
inhibitor (IL-17A); Interleukin 17F
ligand inhibitor (IL-17F); Interleukin-6
ligand inhibitor (IL-6); Interleukin-8
ligand inhibitor (IL-8); Monocyte
chemotactic protein 1 ligand inhibitor
(CCL2); NK cell receptor agonist
(KIR2DL4); RANTES ligand (CCL5); T
cell receptor agonist (TCR)

Preclinical
research stage

COVID-19; respiratory distress syndrome

*The source of the data is from the global drug research and development database of the one-stop retrieval platform of pharnexcloud (https://www.pharnexcloud.

com).


https://www.pharnexcloud.com
https://www.pharnexcloud.com

Y.-S. Li et al.

asymptomatic cases to mild and severe cases [76,92]. Similarly, the
correlation between the IL-6 level and metabolites increases with the
increasing disease severity. Strikingly, IL-6 shows a correlation with 8
and 20 metabolites in mild and severe COVID-19 patients, respectively
[76]. In these cases, the level of IL-6 is positively correlated with several
key metabolites of arginine metabolism such as arginine, glutamine,
aspartic acid, citrulline, urea and proline, multiple key metabolites of
purine metabolism such as xanthine, guanosine, adenine, GMP, adeno-
sine and guanine, as well as the metabolites of tryptophan and NAD +
metabolism including kynurenine and NMN [76]. By contrast, niacin is
inversely correlated with the level of IL-6. Overall, the disorder of these
metabolic pathways is closely associated with IL-6-induced excessive
inflammation.

Interestingly, arginine supplementation can significantly inhibit
SARS-CoV-2-induced IL-6 release of peripheral blood mononuclear cells
(PBMCs). Conversely, arginine supplements cause no changes in IL-6
release of PBMCs derived from healthy individuals [76]. In the mean-
time, serum metabolites involved in tryptophan and kynurenine meta-
bolism are correlated with IL-6 in COVID-19 patients. While conversion
of tryptophan to kynurenine in immune cells is precisely regulated by
indoleamine2,3-dioxygenasel (IDO1), excessive IDO1 can lead to the
depletion of tryptophan in lymphocytes, and the toxicity of metabolite
kynurenine can also cause lymphocyte apoptosis. Administration with
IDO1 inhibitor epacadostat can suppress SARS-CoV-2-induced IL-6
release [76]. On the contrary, purine metabolism inhibitor mycophe-
nolic acid (MPA) can increase the level of IL-6, indicating that

Marrozv , f\‘
g@ ,

MDSC

[
Blood vessel '

‘

R it
ecrulA

GM-CSF, M- &
CSF, IL-6, IL- 3
1B, Adenosine

OrERstresy‘ . Immunosuppressnve @

&

signaling

I\

IL-6

STAT§ )

l HCC tumor microenvironment

@

Arginine metabolism
—> O <— Tryptophan metabolism

Cysteine metabolism
T cell \

International Immunopharmacology 110 (2022) 109005

interference of purine metabolism exacerbates excessive inflammatory
response partly through promoting IL-6 release [76]. All these results
indicate that targeting metabolic pathways could control the release of
IL-6, further modulating inflammatory response in COVID-19 patients.
Moreover, exogenous cytokine mixture including IL-6, IL-1a, IL-1p, IFN-
vy and TNF-a can increase the release of urinary ammonia, arginine and
glutamate into the culture medium of PBMCs while decreasing trypto-
phan release [76]. The consistence between changes in the above me-
tabolites and metabolic changes in the serum of COVID-19 patients
demonstrates that the metabolic reprogramming may be partly attrib-
uted to excessive inflammatory response induced by SARS-CoV-2
infection.

5.3. Roles of IL-6-mediated immunometabolic reprogramming in HBV
infection-associated HCC

Compared with healthy individuals, the level of IL-6 in peripheral
blood is significantly increased in both chronic hepatitis B virus (HBV)
carriers and inactive HBsAg carriers [97]. The level of IL-6 in chronic
HBV carriers is lower than that in inactive HBsAg carriers. Comparison
of the cytokine levels in peripheral blood among individuals with
different HBV DNA loads reveals that the average level of IL-6 in chronic
HBV carriers with a medium HBV DNA load is higher than that in those
with a high or low HBV DNA load [98]. It has been demonstrated that IL-
6 initiates transcription of various downstream genes involved in liver
development and metabolism. IL-6 can activate STAT3, promote
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proliferation, angiogenesis and anti-apoptotic genes, and inhibit pro-
apoptotic genes, thus facilitating the proliferation and migration of
HepG2 cells both in vivo and in vitro [99-101] (Fig. 5). While ATF3-
mediated up-regulation of IL-6Ra promotes the drug resistance to sor-
afenib and regofinib in HCC, targeting IL-6R could increase the thera-
peutic efficacy of sorafenib/regofinib in advanced HCC [100,102]. IL-6
can upregulate the inhibitor of differentiation 1 (Id1) from bone
marrow-derived myeloid cells, which is contributed to shifting dendritic
cell differentiation toward myeloid-derived suppressor cells [103].
Moreover, cancer-related fibroblasts (CAFs) highly expressing IL-6 exert
a powerful immunosuppressive effect in HCC microenvironment by
recruiting bone marrow derived immunosuppressive cells [100].
Furthermore, IL-6 disrupt the function of tumor infiltrating T cells
through up-regulating inhibitory immune checkpoints. Notably, tar-
geted inhibition of IL-6 could enhance the efficacy of anti-PD-L1 therapy
in HCC and reverse the drug resistance [104]. Taken together, IL-6 could
serve as a potential therapeutic target for HBV-related HCC. Combined
use of IL-6-targeting therapy and immune checkpoint inhibitors may
provide a new alternative for the treatment of HCC. The mechanism of
the effectiveness of such combination regimen is the inducible effect of
IL-6 on strengthening T cell infiltration into the tumor area [105].
Furthermore, due to the inducible effect of IL-6 on PD-L1 expression on
tumor cells and non-tumor cells, it is presumable that targeting the IL-6/
JAK/STAT3 axis will sensitize tumor to PD-1/PD-L1 inhibitor therapy
[106].

It has been demonstrated that IL-6 produced by tumor-associated
macrophages (TAMs) can facilitate the sphere formation of CD44 +
cells in HCC tumor tissue and increase the growth capability of mouse
xenografted tumors [107]. Variation of the metabolism among TAMs
affects their polarization, thus leading to varied functional properties of
TAMs. Among the TAMs, M1 macrophages mainly secrete pro-
inflammatory cytokines and exert an anti-cancer effect presumably
through supplying energy via glycolysis and pentose phosphate pathway
[108]. By contrast, M2 macrophages secrete anti-inflammatory cyto-
kines and exert a tumor-promoting effect mainly by supplying energy
via oxidative phosphorylation and promoting FAO [108]. Strikingly,
inhibition of IL-6/STAT3 signaling pathway via antagonizing IL-6 could
promote polarization of TAMs into M1 macrophages, markedly
enhancing the inhibitory effects of M1 macrophages on HCC. Co-culture
of HCC cells with M1 macrophages leads to a reduction in the viability,
proliferation, invasion, migration and drug resistance of HCC cells, but
an increase in the tumor apoptosis [101,107]. Thus, IL-6 appears to
facilitate metabolic transformation of TAMs into M2 phenotypes in the
HCC microenvironment, thereby exerting a cancer-promoting effect.

5.4. Roles of IL-6-mediated immunometabolic reprogramming in HIV
infection-associated AIDS

IL-6 is closely associated with the morbidity and mortality of human
immunodeficiency virus (HIV) + individuals [109]. While the serum
level of IL-6 increases with the occurrence of immunosuppression during
HIV infection, the level decreases dramatically after the antiretroviral
therapy (ART), but remains significantly higher than that in the non-
infection group [110]. HIV expresses protein Vpr to counteract host
antiviral restriction factors. In this case, Vpr degrades TET2 to maintain
the expression of IL-6, promoting HIV viral replication and AIDS pro-
gression [110,111]. It has been shown that the elevated level of IL-6 in
HIV-infected individuals is related to older age, nonblack race, higher
body mass index, reduced level of blood lipids, HIV replication, lowest
level of CD4 + cell counts, use of protease inhibitors, complications and
reduced level of eGFR [111-113]. Compared with the general popula-
tion, HIV-positive people undergoing treatment were noted to have
50%-100% higher IL-6 levels [113]. Demographic factors indepen-
dently associated with higher IL-6 levels include older age, non-Black
race, and higher BMI [112]. In a multivariate analysis of older pa-
tients, older age was associated with higher IL-6 levels (FD [95% CI]:
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1.09 [1.08-1.11] per 10 years), considering that the aging process is
closely related to inflammation [112]. During the aging process, long-
term IL-6 stimulation in the body can lead to a chronic, low-grade,
microinflammatory aging state, thereby causing or increasing the
occurrence of age-related degenerative diseases [112]. A multivariate
analysis revealed lower IL-6 levels in Black participants compared with
White participants (FD [95% CI]: 0.96 [0.93-0.99]), which partly sug-
gests that IL-6 levels are genetically determined [112]. In addition,
similar to studies involving HIV-infected individuals and the general
population, BMI was positively associated with IL-6 (FD [95% CI]: 1.02
[1.01-1.04] per 5 kg/m2) [113]. Subcutaneous adipose tissue can pro-
duce up to 25% of circulating IL-6 under stressful conditions [112,114].

The level of inflammatory cytokine IL-6 is significantly increased in
HIV patients complicated with obesity as compared to non-obese/non-
HIV-infected individuals [115]. In particular, a higher level of circu-
lating IL-6 is correlated with a lower level of serum lipids, implying that
IL-6 may exert a promoting effect on lipid metabolism and utilization
among HIV-infected individuals. The elevated level of IL-6 is associated
with both obesity in the absence of HIV infection and HIV infection in
the absence of obesity [115]. Notably, IL-6 can be produced by either
active macrophages derived from blood vessels, or adipocytes, and in-
creases with the increasing diameter of adipocytes. Among obese pa-
tients, IL-6 is mainly derived from adipocyte [116]. By contrast, IL-6
produced in chronic HIV-infected patients may be derived from acti-
vated immune cells [116]. Therefore, the disorder of the metabolic
function in obesity may aggravate the excessive release of IL-6 in HIV
patients.

IL-6 also plays a certain role in the regulation of immune metabolism
in AIDS-related complications. HIV-1 Tat is an auxiliary viral protein
that affects the integrity of blood-brain barrier by disrupting tight
junction proteins in cerebral microvascular endothelial cells [117,118].
It induces the expression of IL-6 and IL-8 at both mRNA and protein
levels in cerebral astrocytes in a time-dependent manner, which subse-
quently triggers neuropathy and inflammation of the central nervous
system, causing HIV-associated neurocognitive disorder (HAND) [117].
Moreover, HIV protease inhibitors (PIs) are involved in the occurrence
of severe metabolism syndrome, and HIV PIs have been demonstrated to
promote the expression of TNF-a and IL-6, the main mediators of in-
flammatory response in macrophages [119]. The chronic inflammatory
state caused by inflammatory factors could lead to the occurrence of
metabolism syndromes and emerges as a main risk factor for cardio-
vascular diseases including atherosclerosis. Human herpes virus 8
(HHV-8) is considered the pathogen of Kaposi sarcoma (KS), one of the
most common cancers among HIV/AIDS patients. Compared with HIV or
HIV/HHV-8 individuals, the serum level of IL-6 is significantly elevated
in patients suffering from both AIDS and KS [120]. And the IL-6 level in
visceral AIDS-KS patients is higher than that in cutaneous AIDS-KS pa-
tients, indicating that IL-6 may be a critical marker for identifying and
distinguishing the type of AIDS-KS [120]. Besides, hepatic fibrosis is
independently correlated with the elevated level of IL-6 among in-
dividuals infected with both HCV and HIV, indicating that hepatic fib-
rosis mainly mediates enhanced pro-inflammatory state related to co-
infection with HCV and HIV [120].

5.5. Roles of IL-6-mediated immunometabolic reprogramming in HCMV
infection-associated diseases

Human cytomegalovirus (HCMV) has been found to be associated
with accelerated development of atherosclerosis, restenosis after an-
gioplasty and chronic graft arteriosclerosis [121]. One of the hallmarks
of these metabolic diseases is angiogenesis (AG) and neovascularization.
Persistence of HCMV within endothelial cells (ECs) is an important
mechanism of neovascularization [122]. IL-6 is an effective angiogenic
cytokine that inhibits apoptosis of ECs and participates in neo-
vascularization during tumor progression, wound healing and devel-
opment of the cerebrovascular system [123,124]. Moreover, IL-6
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accumulation may contribute to the growth and instability of athero-
sclerotic plaques [124]. HCMV induces angiogenesis and lymphangio-
genesis indirectly through stimulating the release of IL-6 and GM-CSF by
lymphatic endothelial cells [125]. In the course of inflammation or acute
rejection of organ transplants, elevated IL-6 levels accompany HCMV
replication in transplanted lung and bone marrow, elevate survivin
expression and activate effector caspases [15]. Strikingly, HCMV can
promote angiogenesis and long-term survival of endothelial cells by up-
regulating the expression of anti-apoptotic factor survivin via stimula-
tion of IL-6, thus facilitating HCMV invasion and progression of meta-
bolic diseases in the inflammatory state [15]. Survivin potentially serves
as a unique marker for dedifferentiated cells involved in neointima
formation. It suggests that targeting IL-6 could potentially exert positive
effects on correcting HCMV-caused inflammation and metabolic
disorder.

US28 is a HCMV-encoded viral G protein (heterotrimeric guanosine
triphosphate binding protein) coupled receptor that can induce the
proliferation of glioblastoma cells infected with HCMV through forming
a positive feedback loop via activated IL-6-STAT3 signaling axis [126].
HCMYV has also been found to be the main cause of vision loss in children
with congenital infection. Meanwhile, HCMV infection of retinal peri-
cytes can induce the expression of IL-6, resulting in increased retinal
neurovascular permeability and further triggering retinal inflammation
and neovascularization [127]. Moreover, HCMV infection is considered
a critical independent risk factor for gestational diabetes mellitus
(GDM). HCMV activation could aggravate the chronic inflammatory
state, thus promoting the occurrence and development of GDM and type
2 diabetes [128]. Compared with individuals without GDM or HCMV
infection, the level of IL-6 is significantly increased in GDM women
infected with HCMV at 24-28 weeks of gestation [128]. IL-6 has been
shown to maintain glucose homeostasis by controlling insulin secretion.
Hence, persistent infection of HCMV and a high level of blood sugar in
pregnancy exacerbate IL-6-mediated pro-inflammatory state, possibly
leading to insulin resistance and glucose intolerance in women infected
with HCMV.

5.6. Roles of IL-6-mediated immunometabolic reprogramming in AdV
infection-associated diseases

Human adenovirus (AdV) infection is prevalent and leads to severe
community acquired pneumonia. And the inflammatory storm caused
by AdV infection shares the similar symptoms with adult COVID-19
infection [129]. AdV pneumonia accounts for approximately 10% of
all childhood pneumonia cases and is mainly caused by infection with
human AdV type 3/7 [130]. It is considered that AdV-induced inflam-
mation mainly underlies serious symptoms of AdV pneumonia. Among
all inflammatory cytokines, IL-6 displays the most significantly
increasing trend in nasal lavage fluids of children with AdV 7 infection
[130]. While markedly elevated levels of IL-6 are identified as a warning
indicator for poor prognosis of AdV pneumonia, the high level of IL-6
(>100 ng/L) serves as an independent risk factor for death in children
with critical AdV pneumonia [131]. Moreover, the level of IL-6 in
children with AdV pneumonia and kawasaki disease is significantly
higher than that in those with other type of viral pneumonia [132].
Overall, IL-6 could be an independent predictive factor for childhood
AdV pneumonia.

IL-6 overexpression has been found to be associated with pulmonary
immune injury [133,134]. IL-6-caused monopenia may lead to an in-
flammatory cell imbalance and serves as an independent predictive
factor for respiratory failure. Hypoxemia is among the critical clinical
manifestations of respiratory failure, and the level of IL-6 is markedly
correlated with acute hypoxemia among patients with AdV pneumonia
[135]. Notably, persistent hypoxemia can cause insufficient oxygen
supply to tissues. In this case, cells fail to make full use of oxygen for
metabolism and energy production, resulting in a series of physiological
dysfunction and metabolic disorders.
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It has been demonstrated that while AdV 7 increases the mRNA and
protein expression of IL-6 in bronchial epithelial cell lines and primary
airway epithelial cells in a dose-dependent manner, the underlying
mechanism involves enhanced IL-6 signaling via p38/NF-kB-mediated
trans-activation of IL-6 promoter [136,137]. NF-kB and IL-6 act as the
main regulators of inflammation, which modulate various aspects of
innate and adaptive immune responses. The activation of NF-kB/IL-6 is
associated with chronic inflammation, autoimmune diseases and cancer
[138]. In particular, NF-kB emerges as one of the key factor linking
metabolism, inflammation and insulin function, which regulates energy
homeostasis and metabolic adaptation by modulating the balance be-
tween glycolysis and oxidative phosphorylation [139,140]. Ad-36
infection in children has been shown to be correlated with obesity,
and the level of IL-6 is elevated in obese children with Ad-36 seroposi-
tivity [141]. These observations suggest that NF-kB and IL-6 signaling
may exert a coordinating effect in AdV-induced inflammation and
metabolic disorders. Moreover, AdV vector-mediated transduction in-
duces hepatotoxicity at 2 and 10 days after administration [130]. In this
circumstance, IL-6 acts as the main AdV vector-induced inflammatory
cytokine which can activate JAK and STAT3 to promote leaked
expression of AdV genes, thereby eliciting acute hepatotoxicity [130].

5.7. Roles of IL-6-mediated immunometabolic reprogramming in EV71
infection-associated diseases

Enterovirus 71 (EV71) is the most recently identified member of the
genus enterovirus, with high infectivity and pathogenicity [142]. EV71
is one of the main pathogens causing hand-foot-mouth disease (HFMD)
in infants, which may cause various neurological diseases such as aseptic
meningitis, brainstem encephalitis and polio like paralysis [143,144].
Notably, EV71 infection leads to a marked increase in the release of
circulating IL-6. And the level of IL-6 gradually rises with the progres-
sion of the disease and is associated with poor prognosis of patients
infected with EV71 [145,146]. Among severe and critical cases infected
with EV71 undergoing intravenous immunoglobulin (IVIG) and gluco-
corticoid treatment, convalescent patients have a significantly lower
level of IL-6 in cerebrospinal fluids than acute stage patients [147].
Aseptic meningitis is considered the most common neurological com-
plications of HFMD caused by EV 71 infection. Among all cytokines
related to HFMD complicated with aseptic meningitis, IL-6 shows the
strongest correlation with aseptic meningitis, with the highest sensi-
tivity and specificity [148]. It indicates that IL-6 could serve as a po-
tential marker for predicting the occurrence of aseptic meningitis in
children with EV71-caused HFMD.

It has been shown that EV71-induced autophagy regulates the pro-
duction and release of IL-6 via p38/MAPK and ERK signaling pathway in
human gastric epithelial cells (GES-1) infected with EV71 [149]. Auto-
phagy contributes to metabolism and decomposition of nutrients while
playing a pivotal role in maintenance of cellular balance [150]. Upon
the uptake of sufficient glucose and lipids, cells undergo autophagy to
degrade cellular energy-storing substances. By contrast, nutrition defi-
ciency and infection stress enable cells to mobilize intracellular glycogen
and lipids for energy generation via autophagy [151]. Given the critical
role of IL-6 in glucose and lipid metabolism, it is proposed that EV71-
caused autophagy regulates metabolic reprogramming in the host cells
presumably through targeting IL-6.

In the cerebral cortex of EV71 infected mice, blocking IL-6 can
restore the weight loss caused by EV71 infection, reduce clinical score,
improve survival rate, reduce neurofilament integrity, reduce caspase-3
cutting level, and reduce the induction of apoptosis in cerebral cortex
[152]. Likewise, treatment of EV71 infecting human astrocytoma U251
cells with IL-6-Ab blocks IL-6-mediated autocrine and paracrine signal
transduction of proximal astrocytes, mitigating cell apoptosis [152]. As
a class of nerve cells derived from ectoderm and neuroepithelium, as-
trocytes function in maintaining homeostasis and protecting the central
nervous system, while serving as a key regulator of inflammatory
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response. In the meantime, apoptotic cells could recruit macrophages by
releasing metabolic molecules such as spermidine, guanosine mono-
phosphate (GMP) and inosine monophosphate, thus altering the im-
mune environment [153]. These indicate that the elevated level of IL-6
caused by EV71 infection can disrupt cerebral metabolic homeostasis,
resulting in systematic development of neuroinflammation and injury in
the brain.

5.8. Roles of IL-6-mediated immunometabolic reprogramming in DV
infection-associated dengue fever

Dengue viruses (DV) are a serotype subgroup of flavivirus in flavi-
viridae that are transmitted by vector insects such as aedes aegypti and
aedes albopictus [154]. Upon infection, DV first replicate in capillary
endothelial cells, and amplified DV are then released into blood stream
to form viremia and further infect monocyte-macrophages in blood and
tissues, causing dengue fever [155]. DV-infected cells can produce
protective pro-inflammatory cytokine IL-6, which attracts and activates
leukocytes in the infection sites, promotes inflammatory response of
macrophages, and induces B cell maturation [156,157] (Fig. 6). While
activation of IL-6 could inhibit DV replication, excessive IL-6 may
aggravate inflammation and the disease progression [157]. Hence, IL-6
can potentially be used as a marker for predicting the aggravation of
dengue fever. In the case of severe DV infection, IL-6 could trigger the
cytokine storm and increase vascular permeability by up-regulating CRP
and secretory phospholipase A2 (sPLA2), leading to functional insta-
bility of endothelial cells and plasma leakage [156]. In addition, pyro-
genic properties of IL-6 can exacerbate the fever symptom of dengue
fever patients.

It has been shown that DV infection leads to production of large
quantities of IL-6 in human umbilical vein endothelial cells (HUVEC)
and can be inhibited by ribavirin, an antiviral synthetic guanosine

Dengue virus
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analogue [158]. IL-6 released by HUVECs can recruit a large amount of
leukocytes, aggravating local inflammatory response. Likewise, the
serum level of IL-6 is elevated in patients with dengue hemorrhagic fever
[158]. It indicate that IL-6 is implicated in the progression of dengue
hemorrhagic fever and dengue shock syndrome. Pulmonary epithelial
cells have also been identified as a potential target for DV. DV infection
of lung cancer cells can significantly increase the expression of IL-6
through activating NF-xB [159]. Notably, there is a positive correla-
tion between IL and 6 and D-dimer levels in the plasma of patients with
dengue fever [160]. Recent studies have revealed a close correlation of
IL-6 and D-dimer with severe COVID-19 [161,162]. Thus, IL-6 and D-
dimer may exert a synergetic pro-inflammatory effect in COVID-19 pa-
tients complicated with DV infection, thereby serving as a predictive
factor for the combined viral infection.

Interestingly, IL-6 can activate tissue factor (TF) pathway in mono-
cytes without affecting fibrinolysis, eliciting coagulation cascade [160].
In the meantime, TF exerts a pro-inflammatory effect through activating
protease activated receptors (PARs), while it forms a positive feedback
loop with IL-6 [160]. TF, also known as coagulation factor III, acts as an
inducer of exogenous coagulation cascade [163]. In this case, it interacts
with cytokines including TNF-a, hs-CRP and IL, participates in the
occurrence and development of various metabolic syndromes such as
insulin resistance, type 2 diabetes, central obesity, hypertension, and
dyslipidemia, and accelerates the atherosclerosis process [163-165].
Signal transduction elicited by IL-6 and TF could regulate various as-
pects of immunometabolic disorder such as obesity, inflammation and
thrombogenesis. Collectively, these observations suggest that IL-6/TF
signaling may play an important role in immunometabolic reprogram-
ming of host cells caused by DV infection.
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Fig. 6. Roles of IL-6-mediated immunometabolic reprogramming in DV-related dengue fever. Dengue virus (DV) infects monocyte-macrophage cells after
invading blood vessels and stimulates their release of IL-6. On the one hand, IL-6 can aggravate the inflammatory response by activating c-reactive protein (CRP),
secretory phospholipase A2 (sPLA2) and tissue factor (TF) signaling, leading to increased vascular permeability, endothelial instability and DV spread; on the other
hand, DV infection can be inhibited by the IL-6-activated immune system. Overactivated immune response can trigger cytokine storm (CRS) and widespread immune

metabolic dysregulation.
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6. Conclusion

The level of IL-6 is increased in diseases related to infection with
SARS-CoV-2, HBV, HIV, HCMV, AdV, EV71 or DV, while being corre-
lated with the disease severity. Furthermore, the overexpression and
pro-inflammatory property of IL-6 are closely associated with immune
response and cytokine storm elicited by the viral infection. It has also
been demonstrated that IL-6 is involved in various physiopathological
processes such as glucose metabolism, lipid metabolism, amino acid
metabolism, and tumor angiogenesis during the pathogenesis of diseases
related to infection with those 7 viruses. IL-6-elicited inflammatory
response is found to be closely associated with metabolic disorder in
patients with viral infection, implying that IL-6 exerts a significant
regulatory effect on virus-induced inflammation and metabolic disorder.
Overall, IL-6 signaling pathway may play a crucial role in viral infection-
caused immunometabolic reprogramming of host cells.
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