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Abstract

Anti-proinflammatory cytokine therapies against interleukin (IL)-6, tumor necrosis
factor (TNF)-a, and IL-1 are major advancements in treating inflammatory diseases,
especially rheumatoid arthritis. Such therapies are mainly performed by injection of
antibodies against cytokines or cytokine receptors. We initially found that the gly-
colytic inhibitor 2-deoxy-p-glucose (2-DG), a simple monosaccharide, attenuated
cellular responses to IL-6 by inhibiting N-linked glycosylation of the IL-6 receptor
gp130. Aglycoforms of gp130 did not bind to IL-6 or activate downstream intracel-
lular signals that included Janus kinases. 2-DG completely inhibited dextran sodium
sulfate-induced colitis, a mouse model for inflammatory bowel disease, and allevi-
ated laminarin-induced arthritis in the SKG mouse, an experimental model for human
rheumatoid arthritis. These diseases have been shown to be partially dependent on
IL-6. We also found that 2-DG inhibited signals for other proinflammatory cytokines
such as TNF-a, IL-1B, and interferon -y, and accordingly, prevented death by another
inflammatory disease, lipopolysaccharide (LPS) shock. Furthermore, 2-DG prevented
LPS shock, a model for a cytokine storm, and LPS-induced pulmonary inflamma-
tion, a model for acute respiratory distress syndrome of coronavirus disease 2019
(COVID-19). These results suggest that targeted therapies that inhibit cytokine recep-

tor glycosylation are effective for treatment of various inflammatory diseases.
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1 | INTRODUCTION

Inflammation is an adaptive response caused by harmful stimuli and
conditions such as infection and tissue injury. Moreover, it has been
suggested that chronic systemic inflammation, which causes various
diseases, is caused by homeostatic imbalances in the physiological
system.! The inflammatory response is orchestrated by proinflam-
matory cytokines such as interleukins (IL)-6 and IL-1f, and tumor
necrosis factor (TNF)-a.? Proinflammatory cytokines are multifunc-
tional proteins that regulate cell death in inflammatory tissues, alter
vascular endothelial permeability, recruit immune cells, and induce
acute phase protein production. During the inflammatory process,
tissue-resident and recruited macrophages are activated and secrete
various types of chemokines and cytokines to trigger both innate
and adaptive immune responses.3 Cytokine signalling is controlled
by multiple regulatory checkpoints that include feedback inhibition,
which allows tissues to return to an immunological quiescent state.
However, dysregulated production of proinflammatory cytokines
and their signalling molecules can be detrimental, which causes vari-
ous human diseases.*

The inflammatory response is coordinately regulated by proin-
flammatory cytokines such as IL-6, IL-1, and TNF-a.2 Upregulation
of these cytokines has been observed in various chronic inflamma-
tory and autoimmune disorders, and antibody-based therapy against
these cytokines have been used to effectively treat various inflam-
matory diseases.” For example, targeting the IL-6 pathway by an
anti-IL-6 antibody, anti-IL-6 receptor antibody, or the soluble form
of IL-6 receptor gp130 has become an effective treatment for var-
ious rheumatic diseases, Castleman disease, and cytokine release
syndrome, and it is partially effective for treatment of inflamma-
tory bowel diseases (IBD), such as Crohn’s disease and ulcerative
colitis.® Blocking of TNF-a or TNF receptor (TNFR) efficiently pre-
vents the progression of rheumatoid arthritis, psoriasis, ankylosing
spondylitis, and IBD.” In IBD, many studies have demonstrated that
TNF-targeted therapies inhibit the activation and proliferation of
pathological T cells, reduce inflammation, and support restoration of
intestinal mucosa.® Blocking IL-1 is also effective to treat rheumatic
diseases and highly coexisting inflammatory diseases such as cardio-
vascular disease and type 2 diabetes.” Despite such effectiveness,
cytokine-targeted therapies can have detrimental effects.®” These
effects suggest that the imbalance caused by the suppression of a
single cytokine signal in the orchestrated control process by multiple
cytokines may lead to adverse effects in the immune system.

A cluster of pneumonia cases of unknown cause occurred in
Wuhan, Hubei, China in December 2019.%° Analysis of respiratory
tract samples identified a novel coronavirus termed severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2).'' Patients in-
fected with SARS-CoV-2 developed a syndrome called coronavirus
disease 2019 (COVID-19). Some patients develop acute respiratory
distress syndrome (ARDS) with progressive respiratory failure due
to pulmonary edema caused by cytokine storms.!? The terms cy-
tokine storm and cytokine release syndrome were originally used
to describe acute graft-versus-host disease following allogeneic

BULLET POINT SUMMARY

WHAT IS ALREADY KNOWN

m The glycolysis inhibitor 2-deoxy-D-glucose also acts as
an inhibitor of N-linked glycosylation.

m N-linked glycosylation is involved for the stability and
the signalling function of the IL-6 receptor gp130.

WHAT DOES THIS STUDY ADD?

m 2-DG alleviated the signs and symptoms of mouse mod-
els for inflammatory bowel disease, rheumatoid arthri-
tis, and cytokine storm.

m 2-DG inhibited signals for IL-6 and other proinflamma-
tory cytokines such as TNF-a, IL-1B, and IFN-y.

WHAT IS THE CLINICAL SIGNIFICANCE?

m These results suggest that targeted therapies that in-
hibit cytokine receptor glycosylation are effective for
treatment of various inflammatory diseases.

hematopoietic cell transplantation. Recently, these terms have also
been applied to a similar syndrome following chimeric antigen re-
ceptor T-cell therapy.13 Cytokine storms are life-threatening sys-
temic inflammatory syndromes characterized by elevated circulating
cytokine levels and hyperactivation of immune cells. These storms
can be triggered by pathogens, cancers, autoimmune responses,
and various immunomodulatory therapies. Immune hyperactivation
occurs after inappropriate triggering of immune responses, massive
immune cell activation, increased pathogen burden such as sepsis,
and prolonged immune activation. These immune responses induce
elevated cytokine production (the cytokine storm), which result in
hyperinflammation and multiorgan failure.’® The levels of proinflam-
matory cytokines, which include interleukin (IL)-6, IL-18, tumor ne-
crosis factor (TNF)-a, and interferon (IFN)-y, are elevated and are
considered to play major immunopathological roles in patients with
cytokine storms.

Because acute respiratory failure and sepsis induced by cyto-
kine storms are the main causes of mortality among COVID-19
patients,* anti-cytokine therapeutic strategies, which include cy-
tokine neutralization and cytokine receptor blockade, have been
applied in patients with severe COVID-19. Treatment of COVID-19
patients with the IL-6 inhibitor tocilizumab decreases the risks of
intubation and mortality.!® The utility of antibody drugs that block
inflammatory cytokines such as IL-6 is widely acknowledged, and
these drugs are administered to patients with various inflamma-
tory diseases such as rheumatoid arthritis.'® However, in addition
to targeting only one cytokine, there are several functional lim-
itations of antibody drugs, which include inadequate pharmacoki-
netics and tissue accessibility as well as off-target effects on the
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immune system.!” Moreover, high production costs limit the wide-
spread use of antibody drugs.

In the present study, we found that the glycolytic inhibitor
2-deoxy-D-glucose (2-DG), a simple monosaccharide, attenuated
cellular responses to IL-6 by inhibiting N-linked glycosylation of the
IL-6 receptor gp130.1® 2-DG also blocked TNF-q, IL-1p, and IFN-y
signals, and efficiently alleviated a mouse model of inflammatory
bowel disease and human rheumatoid arthritis and prevented death
following lipopolysaccharide (LPS) shock, a mouse model of a cyto-
kine storm,'? and attenuated LPS-induced pulmonary inflammatory
responses, a mouse model of ARDS.2° Our results show that glyco-
sylation is a new therapeutic target for inflammatory diseases and

a new drug target for future treatments of inflammatory diseases.

2 | METHODS

2.1 | Mice

C57BL/6, SKG (CREA Japan, Tokyo, Japan), and -6 mice
(The Jackson Laboratory, Bar Harbor, Maine, USA) were used
at 6-10 weeks of age. Animal experiments were reviewed by the
Ethics Committee on Animal Experiments of Nippon Medical School
(Ethics approval numbers 21-185, 22-115, 22-140, 23-022, 23-
184, 23-186, 24-049, 24-143, 27-126, and 2020-082). The study
was carried out in accordance with the Guidelines for Animal
Experiments of Nippon Medical School, the guidelines of the Law
and Notification of the Government of Japan and The ARRIVE
Guidelines. Mice were maintained in a 12 h light/12 h dark cycle at
20-24°C with 40%-70% humidity. They were housed at a maximum
number of five and were provided with free access to laboratory
mouse chow (MF; Oriental Yeast Co, Itd. Tokyo, Japan) and drinking
water. All mice were checked for health and stress every day. The
animal experiment protocol was approved by the Ethics Committee
on Animal Experiments of Nippon Medical School (ethics approval
number 26-020, 27-188).

2.2 | Cellculture

Wildtype (WT) MEFs were prepared as described previously.?
PECs were prepared 4 days after injection of 2 mL of 3% thiogly-
collate broth (Becton Dickinson, Franklin Lakes, NJ, USA) by peri-
toneal lavage with ice-cold phosphate-buffered saline (PBS). Cells
were washed twice and used for total RNA preparation or immu-
noblotting. WT MEFs, PECs, Hela cells, Tig3 cells, and RAW264
cells were cultured in Dulbecco’s modified Eagle’s medium (Nissui
Pharmaceutical Co., Tokyo, Japan) supplemented with 10% fetal
bovine serum and 50 ug/mL kanamycin (Meiji Seika Pharma, Tokyo,
Japan). Human acute monocytic leukemia THP-1 cells (Health
Science Research Resources Bank, Osaka, Japan) were cultured in
RPMI medium (Nissui Pharmaceutical Co.) supplemented with 5%
fetal bovine serum.

2.3 | Antibodies and materials

An anti-gp130 antibody (Merck Life Science, Darmstadt, Germany)
was used for immunoprecipitation. Concanavalin A (ConA) agarose
(J-Qil Mills Co., Tokyo, Japan) was used for lectin precipitation. An an-
tibody against the F4/80 antigen (1:150; Bio-Rad, Hercules, CA, USA)
was used for immunostaining. Antibodies against gp130 (1:1000;
Merck Life Science), phospho-JAK1 (1:1000, Tyr 1022/1023/p-JAK1;
Cell Signaling Technology, Danvers, MA, USA), JAK1 (1:1000; Merck
Life Science), phospho-JAK2 (1:1000; Tyr 1007/1008/p-JAK2; Cell
Signaling Technology), JAK2 (1:1000; Merck Life Science), phospho-
TYK2 (1:1000; Tyr1054/1055/pTyk2; Cell Signaling Technology), TYK2
(1:500; Santa Cruz Biotechnology, Dallas, TX, USA), phospho-STAT3
(1:1000; Tyr 705/p-STAT3; Cell Signaling Technology), STAT3 (1:1000;
Cell Signaling Technology), phospho-STAT1 (1:1000; Tyr 701/p-STAT1,;
Cell Signaling Technology), STAT1 (1:1000; Santa Cruz Biotechnology),
TNFR1 (1:1000; Cell Signaling Technology), IFNGR-a (1:1000; Santa
Cruz Biotechnology), a-tubulin (1:1000; Sigma-Aldrich, St. Louis, MO,
USA), and B-actin (1:1000; Sigma-Aldrich) were used for immunoblot
analyses. Other reagents included 2-DG (Sigma-Aldrich), D-mannose
(Sigma-Aldrich), tunicamycin (Sigma-Aldrich), recombinant human
IL-6 (PeproTech, Rocky Hill, NJ, USA), soluble IL-6 receptor (sIL-6R,
PeproTech), 3-bromopyruvate (Cayman Chemical, Ann Arbor, MI, USA),
Lonidamine (Cayman Chemical), LPS (Escherichia coli O55:B5, Sigma-
Aldrich), mPSL (Tokyo Chemical Industry, Tokyo, Japan), recombinant
human TNF-« (PeproTech), recombinant human IL-1p (PeproTech), and
mouse IFN-y (R&D Systems, Minneapolis, MN, USA). For IL-6 stimula-
tion, MEFs were stimulated with IL-6 and sIL-6R (0.6 ug/mL each).

2.4 | DSS-induced colitis

DSS with an average molecular weight of 36,000-50,000 Da (MP
Biomedicals, Santa Ana, CA, USA) was administered to 8-week-old
female C57BL/6 mice at a concentration of 2% (w/v) in drink-
ing water as described previously.?? 2-DG (10 mg/mouse; Sigma-
Aldrich) was intraperitoneally (i.p.) injected once a day. Body weight
was measured every day. Control mice were treated similarly, but
were provided with drinking water without DSS and received i.p. in-
jections of PBS without 2-DG.

2.5 | Laminarin-induced arthritis

Laminarin (30 mg/mouse; Sigma-Aldrich) was injected i.p. once
into 8-week-old female SKG mice. The mice were maintained in a
specific pathogen-free environment with or without 2-DG in their
drinking water.?® Arthritis scores were determined by weekly in-
spection in a double-blinded manner and scored as follows: 0, no
joint swelling; 0.1, swelling of one finger joint; 0.5, mild swelling of
the wrist or ankle; and 1.0, severe swelling of the wrist or ankle.
Scores for all fingers and toes, wrists, and ankles were summed

for each mouse.
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LPS-induced endotoxin shock

Eight-week-old C57BL/6 mice were injected i.p. with 2-DG
(20 mg/mouse) or PBS. Two hours later, LPS (0.8 mg/mouse;
Sigma-Aldrich) was injected i.p. Survival rates were monitored for
4 days. Two days after LPS injection, several mice were sacrificed,
and their upper lobes of left lungs were prepared for total RNA

preparation.

2.7 | LPS-induced acute lung injury

Six-week-old male C57BL/6 mice were randomly divided into five
groups (Mock, LPS, LPS+2DG, LPS+mPSL, and LPS+2DG+mPSL;
n = 3 mice per group). Mice were injected i.p. with or without 20 mg
2-DG and 100 mg/kg mPSL. Subsequently, the mice were admin-
istered intratracheal injections of LPS (10 mg/kg) or physiological
saline as described previously.?* 2-DG, mPSL, and PBS i.p. injections

were administered every 24 h.

2.8 | Immunoblotting and immunoprecipitation

Cells were lysed in lysis buffer (1% Nonidet P-40, 0.25% so-
dium deoxycholate, 150 mM NaCl, and 50 mM Tris-HCI, pH
7.5), with 1 mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate,
and a protease inhibitor mixture (Nacalai Tesque, Kyoto, Japan).
Immunoblotting and immunoprecipitation were performed as de-

scribed previously.?!

2.9 | Oligosaccharide and lectin staining

SDS-PAGE  was previously.?!
Oligosaccharide and lectin staining was performed using a GP
Sensor Kit (J-Oil Mills) with biotin-labeled ConA (J-Oil Mills) or

wheat germ agglutinin (J-Oil Mills) following the manufacturer’s

performed as described

standard protocols.

2.10 | GP-F treatment
Cells were lysed in the lysis buffer described above except at pH 8.6.
Treatment with recombinant GP-F (TaKaRa Bio) was performed for

16 h following the manufacturer’s protocol.

2.11 | Flow cytometry

THP-1 cells were incubated for 15-18 h with or without 25 mM 2-DG
in RPMI medium. Thereafter, 2 x 10° cells were resuspended in 50
uL of ice-cold PBS and stained using a Fluorokine IL-6/TNF-a kit
(R&D Systems) or anti-CD130-fluorescein isothiocyanate (Abcam,

Cambridge, UK) following the manufacturers’ protocols. Stained

cells were analysed by a FACS Calibur (Becton Dickinson).

2.12 | Histological analysis

In the DSS-induced colitis model, mice were sacrificed after drink-
ing water that contained DSS for 7 days. Their colons were fixed in
10% neutral formalin. Paraffin-embedded sections (3.75 um thick)
were stained with haematoxylin and eosin (HE) or immunostained
with an anti-F4/80 antibody. Leg or ankle joints of SKG mice sec-
tioned 12 weeks after laminarin injection were photographed and
fixed in buffered 10% neutral formalin. Paraffin-embedded sections
(8.75 um thick) were stained with HE. In the LPS-induced endotoxin
shock and acute lung inflammation model, mice administered i.p. or
intratracheal injections of LPS and were sacrificed after 48 h. Their
left lungs were fixed in 4% paraformaldehyde. Paraffin-embedded
sections (3.25 um thick) were stained with HE or immunostained
with the anti-F4/80 antibody.

2.13 | AQuantitative real-time PCR

Total RNA was extracted from cultured cells using a Nucleospin
RNA Kit (TaKaRa Bio, Shiga, Japan) and from tissues with an RNeasy
Kit (Qiagen, Hilden, Germany). Complementary DNA was prepared
using a PrimeScript RT Reagent Kit (TaKaRa Bio). Quantitative
real-time PCR was performed using TagMan Probe Mix (Applied
Biosystems, Foster City, CA, USA) and the StepOne™ Real-Time
PCR system (Applied Biosystems). The reactions were cycled as
follows: initial incubation at 95°C for 20 s, followed by 50 cycles
of 95°C for 1 s and 60°C for 20 s. Predesigned primer/probe sets
were as follows: g-actin, Mm00607939_s1; IL-6, Mm99999064 _
m1; IL-15, Mm00434228_m1; MCP-1, Mm00441242_m1; IP-10,
Mm00445235_m1; TNF, Mm00443260_g1; HP, Mm00516884_g1;
SAA1, Mm00656927_g1. For each target, mRNA expression levels
were calculated relative to those of g-actin in accordance with the

manufacturer’s protocol.

2.14 | Plasmids
The pStat3 Luc plasmid was obtained from SABiosciences (Frederick,
MD, USA). Control plasmids phRL-TK (renilla luciferase reporter) and

pNF-kB Luc have been described previously.21

2.15 | Enzyme-linked immunosorbent assay

Peripheral blood samples from mice were collected in tubes and al-
lowed to clot for 2 h at room temperature. Whole blood samples
were centrifuged at 2000 x g at 4°C to obtain sera. A Quantikine
mouse IL-6 kit and Quantikine mouse TNF-a kit (R&D Systems) were
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used to quantitate serum cytokine levels in accordance with the
manufacturer’s protocols.

216 | Lungwet/dry ratio determination

The lung wet/dry weight ratio was determined to assess pulmo-
nary edema as described previously.?* The posterior lobe of the

right lung was collected, and its net weight was recorded. The
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lung was then heated for 72 h at 65°C and weighed to determine
its dry weight.

ASPET

2.17 | Statistical analyses
Data were expressed as the mean+standard deviation of at least
three independent experiments. Statistical analyses of parametric

data were performed using GraphPad Prism 7 software (GraphPad
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FIGURE 1 2-Deoxy-D-glucose (2-DG) inhibits interleukin (IL)-6 signalling and N-linked glycosylation of its receptor gp130. (A) Wildtype
mouse embryonic fibroblasts (MEFs) were incubated in complete medium, glucose-depleted medium (Glc-), or medium with 25 mM

2-DG for 5 h and then stimulated with IL-6 and/or soluble IL-6 receptor (sIL-6R) (0.6 ug/mL each) for the indicated periods. Activating
phosphorylation of Janus kinases (JAK1, JAK2, and TYK2) and expression of gp130 were assessed by immunoblotting. (B) Wildtype MEFs
were incubated in medium with 25 mM 2-DG or glucose-depleted medium for the indicated periods. Band shifts of gp130 were assessed
by immunoblotting. Glycopeptidase F (GP-F) extract was used as a control for inhibition of N-linked glycosylation. (C) Wildtype MEFs were
incubated with or without 25 mM 2-DG for 5 h and whole cell extracts were precipitated with concanavalin A (ConA) agarose. ConA-
bound proteins were subjected to immunoblotting with an anti-gp130 antibody. WCE, control whole cell extracts subjected to immunoblot
analysis. (D) Wildtype MEFs were incubated with or without 25 mM 2-DG for 5 h and then whole cell extracts were immunoprecipitated
with the anti-gp130 antibody and subjected to ConA staining. (E) Wildtype MEFs were incubated with or without 25 mM 2-DG for 5 h and
whole cell extracts were subjected to ConA and wheat germ agglutinin (WGA) staining. (F) Wildtype MEFs were incubated in medium with
25 mM 2-DG or 100 ug/mL cycloheximide for the indicated periods. Expression of gp130 was assessed by immunoblotting. (G) Binding

of IL-6 to its receptor in the presence or absence of 2-DG was assessed using FITC-conjugated IL-6 by flow cytometry analysis of human

acute monocytic leukemia cells (THP1, left panel). The same cells were subjected to immunoblotting using the anti-gp130 antibody as
described in (B)
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FIGURE 2 2-Deoxy-D-glucose (2-DG) alleviates dextran sodium sulfate (DSS)-induced inflammatory bowel disease. (A) Thioglycollate
broth was injected intraperitoneally, and 4 days later, 20 mg 2-DG was injected. Following the injections, mouse peritoneal macrophages
were prepared at the indicated times. Expression of gp130 was determined by immunoblotting. (B) Time course of body weight loss.
C57BL/6 mice (n = 4) were treated with 2% DSS in drinking water with or without 10 mg 2-DG and 20 mg Mannose injections once a day
for the indicated periods. Body weight was measured daily. Relative body weight (%) compared with day O is plotted with standard errors.
Results were analysed using two-way ANOVA followed by Tukey’s post hoc test. *p < .05 (DSS vs. DSS+2DG 4days), **p < .01 (DSS+2DG vs.
DSS+2DG +Man 7days) and ****p < .0001(DSS vs. DSS+2DG 5,6,7day) were considered statistically significant. Experiments were repeated
three times independently with similar results. (C) Histological sections of colon tissues (control, DSS treated for 7 days and DSS+2DG
treated for 7 days) following haematoxylin and eosin staining (upper panel, x180) and anti-F4/80 antibody staining (lower panel, x180). (D)
Quantitative real-time PCR analysis of interleukin (IL)-6, IL-1B, and haptoglobin (HP) mRNAs in colon tissues of control mice and mice treated
with DSS, DSS+2-DG, or 2-DG for 7 days. Results were analyzed using one-way ANOVA followed by Tukey’s post hoc test. ****p <.0001,

**p < .01. Graphs are presented as the mean=+s.d. (n = 3)

Software Inc.). Significant differences between two groups were
determined using the unpaired two-tailed t-test. Multiple compari-
sons were performed using one-way or two-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test, unless otherwise stated
in the figure legends. The post hoc tests were only conducted when
ANOVA results achieved a p < .05. For all statistical analyses, p < .05

were considered statistically significant unless otherwise indicated.

2.18 | Data availability

The expression profiling microarray data of mouse DSS colitis tis-
sues has been deposited in the GEO database under the accession
code GSE167598 available in the GEO repository (https://www.ncbi.
nim.nih.gov/geo/query/acc.cgi?acc=GSE167598). All other data that
support the findings of this study are available from the correspond-
ing author upon reasonable request.

2.19 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY,?® and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20.%26%7

3 | RESULTS

3.1 | 2-DGinhibits IL-6 signalling and N-linked
glycosylation of the IL-6 receptor gp130

IL-6 is a proinflammatory cytokine produced by various myeloid cells,
such as macrophages and dendritic cells, in response to a wide range
of inflammatory stimuli.'® IL-6 plays a critical role in initiating and pro-
moting inflammatory responses as shown experimentally in mutant
mice that lack IL-6'® and clinically by the efficacy of IL-6-neutralizing
antibodies for treatment of inflammatory diseases.?830 Binding of IL-6
to its receptor, gp130, activates Janus kinases (JAKs) JAK1, JAK2, and
TYK2, which subsequently activates their downstream target, signal

transducer and activator of transcription 3 (STAT3)c. Translocation of
STAT3 to the nucleus induces the expression of several inflammation-
related genes.31 Enhanced glucose metabolism plays a major role in
oncogenesis.21 During our investigations of the role of glucose me-
tabolism in tumor-associated inflammation, we found that JAK acti-
vation was suppressed by 2-DG (Figure 1A). Importantly, in mouse
embryonic fibroblasts (MEFs) treated with 2-DG, we also found that
gp130 expression had disappeared concomitantly with the emer-
gence of an anti-gp130 antibody-reactive protein with a molecular
weight of approximately 100 kDa (Figure 1A, bottom). Moreover, glu-
cose starvation did not alter the protein molecular weight or recep-
tor function (activating JAKs in response to IL-6) (Figure 1A), and the
hexokinase Il inhibitors, 3-bromopyruvarte and lonidamine, which
inhibit glycolysis, did not induce a molecular weight change of gp130,
as shown in 2-DG Figure S1A, suggesting that glycolysis inhibition
itself did not cause this change. Considering that gp130 is a glycopro-
tein with its proteinaceous component having an expected molecu-

3233 e hypothesized that the

lar weight of approximately 102 kDa,
100 kDa gp130-related protein was an aglycosylated form of gp130.
In support of this hypothesis, removal of N-linked oligosaccharides
by glycopeptidase F (GP-F)® resulted in a similar reduction in the
gp130 molecular weight (Figure 1B). Furthermore, similar changes
in the gp130 molecular weight and inhibition of IL-6 signalling were
observed following treatment with tunicamycin,®® an inhibitor of N-
linked glycosylation (Figure S1B,C). The inability of this low molecu-
lar weight form of gp130 to bind concanavalin A (ConA) in solution
(Figure 1C) and on western blots (Figure 1D) further supported its
aglycosylated status. In addition to glycolysis-inhibiting activity, 2-DG
reportedly inhibits mannose metabolism and mannose-mediated
N-linked glycosylation.3%” Metabolome analyses®® showed that
glucose-6-phosphate and guanosine diphosphate mannose, a sub-
strate for N-linked glycosylation, had accumulated in 2-DG-treated
cells (Figure S2), which suggested that 2-DG inhibited glucose phos-
phoisomerase and mannosyltransferase.®”*? As shown in Figure 1E,
global patterns of cellular protein glycosylation were not as dramati-
cally affected by 2-DG treatment compared with gp130 glycosyla-
tion as shown by oligosaccharide and lectin staining of whole cell
lysates. The gp130 protein has an unusually high turnover rate with

a half-life of approximately 2 h,4°

and its expression had disappeared
within a few hours following treatment with the protein synthesis in-

hibitor cycloheximide. The kinetics were comparable with those of
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the molecular weight reduction of gp130 caused by 2-DG treatment
(Figure 1F). We speculated that proteins with high turnover rates,
such as gp130, were selectively affected by 2-DG. Aglycosylated
gp130 appeared to be transported efficiently onto the cell surface,
because anti-gp130 antibodies stained 2-DG-treated cells almost as
strongly as untreated cells (Figure S3). This observation was incon-
sistent with a previous report suggesting that N-linked glycosylation
of gp130 is important for trafficking to the cell surface.** The basis
for these discrepant observations remains unclear, but amino acid
substitutions in the previous study*! might have altered the structure
of gp130, thereby reducing the efficiency of transportation to the cell
surface. Despite normal cell surface trafficking, the IL-6-gp130 asso-
ciation was clearly impaired in 2-DG-treated cells compared with that
in untreated cells (Figure 1G). Taken together, these results indicated
that 2-DG suppresses IL-6 signalling by inhibiting receptor-cytokine
binding, but not the surface expression of gp130. We determined
the 2-DG concentration-response and found that a molecular weight
change of gp130 induced by 25 mM of 2-DG was still present at 1 mM
(Figure S1D).

3.2 | 2-DG protects mice from dextran sodium
sulfate (DSS)-induced inflammatory bowel disease

Next, we examined the effects of 2DG on IL-6 signalling in mice.
Intraperitoneal (i.p.) injection of 2-DG rapidly reduced the molecu-
lar weight of gp130 in thioglycollate-elicited peritoneal exudate cells
(PECs) (Figure 2A). This finding suggested that 2-DG suppresses in-
flammation in vivo by inhibiting IL-6 responses. To test this hypothesis,
we used a series of mouse models of inflammatory diseases. The first
was DSS-induced colitis, a mouse model of inflammatory bowel dis-
eases such as Crohn’s disease and ulcerative colitis.*> Weight loss in
mice fed with DSS that received daily injections of 2-DG was dramati-
cally suppressed compared with that in untreated animals, which lost
significant weight within 1 week (Figure 2B). Histological analysis of
mice that received DSS, but not 2-DG, showed disruption and disap-
pearance of villi and crypts, proliferation of fresh granulation tissue,

infiltration of inflammatory cells, and microvascular angiogenesis in

colon tissue (Figure 2C). Conversely, disruption of the colonic lam-
ina propria in mice that received 2-DG treatment was inhibited with
much less prominent infiltration by macrophages in the submucosa
compared with that in untreated mice. Moreover, slight hyperplasia
of crypts was observed in 2-DG-treated mice, which suggested the
occurrence of tissue repair (Figure 2C). As expected by the absence of
infiltrating macrophages, DSS-induced expression of inflammatory cy-
tokines [IL-6 and IL-1B produced mainly by activated macrophages and
the IL-6 target gene monocyte chemotactic protein-1 (MCP-1)*%] was
dramatically decreased in 2-DG-treated mice (Figure 2D). Genome-
wide expression profiling revealed that DSS-induced upregulation
of genes involved in inflammation, which included inflammatory cy-

tokines, chemokines, and proteases,‘m'45

was globally suppressed by
2-DG (Figure S4). Conversely, D-glucosamine, an analog of 2-DG,
did not induce deglycosylation of gp130 (Figure S5A compared with
Figure 1A) and had no therapeutic effect on DSS-induced colitis
(Figure S5B compared with Figure 2B). Moreover, the injection of D-
mannose, a substance that counteracts 2-DG inhibition, attenuated
the inhibitory effects of 2-DG on gp130 glycosylation and IL-6 signal-
ling in cells (Figure S6A,B) or the in vivo effects of 2-DG-induced gp130
deglycosylation as well as suppression of DSS-induced body weight
loss and colon tissue disruption (Figure 2B and Figure S7). In addition,
D-mannose did not inhibit the 2-DG suppression of adenosine triphos-
phate production (Figure S6C), which is mainly promoted by glycoly-
sis, suggesting that the inhibition of gp130 glycosylation by 2-DG is
mainly caused by the inhibition of mannose-mediated glycosylation,
not the inhibition of glycolysis. These results suggested that inhibition
of glycosylation, but not of glycolysis, was important for the thera-
peutic effect of 2-DG on DSS-induced colitis. This hypothesis was
supported by the ability of tunicamycin to inhibit DSS-induced disrup-
tion of colon tissues (Figure S8). These results indicated that a broad
range of macrophage activation signals and macrophage-mediated in-
flammatory responses were attenuated by 2-DG mediated inhibition
of glycosylation. Conversely, a null mutation of the Il6 gene was far
less effective to suppress colitis development than 2-DG treatment
(Figure 2B and Figure S9). This led us to speculate that inhibition of IL-6
responses alone could not account for the high therapeutic efficacy

and anti-inflammatory activity of 2-DG.

FIGURE 3 2-Deoxy-D-glucose (2-DG) alleviates laminarin-induced arthritis in SKG mice. (A) and (B) C57BL6 mice were injected with
thioglycollate broth, and 4 days later, 15 mg/mouse of 2-DG was administrated by oral gavage. (A) PECs from two mice at each time

prepared at indicated periods after 2-DG administration were subjected to gp130 immunoblotting. (B) MCP-1 mRNA from peritoneal cells
and livers of C57BL6 mice injected at 1 h before with 0.5 pg IL-6/mouse was subjected to quantitative RT-PCR. Results were analysed using
one-way ANOVA followed by Tukey's post hoc test. ****p < .0001, ***p < .001, and **p < .01. (C) Arthritis scores of SKG mice (n=10) under
specific pathogen-free conditions following a single intraperitoneal injection of 30 mg laminarin with or without 0.5% 2-DG in drinking
water. Results were analysed using two-way ANOVA followed by Sidak’s post hoc test. *p < .05 (Laminarin 2-DG(-) vs. Laminarin 2-DG(+)

8 and 9 weeks), **p < .01 (Laminarin 2-DG(-) vs. Laminarin 2-DG(+) 7 weeks), and ***p < .001 (Laminarin 2-DG(-) vs. Laminarin 2-DG(+)

10 weeks) were considered statistically significant. n.s.; not significant. Graphs are presented as the mean +s.d. (n = 10). (D) Growth of
mice in (C) was measured via body weight changes. Results were analysed using two-way ANOVA and were not statistically significant.
Graphs are presented as the mean +s.d. (n = 10). (E) Photographs of wrists (upper panel) and ankles (lower panel) of SKG mice 12 weeks
after laminarin injection with or without 2-DG treatment. (F) Haematoxylin and eosin staining of ankle joints of SKG mice 12 weeks after
laminarin injection as described in (C). (G) Quantitative real-time PCR analysis of haptoglobin (HP) and serum amyloid A (SAA) mRNAs in the
liver 12 weeks after laminarin injections as described in (C). Results were analysed using one-way ANOVA followed by Tukey’s post hoc test.
****p < .0001. Graphs are presented as the mean +s.d. (n = 3)
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similar reduction in the molecular weight of gp130 in PECs iso-
lated from mice administered oral 2-DG to that observed in vitro

(Figure 3A). Moreover, MCP-1 expression at the mRNA level was

We further examined the effect of orally administered 2-DG on upregulated to a lesser extent in PECs and in the liver of mice fed
gp130 glycosylation and IL-6 responses in vivo. We observed a 2-DG that received i.p. injection of IL-6 than it was in those of
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control mice (Figure 3B). The observation that 2-DG was effective
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when administered orally implies that 2-DG can be easily admin-
istered over long periods of time to treat chronic inflammation.
To assess this possibility, we used SKG mice that develop arthritis
in a strictly IL-6-dependent manner. IL-1p and TNF-a are consid-
ered as disease-accelerating factors.*®*” SKG mice are regarded
as an ideal model for human rheumatoid arthritis that is currently
treated by injection of protein antagonists of TNF-a, IL-1p, and IL-
6.28730 Oral 2-DG was confirmed to be effective in reducing IL-6
responses in SKG mice in vivo (Figure S10). SKG mice developed
arthritis at approximately 5 weeks after injection of laminarin,
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a B-glucan known to trigger arthritogenic immune responses in
these mice (Figure 3C-E).***7 Arthritis severity, as represented by
arthritis scores and swollen joints, was clearly reduced in animals
administered oral 2-DG compared with that in untreated mice.
Accordingly, subsynovial infiltration of macrophages, plasma cells,
and lymphocytes was far less prominent in 2-DG-treated mice
than in control mice (Figure 3F and Figure S11). The expression of
laminarin-induced inflammatory markers haptoglobin (HP)*® and
serum amyloid A (SAA)* was suppressed in the liver following oral
2-DG administration (Figure 3G). The body weight increase was
slower in control SKG mice, likely because of laminarin-induced
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FIGURE 4 2-Deoxy-D-glucose (2-DG) inhibits the functions of tumour necrosis factor (TNF)-a, interleukin (IL)-18 and interferon (IFN)-y.
(A) HelLa cells were transfected with Stat3 Luc or NF-xB Luc reporter plasmids or phRL-TK (internal control). After 24 h, cells were treated
with or without 25 mM 2-DG for 8 h and then with 0.4 ug/mL IL-6 with soluble IL-6 receptor (sIL-6R) (Stat3 Luc), 50 ng/mL IL-1p (NF-xB Luc),
or 100 ng/mL TNF-a (NF-kB Luc) for 4 h. After stimulation, relative luciferase activity was evaluated. Results were analysed using one-way
ANOVA followed by Tukey's post hoc test. ****p <.0001, ***p < .001, **p < .01 and *p < .05. n.s.; not significant. Graphs are presented as
the mean +s.d. (n = 3). (B) HelLa cells were incubated in medium with 25 mM 2-DG for the indicated periods. The band shift of TNF receptor
1 (TNFR1) was determined by immunoblotting. Glycopeptidase F (GP-F) extract was used as a control for inhibition of N-linked glycosylation.
(C) Binding of TNF-a to its receptor in the presence or absence of 2-DG was determined using FITC-conjugated TNF-a by flow cytometric
analysis of THP1 cells (left panel). The same cells were subjected to immunoblotting using an anti-TNFR1 antibody as described in (B). (D)
Wildtype mouse embryonic fibroblasts (MEFs) were stimulated with 3000 U/mL IFN-y for the indicated times. Activating phosphorylation
of Janus kinases (JAK1, JAK2, and TYK2) was assessed by immunoblotting. (E) HeLa cells were incubated in medium with 25 mM 2-DG for
the indicated periods. Band shift of IFN-y receptor a-chain (IFNGRa) was assessed by immunoblotting. Tunicamycin and GP-F extracts were
used as controls for inhibition of N-linked glycosylation
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inflammation. Notably, SKG mice treated with 1% (w/v) 2-DG in
drinking water showed consistent increases in body weight over
10 weeks (Figure 3C, right) and no drastic changes in laboratory
blood results (Figure S12), which suggested that oral 2-DG was
well-tolerated at this dose. The therapeutic efficacy of 2-DG was
elevated as doses were increased up to 1%, but no increased ef-
ficacy was observed at a dose of 1.5% (Figure S13). At concentra-
tions higher than 2%, water consumption was decreased, making

it difficult to achieve a higher dose treatment.

34 |
IFN-y

2-DG inhibits responses to TNF-a, IL-18, and

In inflammatory diseases, release of inflammatory cytokines leads
to activation of immune cells and the production and release of ad-
ditional cytokines.>® Therefore, the in vivo therapeutic efficacy of
2-DG for inflammatory bowel disease and arthritis may also involve
inhibition of other inflammatory cytokines. We therefore investi-
gated the effects of 2-DG on activation of the transcription factor
nuclear factor (NF)-xB in response to proinflammatory cytokines
TNF-a and IL-1[3.51 Similar to IL-6-induced STAT3 activity, NF-xB
activity induced by TNF-a and IL-1p was efficiently suppressed by
2-DG (Figure 4A). Notably, 2-DG treatment reduced the apparent
molecular weight of the TNFR1 and suppressed ligand binding by
the receptor (Figure 4B,C). Activation of JAKs induced by IFN-y, an
important cytokine for macrophage activation during inflammatory
responses,52 was also inhibited by 2-DG, which was accompanied
by a reduction in the molecular weight of IFN-y receptor a-chain
(Figure 4D and E). Additionally, IFN-a/p receptor was deglyco-
sylated by 2-DG, but activation and phosphorylation of JAKs and
their target STAT1 were not decreased significantly (Figure S14).
Moreover, it has been shown that glycosylation of vascular en-
dothelial growth factor receptor 2 is affected by kifunensine and
castanospermine, inhibitors of glycoprotein processing enzyme
that convert protein N-linked high mannose carbohydrates to com-
plex oligosaccharides.’® However, castanospermine and another
mannosidase inhibitor, 1-deoxymannojirimycin, did not attenuate
glycosylation of gp130 and IL-6 signal (Figure S15). These results
demonstrated the versatile and specific inhibitory activity of 2-DG
against a wide range of proinflammatory cytokine signals, which
likely underlies the high therapeutic efficacy of this compound in

inflammatory disease models.

3.5 | 2-DG prevents LPS shock and LPS-induced
pulmonary inflammatory responses

The above results indicated that 2-DG inhibits multiple cytokine sig-
nals, especially inflammatory cytokines involved in cytokine storms.
Therefore, we analysed the effects of 2-DG on LPS shock, a mouse
model of the cytokine storm.’* We found that pretreatment with
2-DG by injection was very effective to prevent death following
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LPS shock in mice (Figure 5A) by reducing LPS-induced serum IL-6

and TNF-a production (Figure 5B) as well as mRNA expression of
IL-6, IL-1p3, and SAA in the liver (Figure S16). Moreover, i.p. injection
of LPS elevated expression of cytokines (TNF-a) and chemokines
[MCP-1 and 10 kDainterferon-gamma-induced protein (IP-10)] in
the lungs as observed in COVID-19 patients.>® Expression of these
mRNAs was attenuated by coinjection of 2-DG (Figure 5C). These
results suggest that 2-DG attenuates the clinical symptoms caused
by cytokine storms. Furthermore, we analysed the effects of 2-DG
in LPS-induced acute lung inflammation, a mouse model of ARDS.>¢
As shown in Figure 5D, pulmonary infiltration of inflammatory
cells, which included macrophages, was attenuated by coinjection
of 2-DG. The same effect was observed by coinjection of a gluco-
corticoid, methylprednisolone (mPSL), which is now considered the
standard of care for patients with severe COVID-19.12 Furthermore,
combined treatment with 2-DG and mPSL completely inhibited pul-
monary infiltration (Figure 5D), lung edema (Figure 5E), and expres-
sion of MCP-1 and IP-10 in lungs (Figure 5F). These results suggest
that targeted therapy with 2-DG to inhibit glycosylation of cytokine

receptors alleviates the symptoms of cytokine storms and ARDS.

4 | DISCUSSION

The results of our study suggest that the N-glycosylation of proin-
flammatory cytokine receptors is an unrecognized potential target
for anti-inflammatory therapies. However, there are some disadvan-
tages when using 2-DG, such as toxicity and low pharmacological
specificity, which may limit its use for the treatment of inflamma-
tory diseases. At present, it remains unclear why the N-glycosylation
of certain surface molecules was inhibited by 2-DG. Similarly, it is
unclear which types of proteins, other than the cytokine receptors
examined in this study, are affected by 2-DG. It has been shown
that the protein half-life of IL-6 receptor gp130 is short.’” Because
the activity of very short-lived proteins is regulated mainly at the
transcriptional level, inflammatory cytokine signals that regulate
rapid and transient responses may require the rapid turnover of
responsive proteins. Indeed, our results demonstrated that glyco-
sylated forms of IL-6, TNF-a, and IFN-y receptors rapidly shifted to
low molecular weight forms following the administration of 2-DG.
On the basis of these results, we think that only a limited number
of proteins, such as inflammatory cytokine receptors, may be af-
fected by the once-daily administration of 2-DG, which has a rapid
degradation rate. Therefore, although 2-DG has low pharmacologi-
cal specificity, effects other than its anti-inflammatory properties
may not be significant, considering that no serious adverse events
were observed in a clinical study,’® see the next paragraph) using
a human dose equivalent to that used in mice in this study. In addi-
tion, we observed that long-term oral administration of 2-DG in mice
was well-tolerated. Before 2-DG can be used for the treatment of
inflammatory diseases, more detailed in vivo analyses of the dose,
frequency of administration, and other adverse events of 2-DG are
required.
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Because nutrient and energy deprivation are considered an ef-

the most significant adverse effects at doses of 63-88 mg/kg were
reversible hyperglycaemia (100%), gastrointestinal bleeding (6%),
and reversible grade 3 prolongation of the corrected QT interval
(22%).°® However, the high dosing requirements limited outpatient
use and long-term treatment. In the present study, we applied 500-
1000 mg/kg 2-DG in mice. The human equivalent dose estimated

using average body weights and surface areas, is 40-81 mg/kg.®!

ficient method to suppress the growth of cancer cells, whose main
energy source is aerobic glycolysis, 2-DG may be an effective an-
ticancer agent.sg’60 Indeed, many reports have shown that 2-DG
suppresses growth and induces apoptosis of cancer cells.”? A phase
| clinical trial of 2-DG was conducted in patients with advanced
solid tumors to evaluate its safety, pharmacokinetics, and maximum

tolerated dose. A tolerable dose of 63 mg/kg was identified and We believe that 2-DG may be beneficial for short-term treatment of

(A 100
T l— 6000
200000 N
g 80 orxx__aan — 5000 nn _wax
2 . 150000 %
S 60 | E £ 4000
g L 2 g
z 40 1 < 100000 Z 3000
@ | — PBS =
20 P<0.0001 — 2-DG 2000
50000
0 1000
0 24 48 72 96 |—l—|
Time (h) Cont LPS LPS Cont LPS LPS
PBS 2-DG PBS
(©) Mcp-1 Ip10 Tnf
35 30
< 240 & -
% =20 %30 ewese E
E 200 *xE = R £ 25 - Hokdek
5180 ° 525 ° 5
c 160 g S 20
3 140 2200 _ 2
8 120 ° 3 815
g0 - 515 . g -
w ) ]
o 50 ® ® 010 ° o 10 ®
2 60 . 2 ° 2 °
© s © =
g 40 o 8 B ° © B 8
T 20 i o« %
0 0
LPS LPS LPS LPS 0~ Lps Lprs
+2-DG +2-DG +2-DG
E
(E) o
B
“é‘ e ek
> 5 [ ] *
5 ' L [
g . -
2 [ ¢ °8
3451 e
®
45
Mock LPS LPS  LPS LP3
+2DG +mPSL :IEE(SEL
(F)
80 Mcp-1 555 Ip-10
+ — KREK
< = B e—- 1] 250 e
% 60 T e = ®
IS5
hS) - 200 ®
2 50 = 5 - o
= ® ® S
& 40 8 2150
g . 3 -
's s e
2 2100
S 5 = -
- ® 3 = 50 PS
10 o °
_:_._._._._ 0 8 [ ]

Mock LPS LPS LPS LPS
+2DG +mPSL +2DG
+mPSL

Mock LPS LPS

LPS

LPS
+2DG +mPSL +2DG
+mPSL




UEHARA ET AL.

BRITISH 13 Of 16
PHARMACOLOGICAL:
SOCIETY

FIGURE 5 2-Deoxy-D-glucose (2-DG) alleviates lipopolysaccharide (LPS)-induced shock and LPS-induced acute lung inflammation. (A)
Eight-week-old B6 mice were intraperitoneally (i.p.) injected LPS (0.8 mg/mouse) with (n = 15) or without (n = 15) 20 mg 2-DG. Two hours
after injection, these mice were intraperitoneally injected 0.8 mg LPS. Survival was monitored for 4 days and analyzed by the Kaplan-Meier
method; data were compared between the two groups using the Log-rank (Mantel-Cox) test. p < .0001. (B) Two hours after LPS injection
as described in (A), serum concentrations of interleukin (IL)-6 and tumor necrosis factor (TNF)-a were measured by ELISAs. Results were
analysed using one-way ANOVA followed by Tukey's post hoc test. ****p < .0001, ***p < .001, and *p < .05. Graphs are presented as the
mean +s.d. (n = 6). (C) Quantitative real-time PCR analysis of monocyte chemotactic protein-1 (MCP-1), 10 kDainterferon-gamma-induced
protein (IP-10), and tumor necrosis factor (TNF)-a mRNAs in left lung tissue 2 days after LPS injection as described in (A). Significant
differences were determined using the unpaired two-tailed t-test. ****p <.0001 and ***p < .001. (D) Mice were injected i.p. (n = 3) with

or without 20 mg 2-DG and 100 mg/kg methylprednisolone (mPSL), Subsequently, 10 mg/kg LPS was injected intratracheally. Two days
after LPS injection, histological sections of the left lung (Mock, LPS intratracheally injected, LPS+2DG treated, LPS+mPSL treated, and
LPS+2DG+mPSL treated) were stained with haematoxylin and eosin (left panel, x2 and x20) and with the anti-F4/80 antibody (right panel,
x2 and x20). Experiments were repeated three times independently with similar results. (E) LPS-induced lung edema as described in (D).
Results were analysed using one-way ANOVA followed by Tukey's post hoc test. ***p < .001, **p < .01, and *p < .05. (F) Quantitative real-
time PCR analysis of MCP-1 and IP-10 mRNAs in left lung tissue 2 days after LPS injection as described in (D). Results were analysed using

one-way ANOVA followed by Tukey’s post hoc test. ****p < .0001, ***p < .001, **p < .01, and *p < .05

severe cytokine-related diseases that require hospitalization, such
as severe cytokine storms and ARDS. We also showed that 2-DG
was effective for the treatment of inflammatory bowel disease
and rheumatoid arthritis when administered at a high dose. In ad-
dition, another glycoprotein inhibitor, tunicamycin, also effectively
suppressed colonic tissue destruction and macrophage infiltration
related to DSS-induced inflammation in mice (Figure S8), but its
high cytotoxicity makes it difficult to use for therapy. Therefore,
it will be necessary to develop glycosylation inhibitors that are
effective at lower doses after oral administration. In addition,
marked changes in cellular metabolism also alter the phenotype of
macrophages: M1 macrophages were shown to be dependent on
glycolysis.®? Therefore, the inhibition of glycolysis by 2-DG might
partly affect the activity of these cells. Further analysis is needed
to clarify this issue. Furthermore, in this study, we focused on proin-
flammatory cytokines, especially IL-6 and TNF-a, but to clarify the
overall anti-inflammatory effects of 2-DG, it will be important to
examine other proinflammatory cytokines and anti-inflammatory
cytokines such as IL-10, whose receptor has been reported to be
highly glycosylated.®®

Glucocorticoids are currently considered the standard of care for
patients with severe COVID-19.}? However, glucocorticoid therapy
in patients with severe COVID-19-related ARDS is associated with
increased mortality and delayed viral clearance, which suggests that
treatment timing, dosage, and COVID-19 severity determine the
outcomes of immunomodulatory therapies.®* In the present study,
we found that glucocorticoids inhibited LPS-induced pulmonary in-
filtration, lung edema, and the expression of chemokines relevant
to COVID-19. Similar effects were observed following 2-DG admin-
istration and combined therapy with glucocorticoids and 2-DG al-
most completely suppressed these effects. We believe that the small
number of animals used in this study may have been a limitation.
However, considering the effects of 2-DG on the inflammatory dis-
ease models, a therapeutic effect on LPS pneumonia is conceivable.
Although detailed analysis of the immunomodulatory effect of 2-DG
has not been performed, our results suggest that 2-DG alone or in
combination with glucocorticoids may be effective for treatment of

severe COVID-19. Glucocorticoid is also used for treatment of IBD
and rheumatoid arthritis.®>¢® In the present study, although we did
not investigate the combined effect of 2-DG on glucocorticoid treat-
ment in our model mice, the results of LPS pneumonia suggest that
these models may provide synergistic therapeutic effects and re-
duced glucocorticoid use. We believe it is necessary to analyse this
aspect in the future. Moreover, because the present study mainly
analysed the effect of 2-DG on inflammatory disease models, we be-
lieve that a detailed analysis of the 2-DG dose response in these mice
should be performed in the future for clinical application. Because
the actual efficacy against COVID-19 is still speculative, future re-
search will be required to elucidate the potential clinical application
of glycosylation agents, including 2-DG.

While anti-proinflammatory cytokine therapies are clinically
effective, such as engineered antibodies and soluble cytokine re-
ceptors, these protein therapies require multiple injections and are
quite expensive, which hinder their use as the primary choice to
treat various inflammatory diseases.?®%’ In practical terms, orally
bioavailable, easy-to-synthesize drugs directed against diverse
proinflammatory cytokine systems would be preferable. In this re-
gard, 2-DG is a promising anti-inflammatory compound, although
a disadvantage is the high dose required for activity. Development
of further derivatives may result in increased efficacies and fewer
adverse effects. Related compounds with more specific inhibitory
effects on receptor N-glycosylation and fewer effects on glycolysis
would meet such a requirement.
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