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Protection against endothelial damage is recognized as a frontline approach to prevent-
ing the progression of cytokine release syndrome (CRS). Accumulating evidence has
demonstrated that interleukin-6 (IL-6) promotes vascular endothelial damage during
CRS, although the molecular mechanisms remain to be fully elucidated. Targeting IL-6
receptor signaling delays CRS progression; however, current options are limited by persis-
tent inhibition of the immune system. Here, we show that endothelial IL-6 trans-signaling
promoted vascular damage and inflammatory responses via hypoxia-inducible factor-1a
(HIF1o)—induced glycolysis. Using pharmacological inhibitors targeting HIF1o activity
or mice with the genetic ablation of gp130 in the endothelium, we found that inhibition
of IL-6R (IL-6 receptor)-HIF1a signaling in endothelial cells protected against vascular
injury caused by septic damage and provided survival benefit in a mouse model of sepsis. In
addition, we developed a short half-life anti-IL-6R antibody (silent anti-IL-6R antibody)
and found that it was highly effective at augmenting survival for sepsis and severe burn
by strengthening the endothelial glycocalyx and reducing cytokine storm, and vascular
leakage. Together, our data advance the role of endothelial IL-6 trans-signaling in the
progression of CRS and indicate a potential therapeutic approach for burns and sepsis.
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Cytokine release syndrome (CRS) is characterized as an acute systemic inflammatory
disease induced by infections such as sepsis and acute respiratory distress syndrome
(ARDS), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
(COVID-19), or burns, trauma, ischemia, or immunotherapies including chimeric antigen
receptor (CAR-T) cell therapy (1). The pathology of CRS is a complicated network of
various critical cytokines [interleukin (IL)-1, IL-6, IL-18, interferon-y, and tumor necrosis
factor (TNF)-a] and pivotal driver immune cells (2). Despite accumulating information
about the pathophysiology of CRS, it still causes severe and life-threatening complications
(3). Recently, there has been great interest in the role of endothelial cells in CRS. Severe
CRS caused by sepsis or CAR T-cell therapy often causes vascular damage, capillary
leakage, and coagulation activation. Disruption of the endothelial cell barrier junction
causes multiple organ failure and mortality in sepsis (4), suggesting that endothelial cells
have critical roles in the control of CRS progression (5-7). Therefore, therapies improving
vascular homeostasis might provide an alternative approach to CRS treatment.

IL-6 is a proinflammatory cytokine that has multiple functions mediated via several
binding patterns (8, 9). Although elevated serum IL-6 levels are a hallmark of CRS and
a useful diagnostic indicator of disease progression (9—12), the inhibition of IL-6 or IL-6
receptor (IL-6R) as a CRS treatment is limited because IL-6 has an important function
in host defense against infections. Thus, the effects of IL-6 neutralization in several
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animal sepsis models are controversial (13-16). We previously demonstrated that
endothelial IL-6R trans-signaling contributed to CRS progression and that the blockade
of IL-6R signaling had beneficial clinical effects in severe COVID-19 patients by reduc-
ing serum plasminogen activator inhibitor-1 (PAI-1) levels (8). In addition, the efficacy
of an anti-IL-6R antibody, tocilizumab, has been approved by the Food and Drug
Administration for infectious disease, COVID-19 (9). These promising findings support
the prominent therapeutic concept that the inhibition of IL-6 signaling can be used to
treat infectious diseases, ARDS, and burns. However, targeting of IL-6R signaling has
several limitations: 1) the precise molecular mechanisms involved in IL-6R trans-signaling :
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Under hypoxia, the expression levels of hypoxia-induced factor
(HIF)-1ovand its transcriptional activity are increased. Among the
HIF1lo target genes are several that control blood vessel growth
and survival, including vascular endothelial growth factor
(VEGEF)-A, VEGF-C, angiopoietin-like factor 4 (ANGPTLA4), as
well as genes related to glucose metabolism (20, 21). However,
recent studies of HIF 1ot functions during inflammation indicated
that factors other than hypoxia also induced HIFla expression
(22, 23). Cytokines including IL-1, TNF-a, IL-4, and transform-
ing growth factor-p induced HIFlat in several cell types under
normoxic conditions, but the mechanism controlling this induc-
tion may differ from that during hypoxia (24-26).

Here, we demonstrated that endothelial gp130 signaling acti-
vated vascular inflammatory responses by HIF1a-induced glyco-
lysis, resulting in increased vascular permeability and cytokine
storm during sepsis. By administering anti-IL-6R antibodies to
several types of CRS models for therapeutic purposes, we found
that the short-term inhibition of IL-6R signaling protected the
vasculature from injury during CRS progression caused by sepsis
and severe burns. Thus, our findings provide a rationale for the
clinical testing of a short half-life anti-IL-6R antibody to treat
patients with CRS induced by trauma or infection.

Results

IL-6R Trans-Signaling Activates HIF1at Activity to Amplify the
Inflammatory Response of Endothelial Cells. A previous study
reported that IL-6R trans-signaling induced the production of
IL-6, IL-8, monocyte chemoattractant protein (MCP)-1, and
PAI-1 in vascular endothelial cells and that anti-IL-6R antibody
treatment inhibited endothelial damage (8). Toll-like receptor-4
(TLR4) signaling is a strong inducer of IL-6 production in the
endothelium. During inflammation, increasing serum levels
of soluble IL-6R (sIL-6R) synergistically trigger inflammatory
responses in endothelial cells via IL-6 trans-signaling. To determine
how endothelial gp130 signaling regulates inflammatory responses,
we performed RNA sequencing analysis (RNA-seq) to compare gene
expressions between nontreated and LPS (lipopolysaccharide) plus
sIL-6R-treated human umbilical vein endothelial cells (HUVECs:).
The RNA-seq datasets were analyzed by Ingenuity Pathway
Analysis software, and differentially expressed genes based on
RNA-seq data under IL-6R signaling-activated HUVEC: revealed
that inflammatory response-related pathways were substantially
activated in IL-6R-mediated endothelial cells (GSE241139). Next,
the set of genes up-regulated by activation induced by LPS plus sIL-
6R was subjected to upstream regulator analysis. We found that
HIFla was an upstream regulator of many genes up-regulated
in IL-6R-activated HUVEC: (Fig. 1A). These analyses suggested
HIFla is a major downstream regulator of the IL-6R pathway
during endothelial inflammation. Therefore, we investigated
the role of gp130 signaling-mediated HIF1a signaling on the
inflammartory response of endothelial cells using HUVECs. We
performed the genetic ablation of /L6S7 (which encodes gp130)
by short interfering RNA (siRNA) in HUVEC:s (Fig. 1B). IL6ST
knockdown substantially reduced the expressions of /L6, IL8,
SERPINEI, and HIFI in the presence of LPS plus sIL-6R, as
determined by qRT-PCR (Fig. 1C). Next, we tested whether
the activation of HIFla mediated the inflammatory response
in endothelial cells. Treatment with a pharmacological HIF1a
inhibitor, PX478, suppressed the expression of proinflammatory
cytokines and coagulation factors (Fig. 1D) and reduced the
secretion of IL-6, IL-8, and PAI-1 (Fig. 1E) under LPS plus
sIL-6R. To delineate the IL-6R-mediated HIFla signaling, we
added PX478 to HUVEC:s in the presence of IL-6 plus sIL-6R. The
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inhibition of HIF1a activation suppressed IL-6, IL-8, and PAI-1
production at the mRNA and protein levels (57 Appendix, Fig. S1
A and B). These data suggest that HIF1a activity is important
for IL-6R trans-signaling-mediated inflammatory responses in
endothelial cells.

Gp130-HIF1a Signaling Promotes Endothelial Inflammatory
Responses via Glycolysis. Previous studies demonstrated that
HIFla signaling promoted glycolytic metabolism in endothelial
cells, which was linked to their proliferation and angiogenesis
(27). Therefore, we examined whether HIF la activity influenced
glycolytic metabolism by IL-6R signaling. The levels of mRNA
encoding glycolytic enzymes including hexokinase 2 (HK2) and
phosphofructokinase-2/fructose-2,6-bisphosphatase-3 (PFKFB3)
but not glucose transporter (GLUTI) were significantly decreased
in IL6ST knockdown HUVEC: in the presence of LPS plus sIL-6R
(Fig. 2 A and B). In agreement with these data, the expression levels
of glycolysis pathway-related proteins were increased depending on
IL-6R trans-signaling in endothelial cells (Fig. 2Cand ST Appendix,
Fig. S2A). These data indicate that IL-6R trans-signaling promotes
glycolysis via the activation of HIFla. Next, to address whether
gp130-HIF1a axis—induced glycolysis contributed to endothelial
inflammatory responses, glycolytic activity was inhibited by 2-deoxy-
D-glucose (2-DG), a glucose analog, in HUVECs under conditions
of inflammation, and cytokines and PAI-1 levels were analyzed.
Treatment with 2-DG abrogated the increase of /L6, IL8, and
SERPINEI at the mRNA and protein levels in a dose-dependent
manner (Fig. 2 D and E). Accordingly, we also found consistent
results when using IL-6 plus sIL-6R stimulation (SI Appendix,
Fig. S2 B and C). Activating TLR4 signaling in endothelial cells
augmented inflammatory responses and apoptosis (28). Thus, we
tested whether TLR4 signaling contributed to glycolysis-mediated
inflammatory responses in endothelial cells. Although LPS-
stimulated HUVECs showed increased levels of IL-6, IL-8, and
PAI-1 to a lower extent, treatment with 2-DG did not inhibit these
inflammatory mediators in HUVECs (8 Appendix, Fig. S3 A and
B). Collectively, these findings suggest that an increased level of
glycolysis is critical for the activation of the inflammatory response
promoted by gp130-HIF 1 signaling in endothelial cells.

Inhibition of gp130-HIF1«x Signaling Ameliorates Cytokine Storm.
The postnatal deletion of gp130 in mice caused abnormal bone
marrow functions (29). To examine the role of gp130 signaling
in endothelial cells during CRS in vivo, we generated mice with a
selective loss of gp130 in endothelial cells by crossing VE-cadherin
(BAC)-CreERT?2 transgenic mice and gp 1 30"%% mice (referred to
as gpl30E KO thice). The treatment of these mice with tamoxifen
markedly reduced gp130 expression in the endothelial cells of adult
mice. To delineate the involvement of gp130-HIF1a signaling in
vascular inflammation, we established a mouse sepsis model using
gp130° KO mice. We investigated the physiological and vascular
inflammatory responses by which the deletion of endothelial gp130
expression protected against LPS-induced mortality. After being
subjected to a lethal dose of LPS (20 mg/kg), gp]30E KO mice
showed a significant improvement in the survival rate compared
with the control group (Fig. 34). Compared with control mice,
gp130°°%° mice were protected against LPS-induced hypothermia
(Fig. 3B). In addition, we observed that gp 130 mice displayed
markedly reduced serum PAI-1 levels, an indicator of coagulation
cascade activation, and syndecan-1, which indicates glycocalyx
degradation (Fig. 3C) as well as lung permeability (Fig. 3D).
LPS-treated gp130"“*° mice had decreased levels of circulating
proinflammatory cytokines and chemokines including IL-6, MCP-1,
and KC, compared with control mice (Fig. 3E). Consistent with
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Endothelial gp130-HIF1a signaling mediates proinflammatory responses and PAI-1 production. (A) Gene expression of HUVECs induced by LPS+sIL-6R

stimulation assessed by RNA-seq. Upstream regulator analysis of genes upregulated in HUVECs under LPS+sIL-6R stimulation. All datasets were examined
by Ingenuity Pathway Analysis (Qiagen Bioinformatics). (B) Flow cytometry analysis of gp130 expression after siRNA transfection. (C) Cells were treated with
si-IL6ST for 48 h following combined stimulation, and the indicated gene expressions were analyzed by quantitative real-time PCR (qRT-PCR). (D and E) Cells were
pretreated with PX-478 (80 uM) for 4 h followed by LPS+sIL-6R stimulation for 24 h, and IL-6, IL-8, and PAI-1 expression levels were analyzed by qRT-PCR (D) and
ELISA (E). *P < 0.05, **P < 0.01, ***P < 0.005. P-values were determined using unpaired, two-tailed Student's t tests. Data are representative of three (B, D, and )

independent experimental replicates and are presented as means + SD.

previous data, we found a significant reduction in Hifla expression

in primary lung endothelial cells from LPS-treated gp 1 30°°%° mice
(Fig. 3F). Thus, endothelial gp130 signaling promotes vascular
injury and aggravates inflammatory responses via HIF 1ot activation.
To evaluate the effects of HIF 1o activity on systemic inflammatory
responses further, we examined whether the administration of PX-
478, an HIF 1o inhibitor, attenuated LPS-induced endotoxic shock.
PX-478 treatment improved the survival rate of LPS-injected mice
(Fig. 3G). PX-478 treated mice showed markedly reduced serum
levels of PAI-1 and syndecan-1 and serum levels of inflammatory
cytokines including IL-6, TNE KC, and MCP-1 (Fig. 3 H and /).
Thus, the inhibition of HIFla activity attenuated LPS-induced
inflammatory responses. Collectively, our data demonstrate that
endothelial gp130-HIF1a signaling induces vascular injuries and
promotes the progression of cytokine storm.

A Short Half-Life Anti-IL-6R Antibody with H435A Inhibits IL-
6R Signaling and Improves Septic Shock Survival. Although the
blockade of IL-6R signaling is a beneficial therapy for cytokine

storm (9, 30), adverse consequences such as secondary infection

PNAS 2024 Vol.121 No.2 e2315898120

occur frequently (17). Thus, inhibiton therapy for infectious
diseases via IL-6 signaling should be considered carefully. We
generated several variants of short half-life anti-human or mouse
IL-6R monoclonal antibodies, which had an altered half-life in
plasma (31). Mutation of immunoglobulin G (IgG) ablated binding
to the neonatal Fc receptor (FcRn) (32) (SI Appendix, Fig. S4 A
and B). Compared with human or mouse conventional antibodies
(Tocilizumab, MR16-1, respectively), these variants (Tocilizumab_
H435A, MR16-1_mF29) or corresponding isotype IgG1 variants
did not bind to FcRn (87 Appendix, Fig. S5 A-D). To delineate the
half-life of the anti-IL-6R antibody (referred to as silent anti-IL-
6R antibody), we performed a pharmacokinetic study in mice. We
found that variant MR16-1_mF29 had a rapid monoexponential
disposition after a single administration (within 1 d), whereas the
conventional antibody (MR16-1) was present in the serum for 3 d
(Fig. 4A4). Moreover, the variants showed comparable inhibitory
activity with conventional antibodies as assessed by the reduction
of the phosphorylation of STAT3 and cytokine production in
HUVECs upon IL-6R trans-signaling (Fig. 4B and SI Appendix,
Fig. SS5E).
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Endothelial gp130-HIF1a signaling promotes inflammatory responses via glycolysis. (4) Relative mRNA levels of the indicated genes were determined by

gRT-PCR in HUVECs treated with siRNA against /L6ST under LPS+sIL-6R for 24 h. (B and () Levels of glycolysis pathway-related proteins, HIF1«, HK2, and PFKFB3
were determined in HUVECs treated with siRNA against /L6ST under LPS+sIL-6R (B) or IL-6+sIL-6R (C) for 24 or 48 h, respectively. (D and £) HUVECs were pretreated
with the indicated concentrations of 2-DG for 16 h followed by LPS+sIL-6R stimulation for 24 h, and IL-6, IL-8, and PAI-1 expression levels were analyzed by
gRT-PCR (D) and ELISA (E). *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001, n.s., not significant. P-values were determined using unpaired, two-tailed Student's
t tests (A) and one-way ANOVA (D and E). Data are representative of three (A, D, and E) independent experimental replicates and are presented as means + SD.

To examine whether silent anti-IL-6R antibody treatment had
a beneficial survival effect against sepsis, we examined the survival
rate of anti-IL-6R antibody treatment in a mouse endotoxemia
model. In a preventive setting (single administration of antibody
1 h before LPS injection, designated as “pre-treatment”),
anti-IL-6R antibody treatment did not significantly improve the
survival rate (Fig. 4C). We also investigated the survival benefit of
the double administration of anti-IL-6R antibody (56 mg/kg; at
0.5 and 4 h after challenge). In the setting of post-treatment, the
blockade of IL-6R signaling by silent anti-IL-6R antibody
increased the survival rate compared with isotype control treat-
ment (Fig. 4D). Silent anti-IL-6R antibody treatment protected
against hypothermia and vascular injury by inhibiting PAI-1 pro-
duction after LPS challenge (Fig. 4 E'and F). Thus, treatment with
anti-IL-6R antibody attenuated endotoxin shock by inhibiting
vascular injury.

The Short-Term Blockade of IL-6R Signaling Has Protective
Effects in a Murine Burn Injury Model by Protecting Endothelial
Integrity. Cases of severe burn injury are at higher risk of
developing infectious complications leading to sepsis. Host defense
compromised by disruption of the skin barrier leads to increased
susceptibility to burn wound infection and the subsequent

https://doi.org/10.1073/pnas.2315898120

development of cytokine storm. In addition to the sepsis model, we
investigated the role of endothelial HIF1a signaling using a burn
injury—induced cytokine storm model. We developed a murine
dorsal thermal injury model in which animals received a 30 to
35% total body surface area injury (SI Appendix, Fig. S6A) (33).
Intriguingly, PX-478 treatment did not improve the survival rate
or serum levels of proinflammatory cytokines, chemokines, and
PAI-1, suggesting that unlike the effects of HIFla in the sepsis
model, inhibition of HIF1a has insufficient to mitigate severe burn
injury (81 Appendix, Fig. S6 B and C).

Global inhibition of IL-6 signaling might cause severe adverse
effects. Therefore, we examine whether short-term IL-6R inhibition
ameliorates severity of burn injury (Fig. 54). We compared the
survival rate of burn injury model groups treated with silent type
isotype or anti-IL-6R antibodies. Notably, mice receiving silent
anti-IL-6R antibodies had an improved survival rate compared with
those receiving control antibodies in the severe burn injury model
(Fig. 5B). To characterize how silent anti-IL-6R antibody treatment
improved overall survival, we evaluated the levels of cytokines and
chemokines in the serum of mice at 12 h after the burn injury. We
observed a markedly lower level of KC in the silent anti-IL-6R
antibody treatment group compared with the corresponding isotype
treatment group (Fig. 5C). Given that cutaneous thermal injury
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Fig.3. Deficiency of gp130 signaling in endothelium ameliorates septic shock. (A) The survival rate of control (gp 730" cont) or gp130°*° mice was monitored
after LPS injection (20 mg/kg) (P = 0.0399). (B) Rectal temperatures of cont or gp130ECKO mice 48 h after LPS injection. (C-£) Mice were administrated LPS (2.4
mg/kg). (C) Levels of Syndecan-1 and PAI-1 were measured in the serum of cont and gp130ECKO mice. (D) Quantitative analysis of vascular permeability in the
lungs of cont or gp130ECKO mice. (E) Levels of IL-6, KC, and MCP-1 were measured in the serum of cont and gp130ECKO mice. (F) Hif7a mRNA expression was
detected by gRT-PCR in lung CD31" cells from LPS-injected mice. (G and H) Survival rate (P = 0.0487) (G) or serum levels (H and /) from vehicle or PX-478 (10 mg/
kg) treated wild-type mice following an intraperitoneal injection of LPS (10 mg/kg) for 24 h. *P < 0.05, **P < 0.01, ***P < 0.005. P-values were determined using
unpaired, two-tailed Student’s t tests. Data are representative of three independent experimental replicates and are presented as means + SD.

causes a significant disruption of pulmonary endothelial barriers,
we also evaluated the effect of silent anti-IL-6R antibodies on vas-
cular injury. Consistent with the effects on sepsis, silent anti-IL-6R
antibody treatment resulted in a significant reduction of serum
PAI-1 levels after thermal injury (Fig. 5C). Furthermore, Evans blue
dye leakage analysis revealed that the silent anti-IL-6R antibody
effectively counteracted vascular leakage. Accordingly, treatment
with silent anti-IL-6R antibodies profoundly reduced lung vascular
injury related to burn injury (Fig. 5D).

The vascular endothelial glycocalyx comprises of heparan sulfate
and proteoglycans such as syndecan-1 and has a critical role as a
barrier to prevent the adhesion of inflammatory immune cells onto
the endothelial surface (34), which is destroyed during the early
phase of inflammation by heparinase and TNF (35). However,
little is known about the relationship between glycocalyx homeo-
stasis and burn injury pathogenesis. Therefore, we investigated
whether posttreatment with silent IL-6R antibody would preserve
the endothelial glycocalyx in several organs of burn injury-induced
mice. We quantified glycocalyx degradation by measuring serum
syndecan-1 levels in mice 6 h after antibody treatment. We found
a significant decrease in the release of syndecan-1 in the silent
anti-IL-6R antibody treatment group compared with the isotype
control (Fig. 5E). Furthermore, we estimated the endothelial cap-
illary wall thickness in the lung and liver using scanning electron
microscopic images with lanthanum nitrate staining. The endothe-
lial glycocalyx area in the pulmonary and liver capillary was signif-
icantly preserved in the silent anti-IL-6R antibody treatment
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group compared with the isotype control group (Fig. 5 Fand G).
Collectively, these results demonstrated that the short-term inhi-
bition of IL-6R signaling protected against cytokine storm and
reduced burn injury-induced abnormal vascular permeability and

glycocalyx integrity.

Discussion

'The present study demonstrated vascular protection by the short-
term inhibition of IL-6R-HIF1a signaling is a promising thera-
peutic strategy for cytokine storm. We found that the prevention
of IL-6R-HIF1a signaling activation had a critical role in ame-
liorating sepsis and burn, mainly by preserving the endothelial
glycocalyx and vascular integrity of vital organs, and inhibiting
vascular injury and cytokine storm.

Previous studies showed that the augmentation of HIFla
expression boosted glycolysis in cancer cells by inducing glycolytic
enzyme expression through the activation of transcription activity
under hypoxic conditions (36, 37). Similarly, enhanced HIF1a
expression induced glycolysis metabolism, which is essential for
the activation of inflammatory macrophages, under normoxic
conditions (38, 39). In the present study, we demonstrated that
IL-6R trans-signaling induced the expression of glycolysis-related
genes in vascular endothelial cells, suggesting IL-6 signaling-induced
metabolic alterations toward glycolysis in endothelial cells might
be initiated by transcriptional modification via HIF1a transcrip-
tional activation.
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Several studies demonstrated that IL-6 promoted tumor invasion.
IL-6 signaling and hypoxia induced the epithelial-mesenchymal
transition phenotype via the IL-6/STAT3/HIF1a feedback loop via
an unknown mechanism (40, 41). Moreover, it was reported that
smooth muscle cells act with IL-6 as an amplification loop to pro-
vide a concerted response of the vascular system (42). Accordingly,
our study showed that the pharmacological inhibition of HIF1at or
glycolysis in endothelial cells under IL-6R stimulation decreased
IL-6 expression, suggesting that IL-6/STAT3/HIF 1« positive feed-
back circuits are present in endothelial cells during inflammatory
responses. Many studies have investigated the efficacy of HIF1a
inhibition for burn injuries, but these have been controversial. In
our study, the inhibition of HIF 1o activity had beneficial effects in
the sepsis model but not the burn injury model. Although HIF1a
inhibition alleviated cytokine production, this activity is required
for wound healing by promoting angiogenesis (43, 44).

Hypoxemia is a defining feature of ARDS, and a complication
of pulmonary or systemic inflammation, which results in tissue
hypoxia (45). The current study revealed that HIFla e)g?(ression
in primary lung endothelial cells was decreased in gp130°“*© mice
during endotoxemia and was accompanied by the substantially
reduced expression of inflammatory mediators. These findings
indicate that cross-communication between IL-6R signaling and
hypoxia may involve biological processes related to endothelial
inflammatory responses; however, the link between IL-6R signa-
ling and hypoxia requires further investigation.

The importance of IL-6 in the pathogenesis of sepsis or severe
burn injury is underlined by data showing that increasing serum
IL-6 levels are associated with disease severity (11, 46); however,
IL-6 exerts protective roles as part of the immune defense system
(47). In the sepsis model, LPS injection induced robust cytokine
production in TLR4-expressing cells, leading to endotoxemia-induced
cytokine storm. Our data indicate that endotoxin shock can be
limited by the blockade of IL-6R signaling by reducing vascular
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damage. In a murine polymicrobial sepsis model, global IL-6 activity
inhibition did not have beneficial effects, whereas selective IL-6
trans-signaling inhibition improved the survival rate, suggesting the
importance of IL-6 activity in bacterial clearance during sepsis (48).
Severe burn injury is at risk of invasive burn wound infection leading
to sepsis. Furthermore, high levels of IL-6 strongly correlated with
severity in burn patients (11). Short-term inhibition of IL-6R sig-
naling improved the survival rate and reduced cytokine storm symp-
toms in the severe burn injury model. Regarding the prevalence of
infection risk, this warrants further studies and supports the poten-
tial clinical evaluation of short half-life anti-IL-6R antibodies for
the treatment of severe burns. Further, studies to test the efficacy of
selective IL-6 trans-signaling in a severe burn model should be
initiated.

Growing evidence has demonstrated the therapeutic efficacy of
IL-6R signaling inhibition in CRS such as CAR-T cell therapy-induced
cytokine storm and severe COVID-19 by preventing proinflamma-
tory cytokine production and the inhibition of macrophage activation
(49, 50). However, the long-term inhibition of IL-6R signaling has
several functional limitations, which include off-target effects on the
innate immune system (17). Thus, it might be difficult to use
anti-IL-6R antibodies for treatment while avoiding the induction of
adverse effects. Our study indicates that only the short-term inhibi-
tion of IL-6R signaling showed improved mortality rates and pre-
served the vasculature after burn injury, indicating a complex process
during cytokine storm. Thus, we speculate that a therapeutic agent
that can prevent the long-lasting inhibition of IL-6R signaling can
provide substantial benefit to a broad spectrum of human CRS.

In summary, we demonstrated that the short-term inhibition of
IL-6R signaling was highly effective at strengthening endothelial
integrity and preserving the endothelial glycocalyx, blunting vascular
leakage, and alleviating inflammation in response to sepsis- and
trauma-induced cytokine storm. The approach described here may
yield a unique therapeutic strategy against sepsis or severe trauma.
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Materials and Methods

Detailed information on the materials, methods, and associated references can
be found in S/ Appendix, Supporting Materials and Methods.

Agents. Recombinant human IL-6 (R&D Systems, Minneapolis, MN, USA), sIL-6R
(IL-6R; R&D Systems), Ultrapure LPS (InvivoGen, Osaka, Japan), PX-478 (MCE),
and 2-DG (Sigma-Aldrich) were used during HUVEC cultivation.

Cell Culture and Transfection. HUVECs (Lonza) were maintained in EGM-2
medium supplemented with 2% FBS (Lonza) and cultured in humidified incubators
at 37 °C and 5% CO,. HUVECs (30,000 cells/well) were pretreated with PX-478
or 2-DG at different concentrations for 4 or 16 h, respectively in RPMI medium
(Nacalai Tesque) containing 10% FBS, and then stimulated with LPS (100 ng/mL)
or IL-6 (50 ng/mL) with sIL-6R (100 ng/mL). For /L6ST knockdown experiments,
HUVECs (30,000 cells per well) were added to 12-well plates, and 12 h later, cells
were transfected with 40 nM of human IL6ST siRNA (Ambion, Thermo Scientific, MA,
USA) or non-targeting control (Thermo Scientific) using Lipofectamine RNAIMACS
(Life Technology/Invitrogen), according to the manufacturer’s instructions.

RNA Isolation and Quantitative RT-PCR. Total RNA was isolated from HUVECs
using an RNeasy Mini Kit (Qiagen K.K., Tokyo, Japan). cDNAwas synthesized using
a PrimeScript™ RT reagent kit (Takara Bio). A Quant Studio three Real-Time PCR
instrument (Applied Biosystems, Foster City, CA, USA) was used for quantitative PCR
with 2 x PCR Master Mix (Thermo Scientific) and TagMan primers specific for human
IL6 (Hs00174131_m1), IL8 (Hs00174103_m1), SERPINET (Hs00167155_m1),
PFKFB3 (Hs00998698_m1), and mouse Hifla (Mm00468869_m1), and for
quantitative PCR with SYBR Green PCR Master Mix (Thermo Scientific) and prim-
ers specific for human GLUTT, HK2, and HIFT (Takara Bio) were used according to
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the manufacturer's instructions. Quantitative PCR was performed at 95 °Cfor 15 s
followed by 60 °Cfor 1 minfor 40 cycles. mRNAlevels of each gene were normalized
to the level of B-actin mRNA using the AA Ct method.

Measurement of Cytokines, PAI-1, and Syndecan-1. Human IL-6 and IL-8
levels in the supernatant of HUVECs cultures, and mouse IL-6, IL-8, MCP-1,IL-10,
and TNF-a levels in sera from mice or appropriately diluted supernatants or
sera were measured using a cytometric bead array kit (BD Biosciences, Franklin
Lakes, NJ, USA) using a Lyrics flow cytometer (BD Biosciences). The serum or
supernatant levels of syndecan-1 and mouse or human PAI-1 were measured
using a quantitative ELISA kit (Abcam and R&D Systems, respectively).

statistics. Values are presented as the mean = SD. Statistical differences between
means were determined by an unpaired two-tailed Student's  test or one-way
ANOVA followed by Sidak's multiple comparisons test, as appropriate. Kaplan-
Meier survival plots and log-rank tests were used to compare the survival results
between treatment groups.

Data, Materials, and Software Availability. The raw data for RNA have been
deposited in the NCBI Gene Expression Omnibus database (GSE241139) (51).
All other data are included in the manuscript and/or S/ Appendix.
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