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Protective effects of STO0A8 on sepsis mortality:

Links to sepsis risk in obesity and diabetes

Daisuke Miyashita,’#> Ryota Inoue, ' Takahiro Tsuno,"? Tomoko Okuyama,” Mayu Kyohara,’
Chigusa Nakahashi-Oda,* Kuniyuki Nishiyama,'? Setsuko Fukushima,! Yutaro Inada,” Yu Togashi,?

Akira Shibuya,** Yasuo Terauchi,” and Jun Shirakawa'2¢*

SUMMARY

Obesity and diabetes are independent risk factors for death during sepsis.
S100A8, an alarmin, is related to inflammation, obesity, and diabetes. Here, we
examine the role of S100A8 in sepsis of obesity and diabetes models. Injection
of S100A8 prolongs the survival of septic mice induced by lethal endotoxemia,
Escherichia coli injection, or cecal ligation and puncture. S100A8 decrease the
LPS-induced expression of proinflammatory cytokines in peritoneal macrophages
by inhibiting TLR4-mediated signals in an autocrine manner. db/db, ob/ob, and
western diet-fed mice demonstrate reduced upregulation of S100A8 induced
by LPS treatment in both serum and peritoneal cells. These mice also show
shorter survival after LPS injection, and S100A8 supplementation prolonged
the survival. While myelomonocytic cells-specific S100A8-deficient mice (Lyz2°":
S100Agfloxed/floxed) oy hibit shorter survival after LPS treatment, S100A8 supple-
mentation prolonged the survival. Thus, myelomonocytic cell-derived S100A8 is
crucial for protection from sepsis, and S100A8 supplementation improves sepsis,
particularly in mice with obesity and diabetes.

INTRODUCTION

Patients with obesity or type 2 diabetes often have serious infections caused by bacteria.'” Monocytes
from people with obesity exhibit activated nuclear factor kB (NF-kB) and increased mRNA expression of
tumor necrosis factor-a (Tnfa) and interleukin (1)-6.*"* Hyperglycemia impairs neutrophil and monocyte
function and increases inflammatory cytokine levels.” Pathogen-associated molecular patterns (PAMPs),
which are substances derived from pathogenic microorganisms, have been assumed to play important
roles in the inflammatory response and sepsis development.® In addition to PAMPs, Alarmins (also referred
to as damage-associated molecular patterns (DAMPs)), which are host-derived endogenous substances in
infection and trauma, are now considered to be crucial regulators in severe sepsis.” $100 calcium-binding
protein A8 (S100A8), an alarmin, is an inflammation-related protein predominantly secreted by activated
neutrophils and macrophages during acute inflammation.””'? S100A8 is known to be a ligand of Toll-like
receptor (TLR) 4 and receptor for advanced glycation end products (RAGE) that induces inflammation %'
and forms a homodimer or a heterodimer with S100A9."* The serum S100A8 level is elevated in patients
with obesity or type 2 diabetes, in addition to those with sepsis, cancer, or autoimmune diseases.'”"”
Circulating ST00A8/A9 levels are also increased in hospitalized patients with septic shock, and sepsis
survivors show lower serum ST00A8/A9 levels than nonsurvivors.””?' The serum S100A8 level has been re-
ported to be an indicator of damaged cells and a predictor of mortality in patients with septic shock.””!
We previously showed that the chronic stimulation of islets with glucose increased the expression of
S100A8 and that islet-derived S100A8 triggered inflammation through mutual interactions with surround-
ing macrophages.””?* Thus, ST00A8 has been thought to be a mediator of inflammation in people with
obesity or diabetes.

On the other hand, whether ST00A8 has a proinflammatory or anti-inflammatory role in sepsis is controver-
sial. S100A8 has been reported to attenuate the production of proinflammatory mediators such as cyto-
kines, chemokines, reactive oxygen species (ROS), and nitric oxide (NO).”® S100A8 decreases mast cell
degranulation and IL-4, IL-6, and granulocyte-macrophage colony-stimulating factor (GM-CSF) secretion
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Prestimulation of mouse and human monocytes with ST00A8 attenuates the production of IL-6 and TNF-a
in response to lipopolysaccharide (LPS) and bacteria via downregulation of phosphorylated p38 mitogen-
activated protein kinases (MAPKSs) and protects the host from sepsis-induced death.?”” Furthermore, the
noncovalent high-affinity binding of ST00A8/A9 with proinflammatory IL-1B, IL-6, and TNF-a suggests
the ability of ST00A8/A9 to capture cytokines.”® ST00A8 promotes anti-inflammatory IL-10 expression in
airway epithelial cells, causes impaired LPS-induced neutrophil infiltration, and reduces inflammatory cyto-
kine induction.””*° ST00A8 negatively regulates leukocyte adhesion and migration by reducing p38 MAPK
phosphorylation.?’ In neonatal sepsis, ST00A8/A9 is an essential modulator of neonatal immunity to pre-
vent sepsis.”>* In addition, high concentrations of ST00A8/A9 protein complexes have antibacterial ef-
fects due to their metal ion chelating ability.*** Thus, it remains controversial whether $100A8 has a harm-
ful or protective effect on survival in sepsis.

In this study, we investigated the role of serum S100A8 in mouse models of sepsis using conditional
knockout (KO) mice and mouse models of obesity and diabetes.

RESULTS

S100A8 induced inflammatory cytokines in peritoneal macrophages but did not result in a
septic response

To assess the effects of ST00A8 on the expression of inflammatory cytokines, peritoneal macrophages
isolated from wild-type (WT) mice were treated with PBS, recombinant S1T00A8, or recombinant S1T00A8/
S100A9 in vitro (Figure STA). The mRNA expression of Tnfa was significantly increased with S1T00A8 but
not with ST00A8/S100A9, while the mRNA expression of Il-1b, II-6, C-X-C motif chemokine ligand 10
(Cxcl10), Mip-1a, and Mcp1 was not changed (Figure S1B). We next examined the effects of ST00A8 on
cytokine production in WT mice in vivo (Figure S1C). Intraperitoneal injection of LPS upregulated the
mRNA expression of Tnfa, II-1b, 1I-6, Cxcl10, Mip-1a, Mcp1, S100a8, and $100a9 in peritoneal cells (Fig-
ure S1D). S100A8 injection also increased Tnfa, II-1b, 1I-6, Mip-1a, Mcp1, S100a8, and S$100a9 expression,
whereas the expression of Tnfa, -6, Cxcl10, and Mip-1a induced by ST100A8 injection was lower than
that induced by LPS injection (Figure S1D). We also investigated the effects of ST00A8 supplementation
on the liver. ST00A8 and S100A8/S100A9 supplementation did not change the mRNA expression of
Tnfa, II-1b, 1I-6, Cxcl10, Mip-T1a, Mcp1, S100a8 and S100a9 in Hepal-6 mouse hepatoma cells compared
to PBS treatment (Figure S2A). Intraperitoneal injection of LPS significantly upregulated the mRNA expres-
sion of Tnfa, II-1b, -6, Mip-1a, S100a8 and S100a9 and tended to increase Cxcl10 and Mcp1 expression in
the liver compared to PBS treatment (Figure S2B). However, ST00A8 did not change the expression of those
cytokines in the liver compared to PBS (Figure S2B). There were no changes in the serum AST, ALT, total
cholesterol, or triglyceride levels among the PBS, LPS, and S100A8 injection groups (Figure S2C). Since
intraperitoneal injection of ST00A8 induced inflammatory cytokines in peritoneal cells, similar to LPS, we
investigated the survival rate after the intraperitoneal injection of PBS, ST00A8, or LPS. All mice died within
48 h after LPS injection, while S1T00A8 did not reduce survival through 72 h, similar to PBS (Figures S3A and
S3B). Although injection with LPS decreased body temperature, PBS or S100A8 injection did not alter it
(Figure S3C). Blood glucose levels were reduced by LPS but not by PBS or S100A8 (Figure S3D). We
then examined the serum S100A8 levels after LPS injection. Mice showed a time-dependent increase in
circulating S100A8 levels after LPS injection (Figure S3E). These results in turn suggest that the increase
in S100A8 is an adaptive response triggered by endotoxemia.

S100A8 alleviated lipopolysaccharide-induced inflammation and improved survival in sepsis
models

Here, we explored the protective effects of ST00A8 on LPS-induced endotoxic shock. Isolated peritoneal
macrophages were pretreated with S100A8 or ST00A8/A9 for 30 min before LPS stimulation (Figure 1A).
Pretreatment with S100A8 but not S100A8/S100A9 significantly attenuated the LPS-induced increases in
the expression of Tnfa, II-1b, Il-6 and Mcp 1 and tended to reduce the expression of Cxcl10and Mip-1a (Fig-
ure 1B). In contrast, those reductions were not observed when S100A8 was treated after LPS stimulation
(Figure S4A). TLR4 signaling is transduced through either myeloid differentiation primary response gene
88 (MyD88) or toll-Il-1 receptor domain-containing adaptor inducing IFN-B (TRIF) pathways, with the latter
known as the Myd88-independent pathway.*® Pretreatment with S100A8 also significantly suppressed the
LPS-induced increase in the TLR4 signaling pathway-related gene expression of Myd88, but there were no
changes in [I-1 receptor-associated kinase 1 (Irak1), Irak4, Tnf receptor-associated factors 6 (Traf6), recep-
tor-interacting protein-1(Rip1), Trif, or Nf-kb expression (Figure 1C). Those suppressions also disappeared
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Figure 1. S100A8 alleviated LPS-induced inflammation and improved the survival rate in LPS-induced lethal endotoxemia

Wild-type mice at 10 weeks of age were used for in vitro and in vivo experiments.

(A) Experimental outline of an in vitro study. Peritoneal macrophages from mice were pretreated with PBS, S100A8 (0.3 pg/mL), or ST00A8/A9 (0.65 png/mL)
for 30 min before LPS (2 pg/mL) stimulation for 2 h and analyzed by gPCR.

(B) mRNA expression of the indicated inflammatory cytokine genes in peritoneal macrophages (n = 3).

(C) mRNA expression of the indicated TLR4 signaling pathway-related genes in peritoneal macrophages (n = 3).

(D) Experimental outline of an in vivo study. Peritoneal cells from mice injected with either PBS or ST00A8 (0.1 pg/gBW) 1 h after LPS (12.5 ng/gBW)
stimulation were collected at 4 h and analyzed by qPCR. Serum collected from mice at 24 h after the first injection was analyzed by ELISA. The survival rates,
body temperature, and blood glucose levels of mice were monitored for 48 h.

(E) mRNA expression of the indicated inflammatory cytokine genes in peritoneal cells (n = 3).

(F) mRNA expression of the indicated TLR4 signaling pathway-related genes in peritoneal cells (n = 3).

(G) Serum TNF-a, IL-1b, IL-6, and CXCL10 levels (n = 3).

(H) The survival rates, (I) body temperature, and (J) blood glucose levels of mice were measured at 12, 24, 36, and 48 h after the first injection (n = 10).

(K) The survival rates, (L) body temperature, and (M) blood glucose levels of mice injected with either PBS or ST00A8 (0.1 ng/gBW) at 1 h after E. coli DH5a
(2.0%10° CFU per mouse) injection were measured at 12, 24, 36, and 48 h (n = 10).

(N) The survival rates, (O) body temperature, and (P) blood glucose levels of mice injected with either PBS or ST00A8 (0.1 ng/gBW) twice (immediately and at
24 h) after cecal ligation and puncture (CLP) treatment were measured at 12, 24, 36, and 48 h (n = 10).

All data from three or four independent experiments are represented as the mean + SEM *p < 0.05, **p < 0.01.

when S100A8 was added after LPS (Figure S4B). Then, the impact of an additional injection of S100A8 1 h
after LPS stimulation was evaluated (Figure 1D). Supplementation via S100A8 injection into the peritoneal
cavity significantly reduced the elevated expression of II-6, Cxcl10, Mip-1a, and Mcp1 in peritoneal cells
after the LPS challenge at 4 h but did not change the expression of Tnfa or II-1b (Figure 1E). The mRNA
expression of $100a8 and $100a9 in peritoneal cells was further increased by injecting S100A8 in addition
to LPS (Figure 1E). Intraperitoneal injection of ST00A8 significantly attenuated the LPS-induced increases in
the expression of Myd88, Traf6 and Nf-kb, whereas there were no changes in Irak1, Irak4, Rip1, or Trif
expression (Figure 1F). Supplementation by S100A8 injection into the peritoneal cavity after the LPS chal-
lenge also significantly increased the expression of II-1b, II-6, Cxcl10, Mcp1 and S100a8 in the liver but did
not change Tnfa, Mip-1a, or $100a9 expression (Figure S5A). Intraperitoneal injection of S100A8 after LPS
treatment significantly increased the expression of Myd88 and Nf-kb in the liver, while Irak1, Irak4, Trafé,
Rip1 and Trif expression showed no significant changes (Figure S5B). There were no differences in serum
AST, ALT, total cholesterol, or triglyceride levels between PBS injection and S100A8 injection at 4 h (Fig-
ure S5C) and 24 h (Figure S5D) after the intraperitoneal injection of LPS. We next assessed the effects of
S100A8 in mice injected with a synthetic TLR4 agonist CRX-527. S100A8 also prevented the elevation of
Tnfa, Cxcl10, Mcp1, and Myd88 expression in peritoneal cells induced by CRX-527, suggesting the atten-
uation of TLR4 signaling (Figures S6A and S6B). Intraperitoneal injection of ST00A8 after LPS administration
decreased serum IL-1B and IL-6 levels at 24 h but did not change serum TNF-o. and CXCL10 levels (Fig-
ure 1G). S100A8 supplementation after intraperitoneal LPS injection significantly improved the survival
rate from 30% to 80% at 48 h (Figure 1H). ST00A8 sustained survival of LPS-injected mice at 72 h (60 vs.
20%) (Figure S7A). ST00A8 administration after LPS injection did not rescue the decreased body temper-
ature or reduced blood glucose levels (Figures 11 and 1J). Furthermore, we also examined the protective
effects of ST00A8 in practical models of sepsis, namely, intraperitoneal injection of Escherichia coli and
CLP models.?” Notably, ST00A8 supplementation could improve survival in the contexts of sepsis induced
by either E. coliinjection or CLP (Figures 1K, 1N, S7B, and S7C). Supplementation with ST00A8 tended to
restore body temperature and blood glucose levels after CLP but not after E. coliinjection (Figures 1L, 1M,
10, and 1P). These results suggested potential therapeutic applications for ST00A8 to reduce inflammation
and lethality in the context of septic shock.

TLR4 signaling-induced S100A8 and S100A8 suppressed TLR4-mediated inflammation in
peritoneal macrophages

To investigate the mechanism of the S100A8-mediated suppression of LPS-induced inflammation, we
performed in vitro experiments with peritoneal macrophages from TLR4 knockout (TLR4KO) mice. LPS
stimulation significantly increased the gene expression of Tnfa, II-1b, II-6, Cxcl10, Mip-1a, Mcp1, and
$100a8 in peritoneal macrophages from WT mice and tended to upregulate the expression of $100a9 (Fig-
ure 2A). LPS also significantly upregulated the expression of Tnfa, II-1b, II-6, Mip-1a, and Mcp 1 in peritoneal
macrophages from TLR4KO mice, but the Tnfa, lI-1b, -6, Cxcl10, Mip-1a, and Mcp1 levels were lower than
those in peritoneal macrophages from WT mice (Figure 2A). Notably, LPS-induced $100a8 expression was
completely blunted in TLR4KO mice (Figure 2A). Although S100A8 treatment increased the gene expres-
sion of $100a8in peritoneal macrophages from WT mice, the expression of Tnfa, II-1b, II-6, Cxcl10, Mip-1a,
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Figure 2. S100A8 attenuated LPS-induced inflammation via TLR4

TLR4 knockout (TLR4KO) mice or wild-type (WT) mice at 12 weeks of age were used for experiments.

(A) Peritoneal macrophages from the indicated mice were incubated with PBS, LPS (2 ug/mL), or ST00A8 (0.3 pg/mL) for 2 h and then analyzed by gPCR.
mRNA expression of the indicated inflammatory cytokine and S100 genes in peritoneal macrophages (n = 3).

(B) Peritoneal macrophages from the indicated mice were pretreated with PBS or S1T00A8 (0.3 pg/mL) for 30 min before LPS (2 pg/mL) stimulation for 2 h and
then analyzed by gPCR. mRNA expression of the indicated inflammatory cytokine and S100 genes in peritoneal macrophages (n = 3).

All data from three independent experiments are represented as the mean + SEM *p < 0.05, **p < 0.01.
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Figure 3. Peritoneal macrophages and peritoneal cells from mice with obesity and diabetes exhibited insufficient production of S100A8 after LPS
treatment

db/db and db/+ mice or ob/ob and wild-type (WT) mice at 8 weeks of age were used for experiments (A-M).

(A) Body weight of db/db and db/+ mice (n = 10).

(B) Casual blood glucose levels of db/db and db/+ mice (n = 10).

(C) Body weight of ob/ob and WT mice (n = 10).

(D) Casual blood glucose levels of ob/ob and WT mice (n = 10).

(E) Experimental protocol for an in vivo study. Mice were injected with PBS or LPS (12.5 ng/gBW), and serum was collected at 4 h after injection.

(F) Serum S100A8 levels in db/db and db/+ mice (n = 4).

(G) Serum S100A8 levels in ob/ob and WT mice (n = 4).

(H) Experimental protocol for an in vivo study. Mice were injected with PBS or LPS (12.5 ng/gBW), and peritoneal cells were analyzed by gPCR at 4 h after
injection.

(I) mRNA expression of $100a8 in peritoneal cells from db/db or db/+ mice (n = 4).

(J) mRNA expression of $100a8 in peritoneal cells from ob/ob or WT mice (n = 4).

(K) Experimental outline of an in vitro study. Peritoneal macrophages were incubated with PBS or LPS (2 pg/mL) for 2 h and analyzed by qPCR.

(L) mRNA expression of $100a8 in peritoneal macrophages from db/db or db/+ mice (n = 4).

(M) mRNA expression of $100a8 in peritoneal macrophages from ob/ob or WT mice (n = 4).

C57BL/6J mice fed a Western diet (WD) or normal diet (ND) from 8 to 16 weeks of age were used for experiments (N-R).

(N) Body weight and (O) casual blood glucose levels (n = 20-30).

(P) mRNA expression of the indicated inflammatory cytokine and $S100 genes in peritoneal cells (n = 7).

(Q) mRNA expression of the indicated inflammatory cytokine and S100 genes in peritoneal cells at 4 h after PBS or LPS injection (12.5 ng/gBW) (n = 4).
(R) Serum S100AS8 levels at 4 h after PBS or LPS (12.5 ng/gBW) injection (n = 4).

All data from three independent experiments are represented as the mean + SEM *p < 0.05, **p < 0.01.

Mcp1, and S100a9 was not altered by ST00A8 treatment (Figure 2A). The increase in ST00A8 expression
observed after treatment with S100A8 was also diminished in TLR4KO macrophages (Figure 2A). Thus,
TLR4 is required for the production of $100a8 induced by LPS or S100A8 in peritoneal macrophages.
Pretreatment with ST00A8 before LPS stimulation significantly suppressed the increases in the gene
expression of Tnfa, II-1b, 11-6, Mcp1, $100a8, and S100a9 but not that of Cxcl10 and Mip-1a in peritoneal
macrophages from WT mice (Figure 2B). The Tnfa, II-1b, -6, Cxcl10, Mip-1a, Mcp1, S100a8, and S100a9
expression induced by PBS plus LPS stimulation was reduced in peritoneal macrophages from TLR4KO
mice (Figure 2B). Pretreatment with S100A8 failed to reduce the gene expression of Tnfa, Il-1b, II-6,
Cxcl10, Mcp1, Mip-1a, S100a8, and S100a9 in TLR4KO peritoneal macrophages (Figure 2B). These results
suggested that S100A8 prevented the LPS-induced upregulation of inflammatory cytokine expression
through the modulation of TLR4-mediated signaling.

Attenuated increases in S100A8 levels during septic shock in the circulation and peritoneal
cells of mice with obesity and diabetes

First, we investigated whether ST00A8 levels were altered in the circulation or peritoneal cells during the le-
thal endotoxemia in mouse models of obesity and diabetes by injecting LPS intraperitoneally into ob/ob or
db/db mice, respectively. The BW and blood glucose levels of both db/db mice and ob/ob mice were signif-
icantly higher than those of control lean mice (Figures 3A-3D). The serum S100A8 levels in db/db or ob/ob
mice after intraperitoneal LPS or PBS injection were evaluated (Figure 3E). As expected, the serum S100A8
levels in both db/db mice and ob/ob mice were significantly higher than those in controls under nonseptic
conditions (PBS treatment) (Figures 3F and 3G). Although all mice showed increased serum S100A8 levels
after LPS-induced endotoxemia, the increment and concentration of S1T00A8 in the serum were significantly
reduced in db/db and ob/ob mice after LPS administration (Figures 3F and 3G). Then, we examined the
expression of the $100a8 gene in peritoneal cells from the above-described mice (Figure 3H). Peritoneal
cells from db/db or ob/ob mice showed significantly higher expression of $100a8 than those from control
mice without endotoxemia (Figures 3l and 3J). In contrast, the expression of $100a8 in peritoneal cells
was significantly lower in db/db and ob/ob mice during endotoxemia by LPS administration (Figures 3l
and 3J). In db/db mice, the response of peritoneal cells to the intraperitoneal injection of S100A8 was
also downregulated (Figures S8A and S8B). We next investigated the expression of $700a8 in isolated
peritoneal macrophages from db/db or ob/ob mice in the presence or absence of LPS in vitro (Figure 3K).
Peritoneal macrophages from db/db or ob/ob mice had increased S100a8 expression compared to the
respective controls in the absence of LPS (Figures 3L and 3M). However, peritoneal macrophages from
both db/db mice and ob/ob mice showed marked attenuation of S$100a8 induction after LPS administration
compared with those from lean and nondiabetic controls (Figures 3L and 3M). These results suggested that
obesity and diabetes cause insufficient ST00A8 production in peritoneal macrophages during endotoxemia.
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Figure 4. S100A8 supplementation improves survival rates in mice with obesity and diabetes during endotoxemia

db/db and db/+ mice at 8 weeks of age were used for experiments (A-C).

(A) The survival rates, (B) body temperature, and (C) blood glucose levels of mice injected with either PBS or ST00A8 (0.1 ng/gBW) 1 h after LPS (12.5 ng/gBW)
stimulation were measured at 12, 24, 36, and 48 h (n = 13).

ob/ob and wild-type (WT) mice at 8 weeks of age were used for experiments (D-F).

(D) The survival rates, (E) body temperature, and (F) blood glucose levels of mice injected with either PBS or ST00A8 (0.1 pg/gBW) 1 h after LPS (12.5 pg/gBW)
stimulation were measured at 12, 24, 36, and 48 h (n = 10).

C57BL/6J mice fed a Western diet (WD) or normal diet (ND) from 8 to 16 weeks of age were used for experiments (G-).

(G) The survival rates, (H) body temperature, and (I) blood glucose levels of mice injected with either PBS or ST00A8 (0.1 pg/gBW) 1 h after LPS (12.5 ng/gBW)
stimulation were measured at 12, 24, and 36 h (n = 10).

All data from three independent experiments are represented as the mean + SEM *p < 0.05, **p < 0.01.

Patients with obesity show relatively high sepsis mortality and increased serum S100A8 levels.*® Mice with
obesity-fed Western diet (WD) demonstrated increases in both BW (Figure 3N) and blood glucose levels
(Figure 30) compared with normal diet (ND)-fed mice. The expression of Il-1b, -6, Mcp1, S100a8, and
5$100a9 in peritoneal cells but not that of Tnfa, Cxcl10, and Mip-1a was significantly elevated in mice fed a
WD for 8 weeks compared with ND-fed mice (Figure 3P). The induction of Tnfa, $100a8, and S100a9 was
significantly blunted in peritoneal cells after the intraperitoneal injection of LPS in WD-fed mice compared
to ND-fed mice (Figure 3Q). In contrast, WD-fed mice demonstrated enhanced LPS-mediated upregulation
of Cxcl10and Mcp 1 expression in peritoneal cells (Figure 3Q). The increases in Il-1b, I-6, and Mip-Ta expres-
sion induced by LPS were similar between the groups (Figure 3Q). WD-fed mice failed to increase the
circulating S100A8 level in the serum after LPS injection (Figure 3R).

S100A8 supplementation improves lethal endotoxemia in mouse models of diabetes and
obesity

db/db mice had poorer survival rate than db/+ mice, the lean control mice, in LPS treatments (Figure 4A
left), and injecting of ST00A8 after LPS treatment improved db/db mice from death in LPS-induced endo-
toxemia (Figures 4A right and S9A). On the other hand, S100A8 did not modify either body temperature or
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Figure 5. Myelomonocytic cell-specific ST00A8 knockout mice were vulnerable to lethal endotoxemia, and exogenous S100A8 supplementation it
was protective
Myelomonocytic cell-specific $100A8 knockout (Lyz2°®:5100A8 oxed/loxedy mjce or $100A8 0/ loxed mice at 10 weeks of age were used for experiments.
(A) The mRNA expression of $100a8 in peritoneal macrophages and the lungs, spleen, pancreas, fat, inguinal lymph nodes, kidneys, and liver (n = 3).

(B) The percentage of Ly6G or F4/80 positive cells in peritoneal cells and the mean fluorescence intensity (MFI) of PE (Ly6G) and FITC (F4/80) staining were
analyzed by flow cytometry with anti-Ly6G-PE and anti-F4/80-Alexa488 antibodies (n = 6).
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Figure 5. Continued
C) mRNA expression of the indicated inflammatory cytokine and S100 genes in peritoneal macrophages incubated with PBS or LPS (2 pg/mL) for 2 h (n = 3).

E) Serum S100AS8 levels at 4 h after PBS or LPS (12.5 ug/gBW) injection (n = 3).

F) The survival rates, (G) body temperature, and (H) blood glucose levels of mice injected with either PBS or S100A8 (0.1 ng/gBW) at 1 h after LPS

(12.5 pg/gBW) stimulation were measured at 12, 24, 36, and 48 h (n = 5-8).

All data from three or four independent experiments are represented as the mean + SEM *p < 0.05, **p < 0.01; *p < 0.01 vs. Lyz2°®:5100A8/oxed/floxed
(LPS + S100A8).

(
(D) mRNA expression of the indicated inflammatory cytokine and S100 genes in peritoneal cells at 4 h after LPS (2 pg/mL) injection (n = 3).
(
(

blood glucose levels in db/db mice after LPS treatment (Figures 4B and 4C). ob/ob mice also had lower
survival rates than wild-type mice during LPS-induced endotoxemia (Figure 4D left), and S100A8 injection
improved survival rates of ob/ob mice after LPS administration (Figure 4D right and S9B). S100A8 injection
also changed neither body temperature nor blood glucose levels in ob/ob mice after LPS treatment
(Figures 4E and 4F). In LPS-induced endotoxemia, WD-fed mice with obesity showed a lower survival
rate than ND-fed mice (Figure 4G left). Supplementation with S1T00A8 after LPS injection rescued WD-
fed mice from death (Figures 4G right and S9C). However, S100A8 did not reverse the decreases in either
body temperature or blood glucose levels in WD-fed mice after LPS-induced endotoxemia (Figures 4H and
41). Thus, the increased mortality by endotoxemia in mice with obesity and diabetes can be remedied by the
addition of exogenous ST00A8.

Myelomonocytic cell-specific S100A8 knockout mice are vulnerable to lipopolysaccharide-
induced endotoxemia

Because S100A8 production was attenuated in peritoneal macrophages of mice with obesity and diabetes, we
generated myelomonocytic cell-specific S100A8 KO (Lyz2®:5100A8oxed/floxed) mice by crossing S100A8-
floxed (5100Ag7edfloxed) mice (Figure $10) with Lyz2-Cre mice. $100a8 mRNA expression was significantly
reduced in peritoneal macrophages, the lungs, and the pancreas but not in the spleen, fat, lymph nodes, kid-
neys, or liver in Lyz2:5100Ag8oxed/floxed iy ce compared to $100A871xe#/loxed mice (Figure 5A). The proportion
of Ly6G"F4/80" cells was increased in the peritoneal cells of Lyz2¢®:5100A870*¢foxed mice compared to those
of $100A8fexed/floxed mice, while the proportions of LyéG~F4/80" cells and Ly6G"F4/80" cells were decreased
(Figure 5B). However, there was no significant difference in the mean fluorescence intensity (MFI) of Ly6G or
F4/80 between S100A87oxed/foxed 5 d | yz29re:5100A80xedoxed peritoneal cells (Figure 5B). The expression
of Tnfa, Il-1b, Mip-1a, and Mcp1 was significantly upregulated, while Cxcl10 and S7100a8 expression was
significantly downregulated in peritoneal macrophages from Lyz2°®:5100A8/oxed/floxed mice compared to
those from S100A87oxed/floxed e after stimulation with LPS in vitro (Figure 5C). The expression of -6 and
5100a9 was not different between Lyz2e®:5100Agoxed/floxed 54 5100A87xedloxed macrophages. Further-
more, the intraperitoneal injection of LPS produced higher Tnfa and II-1b expression and lower Cxcl10 and
5100a8 expression in Lyz2°%:5100A81xed/loxed paritoneal cells than in $100A87xed/foxed paritoneal cells, while
the expression of -6, Mip-1a, Mcp1 and 5100a9 was not altered (Figure 5D). II-6, Mip-1a, Mcp1, and $100a9
expression in peritoneal cells was not different between the genotypes after LPS injection (Figure 5D). Then,
the effects of S100A8 supplementation in addition to LPS treatment were evaluated in the liver of
LyzZCre:S1OOASfloxed/ﬂoxed mice. There were no differences in serum AST, ALT, total cholesterol, or triglyceride
levels between Lyz2°%:5100A8foxed/floxed 5 4 5100Ag 0xedloxed mice after LPS + S100A8 injection (Figure 511).
The circulating S100A8 level in the serum was increased by LPS treatment in S100Ag7oxed/floxed jcq,
but this increase was blunted in Lyz2¢:S100A870xed/floxed  mice (Figure SE). ST100A8 deficiency in
myelomonocytic cells was associated with increased mortality after LPS treatment through 48 h (Figure 5F
left). Supplementation with recombinant ST00A8 after the intraperitoneal injection of LPS improved the survival
of Lyz2¢¢:5100A8oxed/floxed e at 48 h (Figures 5F right and $12). ST00A8 injection recovered the decrease in
body temperature caused by LPS-induced lethal endotoxemia in Lyz2°®:5100A80xed/floxed mice (Figure 5G).
Blood glucose levels showed no significant differences among all groups (Figure 5H).

DISCUSSION

In this study, we reported impaired ST00A8 production in myelomonocytic cells during lethal endotoxemia
associated with obesity and diabetes and the protective effects of ST00A8 on early mortality during endo-
toxic shock (Figure 6). ST00A8 prevented the LPS-induced upregulation of inflammatory cytokines in peri-
toneal cells both in vitro and in vivo, possibly through attenuating the TLR4-MyD88 pathway. Severe septic
shock is caused by an autoactivation loop in the cytokine production cascade: cytokine storm.*” ST00A8
may improve cytokine storm by suppressing key pathogenic cytokines. Here, we evaluated LPS-induced
lethal endotoxemia and multiple septic models including E. coli injection and CLP. The results for
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endotoxemia in lean subjects, and patients with obesity and diabetes

In lean subjects, adaptive induction of ST00A8 in myelomonocytic cells through TLR4-mediated signaling during
endotoxemia attenuates the excessive production of inflammatory cytokines and prevents lethal endotoxemia. In people
with obesity and diabetes, the insufficient induction of ST00A8 by endotoxemia, possibly due to chronic low-grade
inflammation, fails to suppress the chain reaction of inflammatory cytokine production and results in cytokine storm and
increased mortality. Exogenous supplementation with ST00A8 may be able to prevent death in patients with obesity and
diabetes during sepsis.

conditional KO mice and models of obesity and diabetes also supported the therapeutic potential of
S100A8 in preventing death from endotoxic shock in subjects with obesity.

Although the S100A8 homodimer reduced LPS-induced cytokine production, the ST00A8/A9 heterodimer
did not alter this cytokine production. In the serum, both the ST00A8 homodimer and the S1T00A8/A9 het-
erodimer are considered ligands for TLR4 and RAGE.'%"® Previous reports have indicated that the ST00A8
homodimer shows a more potent immunomodulatory effect in neonatal sepsis than does the ST00A8/A9
heterodimeric complex.’”** S100A8 attenuates the production of IL-6 and TNF-a in mouse monocytes
and human monocytes in response to LPS or bacteria via downregulation of phosphorylated p38
MAPK.?’ It has been reported that ST00A8 binds with several kinds of inflammatory cytokines, such as
TNF-a, IL-1B, and IL-6, to form S100A8-inflammatory cytokine complexes in vivo in acute inflammation.*®
Thus, ST00A8 may compete with LPS for receptor binding or lead to the attenuation of inflammatory re-
sponses independent of TLR4 or RAGE. In this study, the protective effects of S100A8 against inflammatory
responses were assumed to be dependent on TLR4 because ST00A8 was unable to prevent LPS-induced
inflammatory cytokine production in the absence of TLR4 in peritoneal macrophages.

CXCL10 expression showed different trends from other inflammatory cytokine expressions after
S100A8 treatment. Both ST00A8 and CXCL10 are known as markers for psoriasis.*’ Therefore, it may
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be possible that S100A8 has a different effect on CXCL10 compared with other cytokines. Since
each cytokine shows divergent time-dependent expression pattern in peritoneal macrophages after
LPS stimulation, time-course analysis might be required. Macrophages cultured with a large amount
of LPS spontaneously internalize LPS. The LPS-induced production of inflammatory cytokines in
TLR4KO peritoneal macrophages may occur through noncanonical inflammasome-mediated caspase-
11 activation by intracellular LPS independent of TLR4.%? Furthermore, our results also demonstrated
that TLR4 activation by LPS induced S7100a8 expression in peritoneal macrophages. Thus, signaling via
S100A8 may constitute an autoregulatory negative feedback loop of the TLR4 pathway to prevent excess
cytokine storm.

S100A8 supplementation after LPS injection improved inflammation in peritoneal cells, and S100A8 admin-
istration alone did not induce inflammation in the liver. However, supplementation with ST00A8 after the
LPS challenge did not reduce the production of inflammatory cytokines in the liver via the activation of
the TLR4-MyD88 pathway. A previous study reported that hepatocyte-specific TLR4 knockout mice
exhibited a decrease in LPS clearance in the liver and elevated serum IL-6 level after the intravenous
injection of LPS, while myeloid cell-specific TLR4 knockout mice demonstrated reduced serum IL-6 level *®
The liver eliminates pathogens, pathogen-associated molecular patterns, debris, cytokines, and other in-
flammatory metabolites during sepsis.** The effects of ST00A8 on the clearance of LPS in the liver has not
yet been worked out in detail. It also remains unclear why S100A8 showed different effects between peri-
toneal cells and the liver in terms of the inflammatory response to sepsis. It might be due to the differences
in RAGE-mediated effects of ST00A8 on each organ, non-circulating direct exposure of LPS to the liver
through peritoneal fluid, or the influence of Kupffer cells or liver sinusoidal endothelial cells in addition
to hepatocytes.

Mouse models of obesity and diabetes, including db/db, ob/ob, and WD-fed mice, showed insufficient
elevations in the ST00A8 levels in the circulation and peritoneal cells during lethal endotoxemia. Plasma-
free fatty acid (FFA) levels are increased in obesity, and FFAs have an effect on macrophages that regulates
the inflammatory response, possibly through TLR2 and TLR4.“** Persistent chronic inflammation is a
fundamental pathology of various diseases, such as obesity and diabetes.*® Chronic or persistent low-
grade stimulation of innate immune receptors causes desensitization of TLR signaling to prevent excessive
inflammation.”? Obesity-induced chronic inflammation attenuates responses to LPS in immune cells due to
impaired p38 MAPK signaling.”® Although obesity-induced increases in serum S100A8 levels have been
reported,”’ it remains unclear whether the responsiveness of S100A8 induction is altered. Obesity-related
chronic low-grade inflammation may impair S100A8 elevation after LPS administration due to TLR
desensitization. The reduced responsiveness to S100A8 in db/db mice also could be explained by chronic
elevation of basal ST00A8 level, which results in TLR desensitization. It has been reported that mice fed a
WD have increased disease severity and higher sepsis mortality than mice fed a standard fiber-rich diet.””
Because sepsis-prone mice with obesity and diabetes showed impaired elevations in ST00A8 levels during
endotoxemia, adaptive S100A8 induction probably plays an important role in the prevention of lethal
cytokine storm.

Considering the embryonic lethality of systemically knocking out S100A8 in mice, S100A9 KO mice have
often been used as an alternative for analysis of ST00A8 deletion because these mice do not express the
mature S100A8 protein due to its high metabolic turnover in the absence of S100A9.°"° Since
Lyz2°7¢:5100A8loxed/loxed naritoneal cells showed no changes in the fluorescence intensities of Ly6G and
F4/80 staining compared to peritoneal cells from S100A87xe@/floxed e, the deletion of S100A8 in mye-
lomonocytic cells did not affect the populations of neutrophils and monocytes. Since serum ST00A8 levels
in LyzZC'e:S‘IOOABHOXEd/ﬁOXGd mice were similar to those in control mice, the serum ST00A8 under non-septic
conditions might be predominantly derived from other cells including adipocytes. The significant
decreases in the expression of S100a8 in the lungs and pancreas of Lyz2*:S100A mice might
reflect abundant resident macrophages in these tissues. Our conditional KO mouse model indicated the
pathological significance of ST00A8 in each tissue.

8f/oxed/f/o><ed

It has been reported that the serum S100A8 levels in patients with sepsis are positively correlated
with disease severity.”® Based on our results, S1T00A8 may be adaptively elevated in severe sepsis
because of its protective function, rather than acting to aggravate the infection. Although serum
S100A8 levels in individuals with obesity are higher than those in lean individuals,®® whether the
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sepsis-induced elevation in ST100A8 is altered in patients with obesity is still unknown. Further clinical
studies on the association between S100A8 and sepsis in individuals with obesity or diabetes need to
be conducted.

In summary, S100A8 in peritoneal cells reduces sepsis-related inflammation and improves the lethality of
sepsis, and S100A8 supplementation may be a potential treatment for sepsis, especially in patients with
obesity and diabetes.

Limitations of the study

There are limitations to this study. The LPS used in this experiment was purified by phenol extraction from
E. coli 0111: B4 with a protein content of 1.72%. Therefore, the purity of LPS seems to be comparable to
other reagents for use in other reports. However, it is possible that non-specific effects of LPS, including
lipoproteins that activate TLR2, were observed in the analysis of TLR4AKO mice. It was not clear which
type of myelomonocytic cell contributes to the production of S100A8 during endotoxemia. In addition,
which organ was involved in the ST00A8-mediated regulation of endotoxemia remains unclear. Although
we demonstrated the protective effects of ST00A8 on endotoxemia or sepsis models until 72 h, one has to
also consider long-term survival rate or combination therapy with antibacterial agents for the clinical appli-
cation. The CFU assay of peritoneal lavage fluid after ST00A8 administration in sepsis models might reveal
the direct effects of ST00A8 on pathogens.
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Antibodies

PE Rat Anti-Mouse Ly-6G and Ly-6C
Clone RB6-8C5

Ms F4/80-Like Reptr Alexa 488 6F12

Beckton Dickinson

Beckton Dickinson

Cat# 561084; RRID: AB_394644

Cat# 564227, RRID: AB_2738682

Chemicals, peptides, and recombinant proteins

RNeasy Mini Kit

High-Capacity cDNA Reverse Transcription Kit
THUNDERBIRD SYBR gPCR Master Mix

LPS

Recombinant Mouse S100A8 Protein,CF
Recombinant Mouse S100A8/S100A9

Heterodimer Protein,CF
MF diet

Western diet

QIAGEN

Thermo Fisher Scientific
TOYOBO

SantaCruz

R&D

R&D

Oriental Yeast

Research Diets, Inc

Cat# 74106

Cat# 4368813
Cat# QPS-101
Cat# sc3535a
Cat# 9877-58-050
Cat# 8916-58-050

Cat# orien-mf500
Cat# D12079B

CRX-527 Invivogen Cat# tlrl-crx527
Critical commercial assays
TNF alpha Mouse Uncoated ELISA Kit with eBioscience Cati#f 88-7324-22

Plates
IL-6 Mouse Uncoated ELISA Kit with Plates

IL-1 beta Mouse Uncoated ELISA Kit with
Plates

Mouse S100A8 ELISA Kit

TG assay kit

Aspartate aminotransferase assay kit
Alanine aminotransferase assay kit

Cholesterol assay kit

eBioscience

eBioscience

Abcam

FUJIFILM Wako Pure Chemical Corporation
FUJIFILM Wako Pure Chemical Corporation
FUJIFILM Wako Pure Chemical Corporation
FUJIFILM Wako Pure Chemical Corporation

Cat# 88-7064-22
Cat# 88-7013-22

Car# ab213886
Cati# 467-08994
Cat# 631-22751
Cati#f 638-22761
Cat# 635-50981

Glutest Neo Super Sanwa Chemical Co. N/A

Experimental models: Cell lines

Hepa 1-6 RIKEN Bioresource Center RCB1638

Experimental models: Organisms/strains

Mouse: WT C57BL6/J Jackson Laboratory JAX. 000664

Mouse: BKS.Cg—m+/+Leprdb/Jc| (Db/m) Jackson Laboratory JAX. 000662

Mouse: BKS.Cg- + Leprdb/+Leprdb/Jc| (Db/db) Jackson Laboratory JAX. 000642

Mouse: B6.V-Lep®?/J Jackson Laboratory JAX. 000632

Mouse: Bé(Cg)—TIr4““7'2Ka’P/J Jackson Laboratory JAX. 029015

Mouse: B6.129P2-Lyz2'm(crelifos Jackson Laboratory JAX. 004781

Oligonucleotides

Primers for qPCR, see Table S1 This paper N/A

Software and algorithms

Prism 8 software (GraphPad Software) https://www.graphpad.com/scientific- N/A
software/prism/

JMP 16 https://www.jmp.com/ja_jp/home.html N/A
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Other

7900 Real-Time PCR System Applied Biosystems N/A

FACS Canto Il BD biosciences N/A

Rectal thermometer Natsume Seisakusho Co. KN-91-AD-1687-M

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directly to and will be fulfilled by
Jun Shirakawa (jshira@gunma-u.ac.jp).

Materials availability

Mouse lines generated in this study (5100A8-floxed mice) are available from the lead contact upon request.

Data and code availability

® There are no new dataset in this paper.
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals and animal care

Animals were housed in a room maintained at a constant temperature (25°C) under a 12-hour light (07:00)/
12-hour dark (19:00) cycle, and the animals were provided free access to food and water. C57BL/6J mice
were purchased from CLEA Japan. All mice used in this study were male and on the C57BL/6J background.
TLR4 KO, db/db, db/+, and ob/ob mice were purchased from Oriental Bio Service. To generate S100A8-
floxed mice, a 516-bp region containing exons 2 and 3 of the mouse $100a8 gene was replaced with a loxP-
flanked neomycin resistance (neo) gene cassette. Targeted embryonic stem cell clones were injected into
8-cell-stage ICR embryos to generate chimeric mice. The neo cassette was removed by crossing mice het-
erozygous for the targeted conditional KO allele with Flp-deleter mice. $100A87oxed/floxed mica were then
crossed with mice expressing the Cre recombinase gene under the control of the lysozyme M gene regu-
latory region (Lyz2°¢, The Jaxon laboratory, JAX 004781) to generate the KO allele (Figure S10).
5100A8floxed /floxed mice were studied as controls. The primers for genotyping the conditional KO mice
were P1 (5-CTTTCCCATGACTGCTCCTC-3') and P2 (5-CCACCTACCCCAAGACAGAA-3'), which yielded
a 350-bp product for the wild-type (WT) allele and a 431-bp product for the floxed allele. MF diet (Carbo-
hydrate 61.4%, Protein 25.8%, Fat 12.8%,; Oriental Yeast) was used as the standard diet. The Western Diet,
D12079B (Carbohydrate 43.0%, Protein 17.0%, Fat 41.0%; Research Diets, Inc), was given to mice used to
model diet-induced obesity.

This study was conducted with the approval of the Animal Care Committee of Gunma University (21-035)
and Yokohama City University (permit no. F-A-19-019). All the animal procedures were performed in accor-
dance with the institutional animal care guidelines and the guidelines of the Animal Care Committee of
Gunma University and Yokohama City University.

METHOD DETAILS
In vitro stimulation

Peritoneal cells, including macrophages, were harvested by peritoneal lavage with PBS, as previously
described.”” Peritoneal macrophages (2.0¥10° cells) were stimulated with LPS (2 ng/ml) (Santa Cruz),
S100A8 (0.3 ng/mL) (R&D), or STO0A8/A9 (0.65 ng/mL) (R&D). Hepal-6 murine hepatoma cells (5.010% cells)
(RIKEN Bioresource Center, RCB1638) were stimulated with ST00A8 (0.3 pg/mL) (R&D) or S100A8/A%
(0.65 pg/mL) (R&D).
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In vivo stimulation: lethal endotoxemia and experimental sepsis

Mice were injected intraperitoneally with PBS (100 pl), LPS (12.5 ng/g body weight (BW)) or S100A8
(0.1 ng/gBW). Peritoneal cells were harvested at 4 hours. Serum samples were collected after 24 hours. Peri-
toneal cells were harvested at 4 hours and survival rate was assessed at 48 or 72 hours after treatment were
established. As practical models of sepsis, intraperitoneal injection of Escherichia coli (2.0*10° CFU per
mouse, DH5a) and cecal ligation and puncture (CLP) were performed. Mice underwent CLP with a 21-g
needle to induce polymicrobial sepsis; the procedure was performed as previously described.”® Immedi-
ately and 24 hours after CLP, mice were fluid resuscitated with PBS (20 uL/gBW) or S100A8 (0.1 ng/gBW)
injection. Core body temperature was monitored using a rectal thermometer (Natsume Seisakusho Co.,
KN-91-AD-1687-M).

Real-time PCR

Total RNA was isolated from each tissue using an RNase-free DNase and RNeasy Kit (Qiagen). cDNA was
prepared using High-Capacity cDNA Reverse-Transcription Kits (Thermo Fisher Scientific). Quantitative
PCR (gPCR) was performed by using Expression Assays (7900 Real-Time PCR System, Applied Biosystems)
with THUNDERBIRD SYBR gPCR Master Mix (TOYOBO). Data were standardized according to the expres-
sion level of B-actin. The primer sequences are shown in Table S1.

Measurement of biochemical parameters

The serum S100A8 levels in mice were determined using a Mouse S100A8 ELISA Kit (Abcam, catalog no.
ab213886). To measure the serum cytokine levels in mice, we used a TNF alpha Mouse Uncoated ELISA
Kit (Thermo Fisher Scientific, catalog no. 88-7324-22), an IL-1 beta Mouse Uncoated ELISA Kit (Thermo
Fisher Scientific, catalog no. 88-7013-22), and an IL-6 Mouse Uncoated ELISA Kit (Thermo Fisher Scientific,
catalog no. 88-7064-22). Blood glucose levels were evaluated with Glutest Neo Super (Sanwa Chemical
Co.). Serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), total cholesterol, and tri-
glyceride levels were assayed by enzymatic methods (Wako Pure Chemical Industries).

Flow cytometry

Peritoneal cells from myelomonocytic cell-specific S1T00A8 KO mice and control mice were stained with an
Alexa Fluor 488-labeled anti-F4/80 (6F12) antibody (BD Biosciences) or a PE-labeled anti-Ly6G (RB6-8C5)
antibody (BD Biosciences). Neutrophils and macrophages were identified as Ly6G-positive and F4/80-pos-
itive cells, respectively, by flow cytometry. Flow cytometry was performed using a FACSCanto Il (BD
Biosciences).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All experiments were independently repeated at least three times. All the data are expressed as the
mean t SEM. Differences between two groups were analyzed by Student’s t test. For comparisons among
more than two groups, we used one-way ANOVA followed by Tukey’s HSD post hoc test. The log-rank test
was used to evaluate mouse survival. Prism 8 (GraphPad 551 Software) and JMP 16 (SAS) were used for sta-
tistical analysis. Differences were considered significant if the p value was <0.05 (*) or <0.01 (**).
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