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IMMUNOLOGY

Identification of procathepsin L (pCTS-L)-neutralizing
monoclonal antibodies to treat potentially lethal sepsis

Cassie Shu Zhu'2t, Xiaoling Qiang’?t, Weigiang Chen'-2%, Jianhua Li’, Xigian Lan’, Huan Yang’,
Jonathan Gong'-?, Lance Becker'-2, Ping Wang'-2, Kevin J. Tracey'?, Haichao Wang'-2*

Antibody-based strategies have been attempted to antagonize early cytokines of sepsis, but not yet been tried
to target inducible late-acting mediators. Here, we report that the expression and secretion of procathepsin-L
(pCTS-L) was induced by serum amyloid A (SAA) in innate immune cells, contributing to its late and systemic
accumulation in experimental and clinical sepsis. Recombinant pCTS-L induced interleukin-6 (IL-6), IL-8, GRO-a/
KC, GRO-B/MIP-2, and MCP-1 release in innate immune cells and moderately correlated with blood concentra-
tions of these cytokines/chemokines in clinical sepsis. Mechanistically, pCTS-L interacted with Toll-like receptor
4 (TLR4) and the receptor for advanced glycation end products (RAGE) to induce cytokines/chemokines. Phar-
macological suppression of pCTS-L with neutralizing polyclonal and monoclonal antibodies attenuated pCTS-L—
mediated inflammation by impairing its interaction with TLR4 and RAGE receptors, and consequently rescued
animals from lethal sepsis. Our findings have suggested a possibility of developing antibody strategies to
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prevent dysregulated immune responses mediated by late-acting cytokines.

INTRODUCTION

Microbial infections and resultant sepsis syndromes are the most
common causes of death in intensive care units, accounting for ap-
proximately 20% of total deaths worldwide (I). Its pathogenesis
remains poorly understood but is partly attributable to dysregulated
innate immune responses (e.g., hyperinflammation and immuno-
suppression) to lethal infections (2). To mount efficient inflamma-
tory responses, innate immune cells use various pattern recognition
receptors [PRRs; e.g., Toll-like receptor 4 (TLR4)] (3) to recognize
distinct classes of molecules shared by related microbes known as
“pathogen-associated molecular patterns” [PAMPs; e.g., bacterial
endotoxins and lipopolysaccharide (LPS)]. For instance, upon de-
tecting minute amount of endotoxins by an LPS-binding protein
(LBP) (4), a co-receptor cluster of differentiation 14 (CD14) (5) de-
livers it to the high-affinity cell-surface PRR, TLR4 (3), thereby trig-
gering the immediate release of “early” cytokines such as tumor
necrosis factor (TNF) (6), interleukin-1p (IL-1B) (7), and interfer-
on-y (IFN-y) (8).

However, if excessive amounts of LPS are internalized via CD14/
TLR4-mediated endocytosis or bacterial outer membrane vesicles
(9), it induces oligomerization and activation of cytoplasmic
Casp-11/4/5 receptor (10), resulting in dysregulated pyroptosis
and consequent leakage of late-acting damage-associated molecular
patterns (DAMPs) such as high mobility group box 1 (HMGB1)
(11) and sequestosome-1 (SQSTM1) (12). When HMGBI is secret-
ed by innate immune cells in relatively low amounts, it binds high-
affinity TLR4 receptor to augment inflammation during an early
stage of sepsis (13). However, when HMGBI is passively released
by pyroptotic cells in overwhelmingly higher quantities, it could
also bind to other low-affinity receptors, such as the receptor for
advanced glycation end product (RAGE), thereby inducing
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immune tolerance (14), pyroptosis (15, 16), and immunosuppres-
sion (17) that may adversely compromise the host's ability to erad-
icate microbial infections (18). Consequently, HMGBI has been
characterized as a late-acting DAMP and mediator of lethal sepsis
with a relatively wider therapeutic window than early proinflamma-
tory cytokines (11, 13, 19).

In parallel, early cytokines (e.g., TNF, IL-1p, and IFN-y) also
induce proinflammatory mediators such as serum amyloid A
(SAA) in hepatocytes (20). Upon secretion, extracellular SAA uses
TLR4 (2I) and RAGE (22) to induce hemichannels (e.g., connexin
43 and pannexin 1) (23, 24) and secretory phospholipase A, (e.g.,
SPLA,-IIE/V) (25), thereby triggering HMGBI release and serving
as a mediator of lethal sepsis (26). However, it was previously
unknown whether SAA also induces other “late-acting” cytokines
that can be therapeutically targeted in a delayed regimen.

Cathepsin L (CTS-L) is a papain-like lysosomal enzyme respon-
sible for degrading endocytosed proteins to generate immunogenic
antigens for adaptive immunities. Although human and murine
proCTS-L (pCTS-L) share nearly 86% of sequence homology,
they exhibit only 59% homology to the counterpart pCTS-L of a dis-
tantly related liver fluke parasite (27). Unlike other papain enzymes,
CTS-L is inducible in some malignantly transformed tumor cells by
various growth factors, and the leader-less precursor, pCTS-L, can
be secreted extracellularly (28) to facilitate tumor invasion and me-
tastasis (29). Even in nontransformed cells, some inflammatory
(e.g., LPS, IFN-y, or IL-6) (30, 31) and noxious stimuli [e.g.,
alcohol, cigarette smoking, and ultraviolet (UV) irradiation] (32—
34) similarly stimulate the expression and secretion of pCTS-L in
innate immune cells (30, 33) or nonimmune cells such as hepato-
cytes (32), dermal fibroblasts (34), and synovial fibroblasts (31).
However, it was previously unknown (i) whether an intermediate
mediator, SAA, similarly induces pCTS-L expression and secretion
and (ii) whether pCTS-L can be therapeutically targeted in a delayed
fashion. Here, we provided compelling evidence to support (i) a
previously unidentified role for extracellular pCTS-L in the patho-
genesis of lethal sepsis and (ii) a promising therapeutic potential of
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pCTS-L-neutralizing monoclonal antibodies (mAbs) in preclinical
model of sepsis.

RESULTS

Identification of pCTS-L as an SAA-inducible and

secretory protein

To search for late-acting mediators of sepsis, we characterized SAA-
inducible proteins in murine macrophage-conditioned culture
medium. Prolonged stimulation with SAA resulted in a marked el-
evation of the extracellular content of a 40-kDa protein (“P40";
Fig. 1A), which was identified as murine pCTS-L by in-gel
trypsin digestion and mass spectrometry (MS) (Fig. 1A). To verify
its identity, the culture medium conditioned by SAA- or LPS-stim-
ulated macrophages was immunoblotted with a pCTS-L-specific
mADb, which confirmed a marked pCTS-L release in response to
SAA or LPS stimulation (Fig. 1B). In addition, we stimulated
human primary peripheral blood mononuclear cells (PBMCs)
with LPS, SAA, or HMGBI for 16 hours and measured pCTS-L
content in both PBMC-conditioned medium (“e-pCTS-L";
Fig. 1C and fig. S1A) and PBMC lysates (“i-pCTS-L"; Fig. 1D and
fig. S1B) using different antibodies. The amounts of both intra- and
extracellular pCTS-L were similarly elevated by LPS and SAA, but
not by HMGBI (Fig. 1, C and D, and fig. S1, A and B), suggesting
that both microbial PAMPs and host proinflammatory mediators
induced pCTS-L expression and secretion in innate immune cells.

Up-regulation and systemic accumulation of pCTS-L in
experimental sepsis

To confirm its up-regulation in vivo, we used real-time reverse tran-
scription polymerase chain reaction (RT-PCR) to survey the mRNA
expression profiles of several Cts genes including Ctsb, Ctse, Ctsl,
and Ctss in septic animals (Fig. 2A). In line with a possible role of
CTS-S in murine and human pancreatitis (35), the expression of
Ctss mRNA was selectively elevated in the heart of septic mice at
24 hours after cecal ligation and puncture (CLP) (Fig. 2A). In a
sharp contrast, the expression of Ctsl mRNA was uniformly elevated
in the heart, intestine, kidney, liver, lung, and spleen (Fig. 2A), sug-
gesting that Ctsl was predominantly up-regulated in experimental
sepsis. These findings were consistent with a previous report that
Ctsl was up-regulated by threefold in the skeletal muscle as early
as 2 days after Escherichia coli infection (36). To assess its kinetics
of systemic accumulation, we measured circulating pCTS-L protein
concentrations at several time points after CLP. Circulating pCTS-L
was not detected in normal healthy animals, but time dependently
elevated in septic animals, approaching plateau at 24 to 32 hours
after CLP (Fig. 2B), a time period when some septic animals
started to succumb to death. It suggested a relatively late and sys-
temic pCTS-L accumulation in a preclinical model of sepsis.

Systemic accumulation of pCTS-L and other surrogate
biomarkers in clinical sepsis

To evaluate its clinical relevance, we used various immunoassays to
characterize the dynamic changes of circulating pCTS-L in parallel
with several surrogate markers of clinical sepsis. Although pCTS-L
was not detected in the plasma of normal healthy controls ("H";
Fig. 3, A and C, and fig. S2, A and B), it was significantly elevated
in age- and sex-matched septic patients at 0 to 72 hours after their
clinical diagnosis (Fig. 3, A and B; fig. S2B; and table S2) and
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paralleled with the systemic accumulation of a late-acting DAMP,
HMGBI1 (Fig. 3C). In patients with clinical sepsis, the plasma
pCTS-L contents also moderately correlated with corresponding se-
quential organ failure assessment (SOFA) scores (Fig. 3D) and the
blood concentrations of several cytokines (IL-6) and chemokines
(GRO, IL-8, and MCP-1; Fig. 3D) previously characterized as sur-
rogate markers of experimental (37, 38) and clinical sepsis (39).
These findings have confirmed a sustainably late and systemic accu-
mulation of pCTS-L in preclinical and clinical settings.

Requirement of TLR4 and RAGE receptors for pCTS-L-
induced dysregulated inflammation

In light of the TLR4 dependence of a distantly related liver fluke
pCTS-L (fig. S3A) in activating dendritic cells (27), we generated
recombinant human and murine pCTS-L proteins (fig. S3B) to
verify their possible interaction with TLR4 and other receptors
using the Open Surface Plasmon Resonance (OpenSPR). When
highly purified human pCTS-L was immobilized onto a sensor
chip and human TLR4 or RAGE was respectively applied as analytes
at various concentrations, pCTS-L exhibited high affinities to both
TLR4 [with an estimated equilibrium dissociation constant
(Kg) = 20.2 = 3.5 nM; Fig. 4A, top] and RAGE (K4 = 3.5 £ 2.6
nM; Fig. 4B, top). Conversely, when TLR4 or RAGE receptor was
respectively conjugated to a sensor chip and pCTS-L ligand was
applied as analyte, pCTS-L exhibited a similarly strong interaction
with TLR4 (K4 = 64.4 nM; Fig. 4A, bottom) and RAGE (K4 = 3.0
nM; Fig. 4B, bottom), suggesting a possibility that pCTS-L might
elicit dysregulated inflammation through these PRRs.

To test this possibility, we first determined whether genetic dis-
ruption of TLR4 and RAGE expression impaired pCTS-L-induced
dysregulated inflammation. The disruption of TLR4 alone markedly
reduced the pCTS-L-induced secretion of most cytokines (e.g., IL-6
and IL-12) and chemokines (e.g., RANTES, MCP-1, MIP-1y, and
LIX) except for MIP-2/GRO-B and KC/GRO-a (Fig. 5A), two neu-
trophilic surrogate markers of experimental sepsis (37). However,
the double knockout (KO) of both TLR4 and RAGE resulted in a
complete abolishment of all pCTS-L-induced cytokines and che-
mokines that included KC/GRO-a and MIP-2/GRO-p (Fig. 5A
and fig. S4). Similarly, intraperitoneal administration of pCTS-L
induced systemic accumulation of granulocyte colony-stimulating
factor (G-CSF), soluble tumor necrosis factor receptor I (sTNF-
RI), and several chemokines (e.g., BLC and MIP-1y) in wild-type
(WT) (fig. S5) but not in mutant mice deficient in TLR4 and
RAGE (fig. S5), confirming an important role for both TLR4 and
RAGE in pCTS-L-mediated dysregulated inflammation in vivo.

Excessive inflammation is often accompanied by a parallel up-
regulation and activation of Casp-11/4/5, which triggers dysregu-
lated inflammasome activation, pyroptosis, and passive DAMP
release (12). pCTS-L dose dependently induced pro—Casp-11 ex-
pression and Casp-11 maturation in peritoneal macrophages
derived from WT but not from TLR4/RAGE-deficient mice
(Fig. 5B). Similarly, pCTS-L dose dependently induced the release
of SQSTM1 from WT (Fig. 5C) but not TLR4/RAGE-deficient mac-
rophages (Fig. 5C). Collectively, these findings support an impor-
tant role for TLR4 and RAGE in pCTS-L-mediated dysregulated
inflammation as well as in Casp-11-associated dysregulated pyrop-
tosis and immunosuppression.
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Fig. 1. Identification of pCTS-L as an inducible and se- A Murine M® C Human PBMCs
cretory protein from activated innate immune cells. (A SDS-PAGE WB (e-pCTS-L)
and B) Characterization of pCTS-L as a secretory protein in | 300 *
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pCTS-L by mass spectrometry (A) and confirmed by Western 10- 0 Lo
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Requirement of TLR4 and RAGE receptor for pCTS-L-
induced tissue injury

To elucidate the role of pCTS-L in sepsis, we intraperitoneally in-
jected mice with recombinant pCTS-L at suprapathological doses
and found that pCTS-L caused marked injuries to the liver (i.e.,
the increase in hepatocellular necrosis, cytoplasmic vacuolization,
and sinusoidal congestion; Fig. 6, A and B) and intestine (i.e., the
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loss of villi; Fig. 6A). Notably, the pCTS-L-induced tissue injuries
were more rigorous in WT C57BL/6 mice as compared with mutant
C57BL/6 mice deficient in both TLR4 and RAGE (Fig. 6B), support-
ing an important role for these PRRs in pCTS-L-mediated tissue
injuries.

To further elucidate the mechanisms underlying pCTS-L-medi-
ated pathogenesis, normal healthy Balb/C mice were
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Fig. 2. Blood pCTS-L protein concentrations were time dependently elevated in experimental sepsis. A
(A) Up-regulation of Ctsl mRNA in experimental sepsis. Male and female Balb/C mice were sacrificed at 3.0 -
24 hours after CLP to harvest various tissues to isolate total mRNAs for real-time RT-PCR analysis of Ctsb, Ctse,
Ctsl, and Ctss mRNA expression (expressed as AU) with reference to a housekeeping gene, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). *P < 0.05 versus “— CLP" by one-way ANOVA. (B) Blood pCTS-L levels
were time dependently increased in experimental sepsis. Male Balb/C mice were sacrificed at various time e
points after CLP surgery to harvest blood samples for measuring serum pCTS-L contents by Western blotting 10 4 A*E‘A‘:.EA
with reference to highly purified recombinant pCTS-L at various dilutions. N = 5 mice (biological replicates).

*P < 0.05 versus — CLP by one-way ANOVA.

intraperitoneally administered with recombinant pCTS-L, and
various tissues were harvested to characterize the expression
profile of a full catalog of transcripts by RNA sequencing (RNA-
seq). Administration of pCTS-L markedly up-regulated several
genes involved in the acute-phase response (e.g., SAA1/2/3, Hp,
and Hpx) and coagulation (e.g., Fga, Fgb, and Fgg) in the liver
(Fig. 6C) and bacterial killing (e.g., Reg3b and Reg3g) in the
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intestine (Fig. 6C). For instance, administration of pCTS-L
induced a marked increase in hepatic mRNA expression (Fig. 6C)
and protein content (Fig. 6D) of fibrinogen-y (FGG), a substrate for
thrombin-catalyzed production of fibrin, which can aggregate to
form three-dimensional structural network capable of binding
platelets and trapping blood cells to form thrombus (40).
However, the possible roles of other altered genes in the
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Fig. 3. Blood pCTS-L levels were elevated in septic patients and moderately correlated with surrogate markers of experimental and clinical sepsis. (A) Western
blotting of plasma pCTS-L in a representative normal healthy control ("H") and a septic patient ("S") at three time points after diagnosis. (B) Cytokine antibody array
analysis of 42 cytokines and chemokines in a representative normal healthy control (H) and a septic patient at three time points after the clinical diagnosis. (C) Parallel
changes of plasma pCTS-L levels with SOFA scores, as well as surrogate markers of sepsis. n = 8 to 10 biological replicates. *P value versus normal controls (“N”) and #P
value versus septic patient at time 0 (within 24 hours of sepsis diagnosis) by nonparametric Kruskal-Wallis ANOVA test. (D) Correlation between plasma pCTS-L levels and
SOFA scores, as well as surrogate markers of sepsis. The Spearman rank correlation coefficient test was used to evaluate associations between two variables that exhibit
nonnormal distribution.
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Fig. 4. pCTS-L dose dependently interacted with TLR4 and RAGE receptor. Recombinant human pCTS-L (A and B, top), human TLR4 [residues 1 to 631 (A, bottom)], or
the extracellular domain of RAGE [residues 1 to 344 (B, bottom)] was immobilized on the NTA sensor chip, and various analytes (e.g., TLR4, RAGE, or pCTS-L) were re-
spectively applied as analyte at different concentrations to estimate the equilibrium dissociation constant Ky. Representative K4 or mean + SEM of eight independent

experiments was shown (n = 8 technical replicates).

pathogenesis of pCTS-L-mediated tissue injury remain an exciting
subject of future studies.

Genetic deletion of Cts/ conferred protection against
sepsis-induced tissue injury

To confirm the pathogenic role of pCTS-L in sepsis, we first at-
tempted the genetic gene KO approach by obtaining a few breeding
pairs of heterozygous Ctsl/*/~ KO mice. Unfortunately, female
Ctsl~/= KO mice were found infertile, because CTS-L was still
needed for the normal degradation of the follicle wall to release
mature oocytes during the process of ovulation (41). Similarly,
male CtsI™~ KO mice might also suffer from poor reproductivity,
because mutant mice expressing inactive CTS-L were also
found abnormal in spermatogenesis (42). Therefore, we bred
heterozygous Ctsl™/~ mice to produce a limited number of genetic
background-, age-, and sex-matched WT littermates (Ctsl*/*) and
pCTS-L—deficient (Ctsl~/~) mice. The genotypes of WT littermates
and Ctsl KO mice were confirmed by genotyping (Fig. 7A) and im-
munoblotting (Fig. 7B) of tail and serum samples, respectively.
Consistent with previous findings that genetic deletion of Ctsl led
to an attenuation of pancreatitis (43), atherosclerosis (44), intimal
hyperplasia (45), and antigen-induced arthritis (46), we found
that genetic disruption of pCTS-L similarly lessened CLP-induced
injury to the liver (Fig. 7C), confirming a pathogenic role of pCTS-L
in lethal sepsis.
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pCTS-L-neutralizing pAbs conferred protection against
lethal sepsis

To confirm its extracellular role in sepsis, we generated pCTS-L—
specific polyclonal antibodies (pAbs) in rabbits (fig. S6) and
tested their pharmacological effects on the lethal outcomes of
sepsis. The epitope profiles of anti-pCTS-L rabbit serum were de-
termined by dot blotting with 24 synthetic peptides corresponding
to different region of murine or human pCTS-L proteins (figs. S6, A
and B, and S7A), which revealed the presence of pAbs recognizing
two homologous peptides corresponding to residues 175 to 193
("P12") and residues 194 to 214 ("P13") of murine and human
pCTS-L (figs. S6B and S7A). Anti-murine pCTS-L total immuno-
globulin Gs (IgGs) (pAbs) conferred a dose-dependent and signifi-
cant protection against lethal sepsis in both male and female mice
when the first dose was given at 2 hours after CLP (Fig. 7B, top left).
Anti-murine pCTS-L rabbit serum was subjected to protein A affin-
ity chromatography to harvest total IgGs (“pAbs”; fig. S7A), which
was then subjected to pCTS-L antigen affinity chromatography to
isolate antigen-binding IgGs (A-IgGs) (fig. S7A). In a sharp contrast
to the non—pCTS-L-binding control IgGs (C-IgGs), pCTS-L
antigen affinity-purified 1gGs (A-IgGs) completely abrogated the
pCTS-L-induced production of cytokines and chemokines (fig.
S7B), which included the TLR4-dependent IL-6, MIP-1y, LIX,
RANTES, and MCP-1 (Fig. 5B) as well as the RAGE-dependent
KC/GRO-a and MIP-2/GRO-f (Fig. 5B and fig. S4). Thus, our find-
ings suggested that anti-pCTS-L pAbs conferred protection against
lethal sepsis partly by attenuating pCTS-L-induced dysregulated in-
flammation orchestrated by both TLR4 and RAGE receptors.

6 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

A Cytokine antibody arrays
TLR4 KO TLR4/RAGE dKO
A e 1 > SDFa LPT__ 14  Eotaxin2 + +
*e iy e A ) » TARC :JAEM :IL-S__ FasL  + +
- Py aa
‘ﬁ B BLC
Q Lrie e : con
D (ises snds | [§FFF et o=+ [REEE= 0~ “WIP3F  IL47 _ IGFBP.S  CD30T
1 1 f VCMA MP3a 1KC  |lda CDAD
Y VEGFA PE4  LopinR 1B CRG2
P-Selectin Leptin  IL-2 CTACK
|RAN 7 CXCL16
. Eotaxin
..
e
.
.
(2]
'— -
O
(=}
+
.
s » .. RANTES
-pCTS-L +pCTS-L -pCTS-L +pCTS-L -pCTS-L +pCTS-L
* *
25 * 30 a 20 4
e -
25 N A
© 2 c T % x < 15
P15 o 4
=t O 15 e # Yo ‘L #
10 = 10 _3% pos *‘_% § ah - s =
5 # = 5
L TTe 3
0 0 0
*
*
80 * & & 5 @ *
25 :? 5 50 o % =
o~ 20 7 40 # g 40 #
AARE Lo [E A ;.‘!. & 30 A
10 =2 5 . 2 e
5 # i R e #
S # P
0 leas aan e PV 0 0
*
15.0 40 * 35 a
* a
125 N — g 3 e
= adx o 30 ry L
o 10.0 w o
I.I'. 75 E 20 g 20
. 5 s ®
w 50 # 10 b @ W 4 #
25 e T R = e 5
EYwe - o A o Al v e
0 3
< = =
E2¢gs¢g¢ E2 g2 E2¢gs¢2¢
< © < ° s © <t © <t © <t O
Ee Eox e Ex Ee Ex
- F - F - F - F - F - F

B Western blots
WT T/R dKO
70 -
55 -
35 FPro-casp-11
- Casp-11
25 -
W | e e - B-Actin
pCTS-.L - - 0510 - - 05 1.0 (ug/mi)
WT T/R dKO
5 80 1 i T MeanzSE
< =i
= 60 1 . ‘J_E‘A mej.”
= 2 S edian
o 40 1
® ’J‘&
O 20 # #
f e et
a 07
40 *
A
5 30 1
<
= 20 1 *
= A
';’-. 10 i
© # #
O o {4asa PYVVEPVVONE
pCTS-L - 05 10 - 05 1.0 (ug/ml)
c ELISA
WT T/IR dKO
800 - *
A
. _z'_% T Mean+SE
E 600 - * s UNISER
g = -==* Median
< 400 -
E #
& 200 # 5
) =
AEEA ==
0
pCTS-.L - 05 10 - 05 1.0 (ug/ml)

Fig. 5. Critical roles of TLR4 and RAGE in pCTS-induced secretion of cytokines and chemokines. (A) Disruption of both TLR4 and RAGE completely abrogated pCTS-
L-induced production of cytokines and chemokines. Thioglycollate-elicited primary macrophages were isolated from WT C57BL/6 or mutant mice deficient in either TLR4
alone (TLR4 KO) or both TLR4 and RAGE [TLR4/RAGE double KO (T/R dKO)]. Following stimulation with pCTS-L (0.5 ug/ml) for 16 hours, the extracellular levels of cytokines
and chemokines were determined by cytokine antibody arrays. n = 4 mice per group (biological replicates). *P < 0.05 versus negative control (“— pCTS-L") of respective
genotype and *P < 0.05 versus positive control (“+ pCTS-L") of WT. (B and C) Disruption of both TLR4 and RAGE abrogated pCTS-L-induced Casp-11 expression and
SQSTMT1 release. n = 4 mice per group (biological replicates). *P < 0.05 versus negative control (— pCTS-L) of respective genotype and #P < 0.05 versus positive control (+
pCTS-L) of WT with respective treatment regimens (0.5 or 1.0 ug/ml).

Generation of mAbs against murine and human pCTS-L

To develop potential therapies for human sepsis, we generated
mAbs against both murine and human pCTS-L and explored
their therapeutic potential by administering the first dose of mAb
to septic animals in a delayed fashion—starting at 24 hours after
CLP, a time point when circulating pCTS-L approached plateau

Zhu et al., Sci. Adv. 9, eadf4313 (2023)

3 February 2023

concentrations and some septic animals started to succumb to

death. Most of the mAbs cross-reacted with two homologous pep-
tides corresponding to residues 175 to 193 (P12) or residues 194 to
214 (P13) of murine and human pCTS-L (Fig. 8A and fig. S8, A and
B). Notably, mAbs cross-reacting with P12 peptide (e.g., mAb30)
did not significantly affect animal survival when given at a wide
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Fig. 6. Intraperitoneal administration of recombinant pCTS-L caused more severe pathological changes in the WT than in mutant mice deficient in TLR4 and
RAGE. (A and B) pCTS-L induced more severe liver injury in WT Balb/C or C57BL/6 than in mutant mice deficient in TLR4 and RAGE. Recombinant murine pCTS-L was
intraperitoneally given to WT Balb/C [20 mg/kg (A)] or C57BL/6 mice [40 mg/kg (B)] or mutant C57BL/6 mice deficient in TLR4 and RAGE [40 mg/kg (B)], and intestine and/
or liver tissues were harvested 24 hours later for hematoxylin and eosin staining. n = 7 samples per group (biological replicates). *P < 0.05 versus negative control (— pCTS-
L) and #P < 0.05 versus positive control (+ pCTS-L) of WT. (C) Heatmap of top 30 genes differentially expressed in the pCTS-L—challenged Balb/C mice. A biclustering
heatmap was used to visualize the expression profile of the top 30 differentially expressed genes that were sorted by their adjusted P value and log, fold changes. Genes
with an adjusted P value of <0.05 and absolute log, fold change of >2 were defined as differentially expressed. Each row represents a gene, and each column represents
one sample from each animal. (D) pCTS-L markedly elevated hepatic fibrinogen-y (FGG) protein content. Recombinant pCTS-L was intraperitoneally administered into
Balb/C mice at a pathological dose (20 mg/kg), and hepatic tissues were harvested 20 hours later to measure hepatic FGG content by Western blotting. n = 5 mice per
group (biological replicates). *P < 0.05 versus normal control (— pCTS-L).
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of genomic DNA extracted from mouse tail tissue using specific primers. Western blotting analysis of blood pCTS-L concentrations in WT and homozygous Cts/ KO mice at
24 hours after intraperitoneal administration of bacterial endotoxin (LPS, 8.0 mg/kg) using rabbit pAbs raised against murine pCTS-L. n = 6 mice per group (biological
replicates). *P < 0.05 versus negative control (“— LPS"). (C) WT or Cts/ KO mice were subjected to CLP surgery, and liver was harvested at 24 hours after CLP for hematoxylin
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replicates). *P < 0.05 versus negative control (— CLP) and #P < 0.05 versus positive control (+ CLP) of WT.

range of doses (0.5 to 2.0 mg/kg; Fig. 8B, middle panels). In a sharp
contrast, three mAbs recognizing P13 peptides of both human and
murine pCTS-L effectively rescued animals from lethal sepsis even
when the first dose was given at 24 hours after the onset of sepsis
(Fig. 8B, bottom left and right panels). Consistently, the protective
mAb significantly attenuated sepsis-induced systemic accumulation
of IL-6, sTNF-RI, and several chemokines (e.g., MIP-1y, MIP-2/
GRO-f, and KC/GRO-a; Fig. 8C), suggesting that these beneficial
antibodies confer protection against lethal sepsis possibly by atten-
uating sepsis-induced dysregulated inflammation.

Zhu et al., Sci. Adv. 9, eadf4313 (2023) 3 February 2023

Anti-pCTS-L mAb attenuated pCTS-L-induced

inflammation in human PBMCs

To further elucidate the protective mechanisms of pCTS-L-specific
mADbs, we examined their effects on pCTS-L-induced production of
cytokines/chemokines in primary human PBMCs. Recombinant
pCTS-L time dependently induced several cytokines (e.g., IL-6
and TNF) and chemokines (e.g., RANTES, MCP-1, ENA-78/LIX,
IL-8, GRO-a/KC, and GRO-a/B/y) in human PBMCs (Fig. 9A
and fig. S9). These inflammatory activities were not likely due to
contaminating bacterial endotoxins, because extensive extractions
of recombinant pCTS-L with Triton-X114 effectively reduced endo-
toxin content to <0.01 U/pg protein. Likewise, the endotoxin-free
recombinant pCTS-L produced in eukaryotic [human embryonic
kidney (HEK) 293] cells similarly induced these cytokines/
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Fig. 8. pCTS-L-specific pAbs and mAbs conferred a significant protection against lethal sepsis. (A) Conformation of human pCTS-L and two mAb-targeting pep-
tides. The position of two epitope peptides (P12 and P13) was marked. (B) pAbs and mAbs raised against murine or human pCTS-L rescued mice from lethal sepsis. Male
(M) or female (F) Balb/C mice were subjected to CLP, pAbs or mAbs against two different epitopes (P12 or P13) of human and murine pCTS-L were given intraperitoneally
at indicated doses and time points, and animal survival rates were monitored for 2 weeks to ensure no later death. n = 10 to 20 mice per group (biological replicates).
*P < 0.05 versus saline control group. (C) A protective mAb significantly attenuated sepsis-induced systemic inflammation. Balb/C mice were subjected to CLP sepsis, and
a control mAb (c-mAb; 0.5 mg/kg) or protective mAb (mAb20, 0.5 mg/kg) was given twice at 2 and 20 hours after CLP. At 24 hours after CLP, animals were sacrificed to
harvest blood and measure various cytokines and chemokines and expressed as AU. n = 4 to 6 mice per group (biological replicates). *P < 0.05 versus negative control (—
CLP) and #P < 0.05 versus positive control (+ CLP) group.
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Fig. 9. Protective mAb attenuated the pCTS-L-induced cytokines and chemokines in human PBMCs. (A and B) A protective mAb effectively inhibited pCTS-L-
induced cytokines and chemokines in human PBMCs. Human PBMCs were stimulated with recombinant human pCTS-L for different time periods [2, 4, 16, and 20 hours
(A)], and extracellular concentrations of cytokines and chemokines were determined by cytokine antibody arrays and expressed as AU. Note that pCTS-L induced the
release of several cytokines and chemokines, which were effectively inhibited by a protective monoclonal antibody [mAb20 (B)] but not irrelevant control [c-mAb (B)].
n =4 samples per group (biological replicates). *P < 0.05 versus negative control (— pCTS-L).
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chemokines in human PBMCs (fig. S9). Moreover, the pCTS-L—
induced production of these cytokines/chemokines was markedly
suppressed by the co-addition of a protective anti—-pCTS-L mAb
(mAD20; Fig. 9B) and not affected by an irrelevant control mAb
(c-mAD; Fig. 9B). Collectively, these findings suggest that anti—
pCTS-L mAbs confer protection against sepsis possibly by neutral-
izing the proinflammatory activities of extracellular pCTS-L.

To further understand the neutralizing mechanism of these pro-
tective anti-pCTS-L mAbs, we examined their effects on pCTS-L
interaction with TLR4 and RAGE receptors. An irrelevant c-mAb
did not affect pCTS-L interaction with neither TLR4 nor RAGE
when it was preincubated with the pCTS-L-conjugated sensor
chip even at extremely high concentrations (e.g., 1200 nM;
Fig. 10A). In a sharp contrast, a protective anti—pCTS-L mAb
(mADb20) markedly reduced pCTS-L's affinities to both receptors,
as manifested by an almost 55-fold (from 20.3 + 2.3 nM to
1144.3 + 173.6 nM) and 10-fold (from 3.1 + 0.4 nM to 30.4 + 9.8
nM) increase in the K4 for TLR4 and RAGE, respectively (Fig. 10A).
To gain insight into receptor-ligand interactions, we used ClusPro
protein-protein docking to find pCTS-L/receptor complex configu-
rations that exhibited the minimal Gibbs free energy (Fig. 10B and
fig. $10). In the most stable pCTS-L/receptor complexes, the epitope
sequence (P13) for protective mAbs was sequestered into the hydro-
phobic crevices of TLR4 (Fig. 10B, left panels, and movie S1) but
positioned sideways in close proximity to the V-domain of RAGE
(Fig. 10B, right panels, and movie S2). The possibly different phys-
ical hindrance arisen from the engagement of P13-binding mAb20
might underlie its divergent inhibition of pCTS-L interaction with
TLR4 (by 55-fold; Fig. 10A) and RAGE (by 10-fold; Fig. 10A). It
suggests that protective anti-pCTS-L mAbs attenuate pCTS-L—
induced inflammation possibly by inhibiting its interaction with
these putative PRRs.

DISCUSSION
Lacking effective therapies for sepsis other than adjunctive use of
antibiotics, fluid resuscitation, and supportive care (47), it is still
urgent to search for other late-acting pathogenic mediators that
offer wider therapeutic opportunities. In the present study, we dem-
onstrated that a liver-derived proinflammatory mediator (26), SAA,
induced the expression and secretion of pCTS-L in both murine
macrophages and human PBMCs (fig. S11), contributing to its sus-
tainably late and systemic accumulation in experimental and clini-
cal sepsis. Our findings further extended previous observations that
pCTS-L was induced not only by growth factors in malignant tumor
cells (28) but also by inflammatory (e.g., LPS, IFN-y, or IL-6) (30,
31) and noxious (e.g., alcohol, cigarette smoking, and UV irradia-
tion) stimuli (32—34) in innate immune cells (30, 33) or nonim-
mune cells such as hepatocytes (32), dermal fibroblasts (34), and
synovial fibroblasts (31). Moreover, our current findings of pCTS-
L up-regulation and systemic accumulation in experimental and
clinical sepsis were consistent with previous observations of
pCTS-L induction in murine model of endotoxemia (48).
Consistent with a previous report that a distantly related liver
fluke pCTS-L signals via TLR4 to activate dendritic cells (27), we
further demonstrated that human and murine pCTS-L activated
murine macrophages and human PBMCs through both TLR4-
and RAGE-dependent signaling pathways (fig. S11). First, SPR anal-
ysis revealed a high affinity for pCTS-L both to TLR4 and RAGE

Zhu et al., Sci. Adv. 9, eadf4313 (2023) 3 February 2023

regardless whether the ligand or respective receptors were conjugat-
ed to a sensor chip before application of relevant analytes at various
concentrations. Second, the disruption of both TLR4 and RAGE
completely abrogated pCTS-L-induced release of all cytokines
(IL-6 and IL-12) and chemokines (e.g., RANTES, MCP-1, MIP-
1y, LIX/ENA-78, KC/GRO-a, and MIP-2/GRO-p). Third, pharma-
cological inhibition of pCTS-L interaction with TLR4 and RAGE
with neutralizing mAbs simultaneously attenuated the pCTS-L—
induced production of both TLR4-dependent (e.g., ENA-78/LIX,
IL-8, RANTES, and MCP-1) and RAGE-dependent chemokines
(e.g., GRO-a/KC and GRO-B/MIP-2). Last, genetic KO of TLR4
and RAGE rendered animals resistant to pCTS-L-induced inflam-
mation, further confirming the important role of TLR4 and RAGE
in pCTS-L-mediated dysregulated inflammation in vivo.

Notably, some of the pCTS-L—-inducible cytokines (e.g., IL-6)
and chemokines (e.g., IL-8, MCP-1, GRO-a/KC, and GRO-p/
MIP-2) have been characterized as surrogate markers of experimen-
tal (37) and clinical sepsis (39), because their blood levels are mark-
edly higher in septic animals approaching the state of moribund
than those remaining in the state of nonmoribund (38). Further-
more, the blood levels of these cytokines/chemokines moderately
correlated with septic patients’ clinical SOFA scores and blood
pCTS-L concentrations, suggesting that a sustainably late and sys-
temic pCTS-L accumulation may contribute to the pathogenesis of
lethal sepsis. First, pCTS-L triggered dysregulated inflammation by
inducing various cytokines (e.g., TNF and IL-6) and chemokines
(e.g., MCP-1, IL-8, MCP-1, GRO-a/KC, and GRO-B/MIP-2) in
innate immune cells (fig. SI11). Second, pCTS-L might also cause
dysregulated immunosuppression by activating Casp-11/4/5, py-
roptosis (fig. S11), and passive release of pathogenic DAMPs (e.g.,
HMGBI and SQSTM1) (11, 12, 49). Third, intraperitoneal admin-
istration of pCTS-L caused severe tissue injuries in normal healthy
animals, whereas genetic disruption of Ctsl expression rendered
animals resistant to CLP-induced tissue injury. Last, pCTS-L—neu-
tralizing pAbs and mAbs conferred a significant protection against
lethal sepsis possibly by attenuating pCTS-L-mediated dysregulated
inflammation. This newly uncovered role of extracellular pCTS-L in
sepsis further expanded its pathogenic involvement in other inflam-
matory diseases such as pancreatitis (43), atherosclerosis (44), renal
disease (50), vascular intimal hyperplasia (45), arthritis (46), and
colitis (51).

Although gene KO strategy has been routinely used to verify im-
portant roles of various signaling molecules in diseases, cautions
should be exercised when using this genetic approach to evaluate
extracellular roles of inflammatory mediators. For instance,
despite the well-established pathogenic role of HMGBI in infection-
and injury-elicited inflammation (13), the disruption of HMGBI1
expression adversely renders animals more susceptible to both in-
fectious (52) or injurious insults (53), indicating distinct roles of in-
tracellular and extracellular HMGBI1 in health and diseases (54). We
thus developed pAbs against murine pCTS-L and used these phar-
macological agents to further elucidate its extracellular role in
sepsis. Inspired by our findings that pCTS-L—neutralizing polyclon-
al IgGs conferred a significant protection against sepsis, we used the
traditional hybridoma technology to generate a panel of therapeutic
mAbs. Specifically, we immunized mice with both murine or
human pCTS-L and attempted to produce mAbs capable of
binding both murine and human pCTS-L to (i) first evaluate their
therapeutic efficacy in murine model of experimental sepsis and (ii)
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Fig. 10. A protective anti-pCTS-L mAb markedly inhibited pCTS-L interaction with TLR4 and RAGE receptors. (A) Effect of a protective mAb on pCTS-L-receptor
interactions. Recombinant pCTS-L was immobilized on the NTA sensor chip, and an irrelevant c-mAb or an anti—pCTS-L protective mAb (mAb20) was separately pre-
incubated with pCTS-L-conjugated sensor chip before subsequent application of recombinant TLR4 (left) or RAGE (right) at various concentrations to estimate Ky. Key
experiments were performed three times (n = 3 technical replicates) to ensure reproducibility. (B) Protein-protein docking of pCTS-L/receptor complexes. We used the
ClusPro Web Server to predict possible structures of pCTS-L/receptor complexes that exhibited the least Gibbs free energy. The epitope sequence for protective mAbs was
marked on pCTS-L (as P13 in purple) to illustrate its relative position within the pCTS-L/receptor complexes. Note that the epitope sequence (P13) for protective mAbs was

Cluster rank: #1

Lowest Gibbs free energy: -816.9 kJ/mol

sequestered into the hydrophobic crevices of TLR4 (left) but positioned sideways in close proximity to the V-domain of RAGE (right).
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then develop humanized antibodies for future clinical treatment of
human sepsis. Furthermore, we sought to develop mAbs with po-
tential neutralizing activities to impair the harmful interaction of
pCTS-L with its PRRs, thereby blocking pCTS-L-induced dysregu-
lated inflammation (fig. S11). Consequently, we have obtained a
panel of mAbs (2H8A2, 20D5H6, and 26C7C9) that cross-reacted
with both murine and human pCTS-L to inhibit its interaction with
TLR4 and RAGE receptors, thereby rescuing mice from lethal sepsis
even when the first dose was given in a delayed fashion.

There are a number of limitations to the present study: (i) We
have not yet obtained sufficient number of critically ill patients
who died of severe sepsis, so we do not know whether blood
pCTS-L concentrations could be used as a surrogate marker or pre-
dictor of lethal outcomes of sepsis. (ii) We do not know whether
anti-pCTS-L mAbs are protective in other infectious diseases
such as coronavirus disease 2019 (COVID-19), although a single-
cell meta-analysis of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) entry genes across tissues revealed a possible role
of CTS-L up-regulation in the regulation of SARS-CoV-2 entry into
host cells (55). (iii) Although excessive expression and secretion of
pCTS-L might be pathogenic in lethal bacterial infections, it is not
yet known whether pCTS-L still occupies a protective role during
nonlethal microbial infections. This is important, because appropri-
ate pCTS-L expression might still be needed to mount sufficient in-
flammatory responses to fight against nonlethal viral infections
(56). Last, the possible roles of other CTS proteins (e.g., CTS-S)
in lethal sepsis were not investigated, although extracellular levels
of CTS-B, CTS-L, and CTS-S were elevated in murine and human
pancreatitis (35) and juvenile idiopathic arthritis (57). Despite these
limitations, our discovery of pCTS-L-neutralizing mAbs capable of
disrupting its interaction with TLR4 and RAGE receptors to atten-
uate dysregulated inflammation has suggested an exciting possibil-
ity of developing antibody strategies to fight against lethal sepsis. It
will thus be important to translate these preclinical findings into
clinical applications by generating humanized pCTS-L—neutralizing
mADbs for further testing of therapeutic efficacy in future clini-
cal studies.

MATERIALS AND METHODS

Study design

The aim of this study was to assess the pathogenic changes of plasma
pCTS-L concentrations in critically ill patients with sepsis and to
develop pCTS-L domain-specific mAbs to prevent septic injury
and lethality in preclinical settings. For the clinical investigation,
blood samples were obtained from normal healthy controls and pa-
tients with sepsis or septic shock recruited to the Northwell Health
System, and their plasma pCTS-L concentrations were assessed by
immunoassays. To provide a cohort of age-matched normal healthy
controls, we also obtained several healthy control serum samples
from the Discovery Life Science Open Access Biorepository.
Sample sizes were based on statistical power calculation, and no
blinding or randomization was applied for these noninterventional
observations. For the preclinical study, animals were randomly as-
signed to different experimental groups and treated with pCTS-L~
targeting pAbs or mAbs at the indicated dosing regiments. The out-
comes included animal survival rates and tissue histology scores,
which were collected under blinded experimental conditions, so
the identity of the groups was not revealed until after the completion
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of the experiments. Study design and sample sizes used for each ex-
periment were provided in the figure legends. No data, including
outlier values, were excluded. Primary data are reported in data
file S1. All reagent sources are listed in table SI.

Cell culture

Murine macrophage-like RAW 264.7 cells were obtained from the
American Type Culture Collection. Primary peritoneal macrophag-
es were isolated from WT Balb/C, WT C57BL/6, or mutant C57BL/
6 mice defective in either TLR4 or both TLR4 and RAGE (7 to 8
weeks, 20 to 25 g, male or female) at 3 days after intraperitoneal in-
jection of 2 ml of thioglycolate broth (4%) as previously described
(23, 24, 49). Human blood was purchased from the New York Blood
Center (Long Island City, NY, USA), and human PBMCs were iso-
lated by density gradient centrifugation through Ficoll (Ficoll-
Paque PLUS) as previously described (23, 24, 49). Murine macro-
phages and human PBMCs were cultured in Dulbecco’s modified
Eagle's medium supplemented with 1% penicillin/streptomycin
and 10% fetal bovine serum or 10% human serum. When they
reached 70 to 80% confluence, adherent cells were gently washed
with, and immediately cultured in, Opti-MEM I before stimulating
with crude LPS (E. coli 0111:B4; #14130, Sigma-Aldrich), recombi-
nant human SAA (catalog no. 300-13, PeproTech), HMGBI, or
pCTS-L. The intracellular and extracellular concentrations of
pCTS-L or various other cytokines/chemokines were determined
by Western blotting analysis, cytokine antibody arrays, or
enzyme-linked immunosorbent assay (ELISA) as previously de-
scribed (23, 24, 49).

MALDI-TOF mass spectrometry

To identify the 40-kDa band that was induced by human SAA in
macrophage-conditioned culture medium, proteins in the cell-con-
ditioned culture medium were resolved by SDS—polyacrylamide gel
electrophoresis (SDS-PAGE), and the corresponding 40-kDa band
was subjected to matrix-assisted laser desorption/ionization—time-
of-flight (MALDI-TOF) MS analysis as previously described (26,
49). Briefly, the 40-kDa band was excised from the SDS-PAGE gel
and subjected to in-gel trypsin digestion. The mass of the tryptic
peptides was measured by MALDI-TOF MS and then subjected
to peptide mass fingerprinting database analysis to identify the
40-kDa protein (P40).

Cytokine antibody arrays

Murine cytokine antibody arrays (catalog no. AAM-CYT-3-8, Ray-
Biotech Inc., Norcross, GA, USA), which simultaneously detect 62
cytokines on one membrane, were used to measure relative cytokine
concentrations in macrophage-conditioned culture medium or
murine serum as described previously (23, 49). Human cytokine an-
tibody C3 arrays (catalog no. AAH-CYT-3-8), which detect 42 cy-
tokines on one membrane, were used to determine cytokine
concentrations in human PBMC-conditioned culture medium or
human plasma samples as previously described (23, 24, 49).

Open Surface Plasmon Resonance

We used the Nicoya Life Science gold nanoparticle-based OpenSPR
technology (Kitchener, ON, Canada) to characterize protein-
protein interactions following the manufacturer’s instructions.
For instance, highly purified recombinant pCTS-L, human TLR4
(ECD-His Tag, residues 1 to 631, catalog no. 10146-HO08B, Sino
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Biological Inc.), or extracellular domain of human RAGE (residues
1 to 344, catalog no. 11629-HO8H, Sino Biological Inc.) was respec-
tively immobilized on nitrilotriacetic acid (NTA) sensor chip
(catalog no. SEN-Au-100-10-NTA), and TLR4, RAGE, or pCTS-L
was applied as analyte at different concentrations. To determine the
binding affinities of mAbs to human or murine pCTS-L, highly pu-
rified human or murine pCTS-L was immobilized on the NTA
sensor chip (catalog no. SEN-Au-100-10-NTA), and various
mADbs were applied at various concentrations. The response units
were recorded over time, and the binding affinity was estimated
as the equilibrium dissociation constant K4 using Trace Drawer
Kinetic Data Analysis v.1.6.1 (Nicoya Life Science).

ClusPro protein-protein docking

To gain insight into specific details of receptor-ligand interactions,
we used the ClusPro Web Server (https://cluspro.org) (58) for
protein-protein docking to find structures of the pCTS-L/receptor
complexes that exhibited the minimal Gibbs free energy under the
assumption that conformational changes were moderate upon
protein-protein interactions. Docking with each energy parameter
set resulted in 10 models defined by centers of highly populated
clusters of lowest Gibbs free energy docked structures. We selected
the model with the lowest Gibbs free energy to predict possible
structure of the pCTS-L/receptor complexes.

Animal model of lethal endotoxemia and sepsis

This study was conducted in accordance with policies of the Nation-
al Institutes of Health (NIH) Guide for the Care and Use of Labora-
tory Animals and approved by the Institutional Animal Care and
Use Committee (IACUC) of the Feinstein Institutes for Medical Re-
search (FIMR). To evaluate the role of pCTS-L in lethal sepsis, Balb/
C mice (7 to 8 weeks old, 20 to 25 g, male or female) were subjected
to lethal endotoxemia or sepsis by intraperitoneal administration of
bacterial endotoxins (LPS, E. coli 0111:B4, #1.4130, Sigma-Aldrich)
or by a surgical procedure termed as CLP as previously described
(23, 24, 49). Briefly, the cecum of Balb/C mice was ligated at 5.0
mm from the cecal tip and then punctured once with a 22-gauge
needle. To alleviate surgical pain, all animals were given a dose of
anesthetics (e.g., buprenorphine, 0.05 mg/kg, subcutaneously) im-
mediately before CLP surgery, and small amounts of anesthetics
(such as bupivacaine and lidocaine) were injected locally around
the incision site immediately after the closure of the abdominal
wound of CLP surgery. At 30 min after CLP, all animals were
given a subcutaneous dose of imipenem/cilastatin (0.5 mg per
mouse) (Primaxin, Merck & Co. Inc.) and resuscitation with
normal sterile saline solution (20 ml/kg). Anti—-pCTS-L polyclonal
or monoclonal IgGs were intraperitoneally administered to septic
mice at the indicated doses and time points, and animal survival
rates were monitored for up to 2 weeks. Every attempt was made
to limit the number of animals used in the present study according
to the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines for reducing the number of animals in scien-
tific research developed by the British National Centre for the Re-
placement, Refinement and Reduction of Animals in Research
(NC3Rs). In addition, all experiments were performed in accor-
dance with NIH policies and the Guide for the Care and Use of Lab-
oratory Animals and approved by the IACUC of the FIMR (IACUC
Protocol #2008-033 Term IV).
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Real-time RT-PCR analysis of Ctsl expression

Male Balb/C mice were subjected to lethal sepsis by CLP, and
animals were sacrificed at 24 hours after CLP. Total RN As were iso-
lated from various tissues using a TRIzol reagent kit and reversely
transcribed into the first-strand cDNA. Following reverse transcrip-
tion, quantitative PCR was performed with TagMan Master Mix
(Thermo Fisher Scientific) for murine Ctsb (#4351370, assay ID
Mmo01310506_m1), Ctse (#4351370, assay ID Mm00456010_m1),
Ctsl (#4351370, assay ID MmO00515597_m1), Ctss (#4351370,
assay ID Mm01255859_m1), and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) gene (#4351370, assay ID Mm99999915-
gl) to quantify the mRNA expression levels of respective genes
using an ABI 7900HT Fast Real-time PCR system. The relative
abundance of various Cts mRNA expression in control group was
normalized by GAPDH.

Genotyping

We obtained a few breeding pairs of heterozygous Ctsl KO
[NOD.129P2(B6)-Cts]"™<P"/Rc] J] mice from The Jackson Labora-
tory (stock no. 008352, Bar Harbor, ME, USA) and bred heterozy-
gous Ctsl*/~ females with heterozygous CtsI*/~ males to produce
homozygous Ctsl KO as well as WT littermates for the proposed
animal studies. To verify the genotypes of WT and Ctsl KO mice,
tail biopsies were digested in Direct PCR Lysis Reagent (catalog
no. 102-T, Viagen Biotech Inc.) containing proteinase K (0.4 ug/
ml; catalog no. EO0491, Thermo Fisher Scientific), and lysate con-
taining genomic DNA was amplified by PCR using the following
primers: WT Ctsl: 5'-GGAGGAGAGCGATATGGG-3' (forward)
and 5'-AGCCATTCACCACCTGCC-3' (reverse); mutant Ctsl: 5'--
AATTCGCCAATGACAAGACG-3' (forward) under the following
conditions: 95°C for 3 min, followed by 37 cycles of 95°C for 15 s,
60°C for 15 s, and 72°C for 15 s. The PCR products were resolved on
a 2% agarose gel and visualized by ethidium bromide staining. We
subjected the genetic background-, age-, and sex-matched WT lit-
termate (CtsI*/*) and pCTS-L—deficient (Cts/~'~) mice to lethal
sepsis and compared sepsis-induced liver injuries between WT
and Ctsl-deficient mice at 24 hours after CLP.

Tissue injury

The liver and intestine samples were harvested at 24 hours after CLP
or pCTS-L intraperitoneal administration and fixed in 10% buffered
formalin before being embedded in paraffin. Paraffin-embedded
tissues were cut into 5-pm sections, stained with hematoxylin and
eosin, and examined under light microscopy. As previously de-
scribed (59), liver parenchymal injury was assessed in a blinded
fashion by the sum of three different Suzuki scores ranging from
0 to 4 for sinusoidal congestion, vacuolization of hepatocyte cyto-
plasm, and parenchymal necrosis. Using a weighted equation with a
maximum score of 100 per field, the parameter scores were calcu-
lated and then averaged as the final liver injury score in each exper-
imental group.

RNA-seq analysis

To elucidate the mechanisms underlying pCTS-L-mediated patho-
genesis, normal healthy Balb/C mice were intraperitoneally given
recombinant pCTS-L (20 mg/kg), and various tissues were harvest-
ed 24 hours later to isolate total RNA to characterize the expression
profile of a full catalog of transcripts by RNA-seq (GENEWIZ,
South Plainfield, NJ, USA). Gene ontology (GO) analysis and
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Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis were applied to analyze the differentially expressed genes by
using String online tools (https://string-db.org/cgi/input.pl). Dif-
ferential expression analysis was performed using the Wald test
(DESeq2) to generate P values and log, fold changes. Genes with
an adjusted P value of <0.05 and absolute log fold change of >2
were defined as differentially expressed.

Clinical characterization of septic patients

This study was approved by the Institutional Review Board (IRB) of
the FIMR (IRB protocols #18-0184 and #18-0700) and endorsed by
written informed consent from all participants providing blood
samples. The inclusion criteria for septic patients were (i) acute di-
agnosis (within 24 hours) of sepsis with suspected (cultures drawn
and antibiotic given) or confirmed (via culture results) infections,
(ii) receiving vasopressor (norepinephrine, phenylephrine, epi-
nephrine, dopamine, vasopressin, or angiotensin II), (iii) scheduled
blood sampling, and (iv) have an indwelling arterial of central
venous catheter for blood drawing. The exclusion criteria for
septic patients were (i) significant underlying immunodeficiency
or known autoimmune disease, (ii) recent (within 1 month) admin-
istration of any immunomodulating drugs including glucocorti-
coids or drugs used for treatment of autoimmune diseases, (iii)
diagnosis of sepsis >24 hours before recruitment, (iv) inability to
obtain consent, (v) member of a protected population (pregnant,
prisoner), and (6) patients for whom parents or legal guardians
did not wish to give consent.

Blood samples (5.0 ml) were collected from 8 healthy control
subjects and 10 septic patients recruited to North Shore University
Hospital and the Long Island Jewish Medical Center between 2018
and 2019 (listed as "P1-P10" in data file S1). Patients were diagnosed
with sepsis or septic shock by the Sepsis-3 criteria (60), and blood
samples (5.0 ml) were obtained within 24 hours of diagnosis of
sepsis (defined as “time 0”), followed by two subsequent blood sam-
pling at 24 and 72 hours after the initial diagnosis. To provide a
cohort of age-matched normal healthy controls, we also purchased
several healthy control serum samples from the Discovery Life
Science Open Access Biorepository. Subsequently, these clinical
samples were assayed for pCTS-L by Western blotting and human
pCTS-L ELISA kit (catalog no. MBS7254442, MyBioSource.com)
with reference to purified recombinant human pCTS-L at various
dilutions.

Statistical analysis

All data were assessed for normality by the Shapiro-Wilk test before
conducting appropriate statistical tests among groups. The compar-
ison of two independent samples was assessed by Student's ¢ test
and Mann-Whitney test for Gaussian and non-Gaussian distributed
samples, respectively. For comparison among multiple groups with
normal data distribution, the differences were analyzed by one-way
analysis of variance (ANOVA), followed by the Fisher least signifi-
cant difference test. For comparison among multiple groups with
nonnormal (skewed) distribution, the statistical differences were
evaluated with the nonparametric Kruskal-Wallis ANOVA test.
For survival studies, the Kaplan-Meier method was used to
compare the differences in mortality rates between groups with
the nonparametric log-rank post hoc test. The Spearman rank or
the Pearson correlation coefficient test was used to evaluate associ-
ations between two quantitative variables that exhibit nonnormal or
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normal distribution, respectively. A P value of <0.05 was considered
statistically significant.
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Tables S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Movies S1 and S2

Data file S1

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. K. E. Rudd, S. C. Johnson, K. M. Agesa, K. A. Shackelford, D. Tsoi, D. R. Kievlan,

D. V. Colombara, K. S. Ikuta, N. Kissoon, S. Finfer, C. Fleischmann-Struzek, F. R. Machado,
K. K. Reinhart, K. Rowan, C. W. Seymour, R. S. Watson, T. E. West, F. Marinho, S. I. Hay,

R. Lozano, A. D. Lopez, D. C. Angus, C. J. L. Murray, M. Naghavi, Global, regional, and na-
tional sepsis incidence and mortality, 1990-2017: Analysis for the global burden of disease
study. Lancet 395, 200-211 (2020).

2. E.W.Tindal, B.E. Armstead, S. F. Monaghan, D. S. Heffernan, A. Ayala, Emerging therapeutic
targets for sepsis. Expert Opin. Ther. Targets 25, 175-189 (2021).

3. A. Poltorak, X. He, I. Smirnova, M. Y. Liu, C. V. Huffel, X. Du, D. Birdwell, E. Alejos, M. Silva,
C. Galanos, M. Freudenberg, P. Ricciardi-Castagnoli, B. Layton, B. Beutler, Defective LPS
signaling in C3H/HeJ and C57BL/10ScCr mice: Mutations in TIr4 gene. Science 282,
2085-2088 (1998).

4. E.Hailman, H.S. Lichenstein, M. M. Wurfel, D. S. Miller, D. A. Johnson, M. Kelley, L. A. Busse,
M. M. Zukowski, S. D. Wright, Lipopolysaccharide (LPS)-binding protein accelerates the
binding of LPS to CD14. J. Exp. Med. 179, 269-277 (1994).

5. S.D. Wright, R. A. Ramos, P. S. Tobias, R. J. Ulevitch, J. C. Mathison, CD14, a receptor for
complexes of lipopolysaccharide (LPS) and LPS binding protein. Science 249,

1431-1433 (1990).

6. K. J. Tracey, Y. Fong, D. G. Hesse, K. R. Manogue, A. T. Lee, G. C. Kuo, S. F. Lowry, A. Cerami,
Anti-cachectin/TNF monoclonal antibodies prevent septic shock during lethal bacterae-
mia. Nature 330, 662-664 (1987).

7. C.A. Dinarello, Biologic basis for interleukin-1 in disease. Blood 87, 2095-2147 (1996).

8. F.P.Heinzel, The role of IFN-gamma in the pathology of experimental endotoxemia.

J. Immunol. 145, 2920-2924 (1990).

9. S.K.Vanaja, A. J. Russo, B. Behl, I. Banerjee, M. Yankova, S. D. Deshmukh, V. A. K. Rathinam,
Bacterial outer membrane vesicles mediate cytosolic localization of LPS and caspase-11
activation. Cell 165, 1106-1119 (2016).

10. J. A. Hagar, D. A. Powell, Y. Aachoui, R. K. Ernst, E. A. Miao, Cytoplasmic LPS activates
caspase-11: Implications in TLR4-independent endotoxic shock. Science 341,

1250-1253 (2013).

11. H.Wang, O. Bloom, M. Zhang, J. M. Vishnubhakat, M. Ombrellino, J. Che, A. Frazier, H. Yang,
S. Ivanova, L. Borovikova, K. R. Manogue, E. Faist, E. Abraham, J. Andersson, U. Andersson,
P. E. Molina, N. N. Abumrad, A. Sama, K. J. Tracey, HMG-1 as a late mediator of endotoxin
lethality in mice. Science 285, 248-251 (1999).

12. B. Zhouy, J. Liy, L. Zeng, S. Zhu, H. Wang, T. R. Billiar, G. Kroemer, D. J. Klionsky, H. J. Zeh,
J. Jiang, D. Tang, R. Kang, Extracellular SQSTM1 mediates bacterial septic death in mice
through insulin receptor signalling. Nat. Microbiol. 5, 1576-1587 (2020).

13. C.S.Zhu, W. Wang, X. Qiang, W. Chen, X. Lan, J. Li, H. Wang, Endogenous regulation and
pharmacological modulation of sepsis-induced HMGB1 release and action: An updated
review. Cell 10, 2220 (2021).

14. H. Watanabe, M. Son, The immune tolerance role of the HMGB1-RAGE axis. Cell 10,

564 (2021).

15. J. Xu, Y. Jiang, J. Wang, X. Shi, Q. Liu, Z. Liu, Y. Li, M. J. Scott, G. Xiao, S. Li, L. Fan, T. R. Billiar,
M. A. Wilson, J. Fan, Macrophage endocytosis of high-mobility group box 1 triggers py-
roptosis. Cell Death Differ. 21, 1229-1239 (2014).

16. M.Deng, Y.Tang, W. Li, X. Wang, R. Zhang, X. Zhang, X. Zhao, J. Liu, C. Tang, Z. Liu, Y. Huang,
H. Peng, L. Xiao, D. Tang, M. J. Scott, Q. Wang, J. Liu, X. Xiao, S. Watkins, J. Li, H. Yang,

H. Wang, F. Chen, K. J. Tracey, T. R. Billiar, B. Lu, The endotoxin delivery protein HMGB1
mediates caspase-11-dependent lethality in sepsis. Immunity 49, 740-753.e7 (2018).

16 of 18


https://string-db.org/cgi/input.pl
http://MyBioSource.com
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.adf4313

SCIENCE ADVANCES | RESEARCH ARTICLE

17.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

Zhu et al., Sci. Adv. 9, eadf4313 (2023)

M. Gregoire, J. M. Tadie, F. Uhel, A. Gacouin, C. Piau, N. Bone, T. Y. Le, E. Abraham, K. Tarte,
J. W. Zmijewski, Frontline Science: HMGB1 induces neutrophil dysfunction in experimental
sepsis and in patients who survive septic shock. J. Leukoc. Biol. 101, 1281-1287 (2017).

. V.S. Patel, R. A. Sitapara, A. Gore, B. Phan, L. Sharma, V. Sampat, J. Li, H. Yang, S. S. Chavan,

H. Wang, K. J. Tracey, L. L. Mantell, High mobility group box-1 mediates hyperoxia-induced
impairment of Pseudomonas aeruginosa clearance and inflammatory lung injury in mice.
Am. J. Respir. Cell Mol. Biol. 48, 280-287 (2012).

. H.Yang, M. Ochani, J. Li, X. Qiang, M. Tanovic, H. E. Harris, S. M. Susarla, L. Ulloa, H. Wang,

R. DiRaimo, C. J. Czura, H. Wang, J. Roth, H. S. Warren, M. P. Fink, M. J. Fenton, U. Andersson,
K. J. Tracey, Reversing established sepsis with antagonists of endogenous high-mobility
group box 1. Proc. Natl. Acad. Sci. US.A. 101, 296-301 (2004).

G. Ramadori, J. D. Sipe, C. A. Dinarello, S. B. Mizel, H. R. Colten, Pretranslational modulation
of acute phase hepatic protein synthesis by murine recombinant interleukin 1 (IL-1) and
purified human IL-1. J. Exp. Med. 162, 930-942 (1985).

S. Sandri, D. Rodriguez, E. Gomes, H. P. Monteiro, M. Russo, A. Campa, Is serum amyloid A
an endogenous TLR4 agonist? J. Leukoc. Biol. 83, 1174-1180 (2008).

S.D.Yan, H. Zhu, A. Zhu, A. Golabek, H. Du, A. Roher, J. Yu, C. Soto, A. M. Schmidt, D. Stern,
M. Kindy, Receptor-dependent cell stress and amyloid accumulation in systemic amy-
loidosis. Nat. Med. 6, 643—-651 (2000).

W. Li, G. Bao, W. Chen, X. Qiang, S. Zhu, S. Wang, M. He, G. Ma, M. Ochani, Y. Al-Abed,

H. Yang, K. J. Tracey, P. Wang, J. D'Angelo, H. Wang, Connexin 43 hemichannel as a novel
mediator of sterile and infectious inflammatory diseases. Sci. Rep. 8, 166 (2018).

W. Chen, S. Zhu, Y. Wang, J. Li, X. Qiang, X. Zhao, H. Yang, J. D'Angelo, L. Becker, P. Wang,
K. J. Tracey, H. Wang, Enhanced macrophage pannexin 1 expression and hemichannel
activation exacerbates lethal experimental sepsis. Sci. Rep. 9, 160 (2019).

S. Zhu, Y. Wang, W. Chen, W. Li, A. Wang, S. Wong, G. Bao, J. Li, H. Yang, K. J. Tracey,

J. D'Angelo, H. Wang, High-density lipoprotein (HDL) counter-regulates serum amyloid A
(SAA)-induced sPLA2-IIE and sPLA2-V expression in macrophages. PLOS ONE 11,
€0167468 (2016).

W. Li, S. Zhu, J. Li, J. D'Amore, J. D'Angelo, H. Yang, P. Wang, K. J. Tracey, H. Wang, Serum
amyloid A stimulates PKR expression and HMGB1 release possibly through TLR4/RAGE
receptors. Mol. Med. 21, 515-525 (2015).

D. J. Dowling, C. M. Hamilton, S. Donnelly, C. J. La, P. M. Brophy, J. Dalton, S. M. O'Neill,
Major secretory antigens of the helminth Fasciola hepatica activate a suppressive dendritic
cell phenotype that attenuates Th17 cells but fails to activate Th2 immune responses.
Infect. Immun. 78, 793-801 (2010).

K. Ishidoh, E. Kominami, Gene regulation and extracellular functions of procathepsin L.
Biol. Chem. 379, 131-135 (1998).

S. E. Kane, M. M. Gottesman, The role of cathepsin L in malignant transformation. Semin.
Cancer Biol. 1, 127-136 (1990).

E. Fiebiger, R. Maehr, J. Villadangos, E. Weber, A. Erickson, E. Bikoff, H. L. Ploegh,

A. M. Lennon-Dumenil, Invariant chain controls the activity of extracellular cathepsin L.
J. Exp. Med. 196, 1263-1270 (2002).

R. Lemaire, G. Huet, F. Zerimech, G. Grard, C. Fontaine, B. Duquesnoy, R. M. Flipo, Selective
induction of the secretion of cathepsins B and L by cytokines in synovial fibroblast-like
cells. Br. J. Rheumatol. 36, 735-743 (1997).

K. K. Kharbanda, D. L. McVicker, R. K. Zetterman, T. M. Donohue Jr., Ethanol consumption
alters trafficking of lysosomal enzymes and affects the processing of procathepsin L in rat
liver. Biochim. Biophys. Acta 1291, 45-52 (1996).

H. Takahashi, K. Ishidoh, D. Muno, A. Ohwada, T. Nukiwa, E. Kominami, S. Kira, Cathepsin L
activity is increased in alveolar macrophages and bronchoalveolar lavage fluid of smokers.
Am. Rev. Respir. Dis. 147, 1562-1568 (1993).

A. Klose, A. Wilbrand-Hennes, J. Brinckmann, N. Hunzelmann, Alternate trafficking of ca-
thepsin L in dermal fibroblasts induced by UVA radiation. Exp. Dermatol. 19,

e117-e123 (2010).

V. Lyo, F. Cattaruzza, T. N. Kim, A. W. Walker, M. Paulick, D. Cox, J. Cloyd, J. Buxbaum,

J. Ostroff, M. Bogyo, E. F. Grady, N. W. Bunnett, K. S. Kirkwood, Active cathepsins B, L, and S
in murine and human pancreatitis. Am. J. Physiol. Gastrointest. Liver Physiol. 303,
G894-G903 (2012).

C. Deval, S. Mordier, C. Obled, D. Bechet, L. Combaret, D. Attaix, M. Ferrara, Identification of
cathepsin L as a differentially expressed message associated with skeletal muscle wasting.
Biochem. J. 360, 143-150 (2001).

J. G. Heuer, G. R. Sharma, B. Gerlitz, T. Zhang, D. L. Bailey, C. Ding, D. T. Berg, D. Perkins,
E. J. Stephens, K. C. Holmes, R. L. Grubbs, K. A. Fynboe, Y. F. Chen, B. Grinnell,

J. A. Jakubowski, Evaluation of protein C and other biomarkers as predictors of mortality in
a rat cecal ligation and puncture model of sepsis. Crit. Care Med. 32, 1570-1578 (2004).
W. Li, M. Ashok, J. Li, H. Yang, A. E. Sama, H. Wang, A major ingredient of green tea rescues
mice from lethal sepsis partly by inhibiting HMGB1. PLOS ONE 2, e1153 (2007).

3 February 2023

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

F. A. Bozza, J. |. Salluh, A. M. Japiassu, M. Soares, E. F. Assis, R. N. Gomes, M. T. Bozza,

H. C. Castro-Faria-Neto, P. T. Bozza, Cytokine profiles as markers of disease severity in
sepsis: A multiplex analysis. Crit. Care 11, R49 (2007).

K. R. Machlus, J. C. Cardenas, F. C. Church, A. S. Wolberg, Causal relationship between
hyperfibrinogenemia, thrombosis, and resistance to thrombolysis in mice. Blood 117,
4953-4963 (2011).

R. L. Robker, D. L. Russell, L. L. Espey, J. P. Lydon, B. W. O’'Malley, J. S. Richards, Progesterone-
regulated genes in the ovulation process: ADAMTS-1 and cathepsin L proteases. Proc. Natl.
Acad. Sci. US.A. 97, 4689-4694 (2000).

W. W. Wright, L. Smith, C. Kerr, M. Charron, Mice that express enzymatically inactive ca-
thepsin L exhibit abnormal spermatogenesis. Biol. Reprod. 68, 680-687 (2003).

T. Wartmann, J. Mayerle, T. Kahne, M. Sahin-Toth, M. Ruthenburger, R. Matthias, A. Kruse,
T. Reinheckel, C. Peters, F. U. Weiss, M. Sendler, H. Lippert, H. U. Schulz, A. Aghdassi,
A.Dummer, S. Teller, W. Halangk, M. M. Lerch, Cathepsin L inactivates human trypsinogen,
whereas cathepsin L-deletion reduces the severity of pancreatitis in mice. Gastroenterology
138, 726-737 (2010).

S. Kitamoto, G. K. Sukhova, J. Sun, M. Yang, P. Libby, V. Love, P. Duramad, C. Sun, Y. Zhang,
X.Yang, C. Peters, G. P. Shi, Cathepsin L deficiency reduces diet-induced atherosclerosis in
low-density lipoprotein receptor-knockout mice. Circulation 115, 2065-2075 (2007).

J. Cai, H. Zhong, J. Wu, R. F. Chen, H. Yang, Y. Al-Abed, Y. Li, X. Li, W. Jiang, M. F. Montenegro,
H. Yuan, T. Billiar, A. F. Chen, Cathepsin L promotes vascular intimal hyperplasia after ar-
terial injury. Mol. Med. 23, 92-100 (2017).

U. Schurigt, R. Eilenstein, M. Gajda, C. Leipner, L. Sevenich, T. Reinheckel, C. Peters,

B. Wiederanders, R. Brdauer, Decreased arthritis severity in cathepsin L-deficient mice is
attributed to an impaired T helper cell compartment. Inflamm. Res. 61, 1021-1029 (2012).
T. G. Buchman, S. Q. Simpson, K. L. Sciarretta, K. P. Finne, N. Sowers, M. Collier, S. Chavan,
I. Oke, M. E. Pennini, A. Santhosh, M. Wax, R. Woodbury, S. Chu, T. G. Merkeley, G. L. Disbrow,
R. A. Bright, T. E. MaCurdy, J. A. Kelman, Sepsis among Medicare beneficiaries: 1. The
burdens of sepsis, 2012-2018. Crit. Care Med. 48, 276-288 (2020).

H. Crossland, D. Constantin-Teodosiu, P. L. Greenhaff, S. M. Gardiner, Low-dose dexame-
thasone prevents endotoxaemia-induced muscle protein loss and impairment of carbo-
hydrate oxidation in rat skeletal muscle. J. Physiol. 588, 1333-1347 (2010).

W. Chen, X. Qiang, Y. Wang, S. Zhu, J. Li, A. Babaev, H. Yang, J. Gong, L. Becker, P. Wang,
K.J. Tracey, H. Wang, Identification of tetranectin-targeting monoclonal antibodies to treat
potentially lethal sepsis. Sci. Transl. Med. 12, eaaz3833 (2020).

Y. Cao, X. Liu, Y.Li, Y. Lu, H. Zhong, W. Jiang, A. F. Chen, T. R. Billiar, H. Yuan, J. Cai, Cathepsin
L activity correlates with proteinuria in chronic kidney disease in humans. Int. Urol. Nephrol.
49, 1409-1417 (2017).

C. Bauer, P. Duewell, C. Mayer, H. A. Lehr, K. A. Fitzgerald, M. Dauer, J. Tschopp, S. Endres,
E. Latz, M. Schnurr, Colitis induced in mice with dextran sulfate sodium (DSS) is mediated
by the NLRP3 inflammasome. Gut 59, 1192-1199 (2010).

H. Yanai, A. Matsuda, J. An, R. Koshiba, J. Nishio, H. Negishi, H. Ikushima, T. Onoe, H. Ohdan,
N. Yoshida, T. Taniguchi, Conditional ablation of HMGB1 in mice reveals its protective
function against endotoxemia and bacterial infection. Proc. Natl. Acad. Sci. U.S.A. 110,
20699-20704 (2013).

R. Kang, Q. Zhang, W. Hou, Z. Yan, R. Chen, J. Bonaroti, P. Bansal, T. R. Billiar, A. Tsung,

Q. Wang, D. L. Bartlett, D. C. Whitcomb, E. B. Chang, X. Zhu, H. Wang, B. Lu, K. J. Tracey,
L. Cao, X. G. Fan, M. T. Lotze, H. J. Zeh lll, D. Tang, Intracellular Hmgb?1 inhibits inflammatory
nucleosome release and limits acute pancreatitis in mice. Gastroenterology 146,
1097-1107.e8 (2014).

R. Kang, R. Chen, Q. Zhang, W. Hou, S. Wu, L. Cao, J. Huang, Y. Yu, X. G. Fan, Z. Yan, X. Sun,
H. Wang, Q. Wang, A. Tsung, T. R. Billiar, H. J. Zeh lll, M. T. Lotze, D. Tang, HMGB1 in health
and disease. Mol. Aspects Med. 40, 1-116 (2014).

C. Muus, M. D. Luecken, G. Eraslan, L. Sikkema, A. Waghray, G. Heimberg, Y. Kobayashi,
E.D. Vaishnav, A. Subramanian, C. Smillie, K. A. Jagadeesh, E. T. Duong, E. Fiskin, E. T. Triglia,
M. Ansari, P. Cai, B. Lin, J. Buchanan, S. Chen, J. Shu, A. L. Haber, H. Chung, D. T. Montoro,
T. Adams, H. Aliee, S. J. Allon, Z. Andrusivova, |. Angelidis, O. Ashenberg, K. Bassler,

C. Bécavin, |. Benhar, J. Bergenstrahle, L. Bergenstrahle, L. Bolt, E. Braun, L. T. Bui, S. Callori,
M. Chaffin, E. Chichelnitskiy, J. Chiou, T. M. Conlon, M. S. Cuoco, A. S. E. Cuomo, M. Deprez,
G. Duclos, D. Fine, D. S. Fischer, S. Ghazanfar, A. Gillich, B. Giotti, J. Gould, M. Guo,

A.J. Gutierrez, A. C. Habermann, T. Harvey, P. He, X. Hou, L. Hu, Y. Hu, A. Jaiswal, L. Ji, P. Jiang,
T.S. Kapellos, C. S. Kuo, L. Larsson, M. A. Leney-Greene, K. Lim, M. Litviriukova, L. S. Ludwig,
S.Lukassen, W. Luo, H. Maatz, E. Madissoon, L. Mamanova, K. Manakongtreecheep, S. Leroy,
C. H. Mayr, I. M. Mbano, A. M. McAdams, A. N. Nabhan, S. K. Nyquist, L. Penland, O. B. Poirion,
S. Poli, C. Qi, R. Queen, D. Reichart, I. Rosas, J. C. Schupp, C. V. Shea, X. Shi, R. Sinha, R. V. Sit,
K. Slowikowski, M. Slyper, N. P. Smith, A. Sountoulidis, M. Strunz, T. B. Sullivan, D. Sun,

C. Talavera-Lopez, P. Tan, J. Tantivit, K. J. Travaglini, N. R. Tucker, K. A. Vernon,

M. H. Wadsworth, J. Waldman, X. Wang, K. Xu, W. Yan, W. Zhao, C. G. K. Ziegler, Single-cell
meta-analysis of SARS-CoV-2 entry genes across tissues and demographics. Nat. Med. 27,
546-559 (2021).

17 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

56. X.Xu,J.R.Greenland, J. E. Gotts, M. A. Matthay, G. H. Caughey, Cathepsin L helps to defend
mice from infection with influenza A. PLOS ONE 11, 0164501 (2016).

57. H. Taubert, D. Riemann, A. Kehlen, A. Meye, F. Bartel, V. John, J. Brandt, M. Bache, P. Wirl,
H. Schmidt, E. Weber, Expression of cathepsin B, D and L protein in juvenile idiopathic
arthritis. Autoimmunity 35, 221-224 (2002).

58. D. Kozakov, D. R. Hall, B. Xia, K. A. Porter, D. Padhorny, C. Yueh, D. Beglov, S. Vajda, The
ClusPro web server for protein-protein docking. Nat. Protoc. 12, 255-278 (2017).

59. X.Qiang, J. Li, S. Zhu, M. He, W. Chen, Y. Al-Abed, M. Brenner, K. J. Tracey, P. Wang, H. Wang,
Human dermcidin protects mice against hepatic ischemia-reperfusion-induced local and
remote inflammatory injury. Front. Immunol. 12, 821154 (2022).

60. M. Shankar-Hari, G. S. Phillips, M. L. Levy, C. W. Seymour, V. X. Liu, C. S. Deutschman,

D. C. Angus, G. D. Rubenfeld, M. Singer; Sepsis Definitions Task Force, Developing a new
definition and assessing new clinical criteria for septic shock: For the Third International
Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 315, 775-787 (2016).

Acknowledgments: We thank a former laboratory member, Y. Wang, for the RNA-seq analysis
of gene expression in pCTS-L—challenged Balb/C mice, as well as RT-PCR analysis of various Cts
genes in animal model of experimental sepsis. The recombinant human and murine pCTS-L
proteins or anti-pCTS-L monoclonal antibodies can be provided by H.W. pending scientific
review and a completed material transfer agreement. Request for recombinant human and
murine pCTS-L proteins or anti-pCTS-L mAbs should be submitted to H.W. (hwang@northwell.
edu). Funding: This work was supported by NIH grants RO1AT005076 (to H.W.), ROTGM063075
(to H.W.), R35GM 145331 (to H.W.), and R35GM118182 (to K.J.T.). Author contributions: H.W.
supervised the entire study, conducted the protein-protein docking analysis, interpreted all the

Zhu et al., Sci. Adv. 9, eadf4313 (2023) 3 February 2023

results, generated all the figures, and wrote the manuscript. C.S.Z,, X.Q., W.C,, and X.L.
performed most experiments and generated data. J.L. and K.J.T. provided recombinant murine
and human pCTS-L proteins, as well as important input to the experimental design of mAb
generations. H.Y. and K.J.T. provided C57BL/6 mutant mice deficient in either TLR4 or TLR4/
RAGE. J.G. and L.B. recruited some septic patients and normal healthy controls to provide
plasma samples for the study. P.W. provided important input to the experimental design.
Competing interests: HW., C.S.Z,, KJ.T. and J.L. are co-inventors of a provisional patent
application entitled “Use of procathepsin L-targeting monoclonal antibodies to fight against
lethal sepsis and other pathologies”. All other authors declare that they have no competing
interests. Data and materials availability: All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials. Our institution, the
Feinstein Institutes for Medical Research (FIMR), is a signatory to the Uniform Biological Material
Transfer Agreement (UBMTA) Master Agreement, a contracting mechanism published by NIH
on behalf of PHS to facilitate the transfer of biological materials between academic institutions.
For institutions who have agreed to the terms of the UBMTA Master Agreement, only an
Implementing Letter, which denotes the biological material as well as the providing and
receiving institution, will be needed for each transfer. For nonsignatories of the UBMTA Master
Agreement, an MTA Template based on UBMTA principles will be provided by the FIMR as
stand-alone contract for transfer of biological material between nonprofit institutions.

Submitted 20 October 2022
Accepted 5 January 2023
Published 3 February 2023
10.1126/sciadv.adf4313

18 of 18


mailto:hwang@northwell.edu
mailto:hwang@northwell.edu

	INTRODUCTION
	RESULTS
	Identification of pCTS-L as an SAA-inducible and secretory protein
	Up-regulation and systemic accumulation of pCTS-L in experimental sepsis
	Systemic accumulation of pCTS-L and other surrogate biomarkers in clinical sepsis
	Requirement of TLR4 and RAGE receptors for pCTS-L–induced dysregulated inflammation
	Requirement of TLR4 and RAGE receptor for pCTS-L–induced tissue injury
	Genetic deletion of Ctsl conferred protection against sepsis-induced tissue injury
	pCTS-L–neutralizing pAbs conferred protection against lethal sepsis
	Generation of mAbs against murine and human pCTS-L
	Anti–pCTS-L mAb attenuated pCTS-L–induced inflammation in human PBMCs

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Cell culture
	MALDI-TOF mass spectrometry
	Cytokine antibody arrays
	Open Surface Plasmon Resonance
	ClusPro protein-protein docking
	Animal model of lethal endotoxemia and sepsis
	Real-time RT-PCR analysis of Ctsl expression
	Genotyping
	Tissue injury
	RNA-seq analysis
	Clinical characterization of septic patients
	Statistical analysis

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this &break /;manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

