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Abstract

Sepsis represents uncontrolled inflammation due to an infection. Cold-inducible RNA-binding
protein (CIRP) is a stress-induced damage-associated molecular pattern (DAMP). A subset of
neutrophils expressing intercellular adhesion molecule-1 (ICAM-1* neutrophils) was previously
shown to produce high levels of reactive oxygen species. The role of CIRP for the development
and function of ICAM-1* neutrophils during sepsis is unknown. We hypothesize that CIRP
induces ICAM-1 expression in neutrophils causing injury to the lungs during sepsis. Using a
mouse model of cecal ligation and puncture (CLP)-induced sepsis, we found increased expression
of CIRP and higher frequencies and numbers of ICAM-1" neutrophils in the lungs. Conversely,
the CIRP™~ mice showed significant inhibition in the frequencies and numbers of ICAM-1*
neutrophils in the lungs as compared to WT mice in sepsis. /n vitro treatment of bone marrow-
derived neutrophils (BMDN) with recombinant murine CIRP (rmCIRP) significantly increased
ICAM-1" phenotype in a time- and dose-dependent manner. The effect of rmCIRP on increasing
frequencies of ICAM-1* neutrophils was significantly attenuated in BMDN treated with anti-
TLR4 Ab or NF-xB inhibitor as compared, respectively, with BMDN treated with isotype IgG or
DMSO. The frequencies of inducible nitric oxide synthase (iNOS) producing and neutrophil
extracellular traps (NETs) forming phenotypes in rmCIRP-treated ICAM-1* BMDN were
significantly higher than those in ICAM-1~ BMDN. Following sepsis the ICAM-1* neutrophils in
the lungs showed significantly higher levels of INOS and NETs compared to ICAM-1~
neutrophils. We further revealed that ICAM-1 and NETSs were co-localized in the neutrophils
treated with rmCIRP. CIRP™~ mice showed significant improvement in their survival outcome
(78% survival) over that of WT mice (48% survival) in sepsis. Thus, CIRP could be a novel
therapeutic target for regulating iNOS producing and NETs forming ICAM-1* neutrophils in the
lungs during sepsis.
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Summary sentence:

Our findings involving CIRP, ICAM-1* neutrophils and NETs implicate a novel pathophysiology
of sepsis-induced acute lung injury, and targeting CIRP could be an effective therapeutic tool to
control sepsis-induced acute lung injury.
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INTRODUCTION

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host
response to infection [1]. A recent survey estimated its annual global incidence at 31.5
million cases, resulting in 5.3 million deaths [2]. Sepsis is often complicated by acute lung
injury (ALI), clinically defined as acute respiratory distress syndrome (ARDS) [3]. ALl is
developed as a consequence of excessive neutrophil infiltration and pulmonary endothelial
cell (EC) activation by microbial pathogen-associated molecular patterns (PAMPS) or
endogenous damage-associated molecular patterns (DAMPs) [4-6]. A clear understanding
of the ALI pathophysiology with respect to the novel phenotypes and functions of
neutrophils will help develop effective therapeutic potential against this deadly clinical
condition.

Cold-inducible RNA-binding protein (CIRP) is a glycine-rich RNA chaperone facilitating
RNA translation [7]. Mouse and human CIRP contain 172 amino-acid residues, which share
95% sequence similarity [7]. Patients with hemorrhagic shock have increased levels of CIRP
in the blood [8]. Similarly, in animal models of hemorrhage and sepsis, CIRP is released into
the circulation and serves as a DAMP to induce the release of pro-inflammatory cytokines
and causes EC dysfunction [8]. The role of CIRP in macrophages, lymphocytes and ECs has
been demonstrated [8-11], while the direct role of CIRP on neutrophils during sepsis is
unknown.

Neutrophils play an essential role in the innate immune response, providing a first line of
host defense. Neutrophils can trap and kill microorganisms by releasing neutrophil
extracellular traps (NETs) composed of chromatin and antimicrobial proteins [12-14].
Conversely, the NETs and their components contributing to the pathogenesis of sepsis and
other inflammatory diseases have also been reported [14, 15]. Alterations in the phenotypes
of neutrophils may influence to their activation and functions. Therefore, elucidation of the
novel phenotypes of neutrophils during sepsis will rewrite the pathophysiological features of
ARDS.

Intercellular adhesion molecule-1 (ICAM-1), also known as CD54 is a member of the
immunoglobulin (Ig)-like gene superfamily [16]. ICAM-1 is predominantly expressed on the
endothelial and epithelial cells and to a lesser extent on certain subsets of leukocytes [17,
18]. Its expression is up-regulated by the stimulation with lipopolysaccharide (LPS), tumor
necrosis factor-a (TNF-a), interleukin (IL)-1p and interferon (IFN) y [17-19]. ICAM-1
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plays pivotal role in cell adhesion, migration and aggregation via the interactions with its
ligands, the integrins such as leukocyte function-associated antigen-1 (LFA-1) and Mac-1
[20-23]. With respect to neutrophils, little is known about the status of ICAM-1 expression.
An increased expression of ICAM-1 on neutrophils after stimulation with LPS and TNF-a
has been shown, which resulted in significant increases in neutrophil-neutrophil adherence
and aggregation [24]. The ICAM-1 expressing neutrophils were shown to enhance the
effector functions through the increase of phagocytosis and ROS generation [25]. The role of
this subset of neutrophils in terms of augmenting inflammation and tissue injury in a
clinically relevant model of systemic inflammation has not been reported so far.

Although the effect of LPS and pro-inflammatory cytokines to induce ICAM-1 expression in
neutrophils has been demonstrated [24, 25], the role of DAMPs on ICAM-1 expression in
neutrophils is unknown. We have recently identified CIRP to act as a novel DAMP which
exaggerates inflammation [8]. Elucidation of the role of CIRP on neutrophils for the
expression of ICAM-1 will provide crucial information for developing novel therapeutic
potential. Thus, we hypothesized that CIRP could induce ICAM-1 expression on neutrophils
through binding to its receptor Toll-like receptor 4 (TLR4), leading to exaggerated
inflammation and lung injury during sepsis.

We noticed that expression of CIRP and the numbers of ICAM-1* neutrophils were both
upregulated in lungs during sepsis. Using CIRP knock-out (CIRP™~) mice we showed a
decreased content of ICAM-1* population of neutrophils in lungs during sepsis. We also
revealed the mechanism of CIRP-induced ICAM-1 expression in neutrophils through the
involvement of TLR4/nuclear factor (NF)-«xB-mediated pathway. Finally, we identified pro-
inflammatory function of ICAM-1" neutrophils in terms of their ability to produce higher
levels of inducible nitric oxide synthase (iNOS) and NETS. Collectively, these findings
clearly revealed a unique role of CIRP on neutrophils to cause exaggerated inflammation
and ARDS in sepsis. Thus, targeting CIRP could be an effective therapeutic potential to
reduce ICAM-1* population of neutrophils in lungs thereby ameliorating sepsis-induced
ARDS.

MATERIALS AND METHODS

Mice

Male 8-9 week old wild-type (WT) C57BL/6 mice weighing about 25 g were purchased
from Charles River (Charles River, Wilmington, MA). C57BL/6 background CIRP™~ mice
were obtained as a gift from Dr. Fujita (Kyoto University, Kyoto, Japan). Mice were housed
in temperature-controlled rooms with 12 h light cycles and fed standard laboratory chow and
water ad libitum. All experiments were performed in accordance with the guidelines for the
use of experimental animals by National Institutes of Health (Bethesda, MD). All the animal
experimental protocols were approved by the Institutional Animal Care and Use Committees
(IACUC) of the Feinstein Institute for Medical Research.
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Cecal ligation and puncture (CLP)-induced sepsis

WT and CIRP~/~ mice were anesthetized with 2% isoflurane inhalation. The abdomen was
shaved and made sterile with 10% povidone-iodine swab. CLP was performed as described
previously [26]. Briefly, after a 1.5 cm midline abdominal incision the cecum was exposed
and ligated at 1 cm from the tip with 4-0 silk suture. Ligated distal part of the cecum was
punctured once through and through using a 22-g needle and squeezed gently to extrude a
small amount of fecal material. The cecum was positioned back inside the abdomen, and the
abdominal wound was closed in two layers with running 4-0 silk suture. Sham mice
underwent only abdominal incision without ligation and puncture of the cecum. Both sham-
and CLP-operated animals were resuscitated with 1 ml of normal saline subcutaneously, and
then returned to their cages with normal access to foods and drinking water for 20 h.

Assessment of CIRP expression in lung by Western blot

After 20 h of sham or CLP operation, lungs were harvested from each animal and
homogenized in lysis buffer containing 10 mM Tris-HCI, pH 7.5, 120 mM NacCl, 1% NP-40,
1% sodium deoxycholate and 0.1% sodium dodecyl sulfate and protease inhibitor cocktail
(Roche Diagnostics, Indianapolis, IN) by sonication (Sonic Dismembranator 100; Fisher
Scientific, Pittsburgh, PA). Concentration of protein of each sample was determined by Bio-
Rad protein assay reagent (Bio-Rad, Hercules, CA). Equal amounts of lung homogenates
were fractionated on Bis-Tris gels (4-12%) and transferred to 0.2 um pore size nitrocellulose
membrane. The membrane was blocked with 0.1% casein in Tris-buffered saline with 0.1%
tween-20 (TBST) and incubated with anti-mouse CIRP Ab (Cat. No.: 10209-2-AP;
Proteintech, Rosemont, IL) or B-actin primary Ab (Cat. No.: A5441; Sigma-Aldrich, St
Louis, MO). After washing the membranes with TBST buffer, they were incubated with
fluorescent-labeled secondary Abs (Li-Cor Biosciences, Lincoln, NE). Bands were detected
by Odyssey FC Dual-Mode Imaging system (Li-Cor Biosciences), and the intensities of
bands were measured using Image J software [27].

Isolation of cells from lung tissues

Lung tissues were sliced into small pieces by sterile surgical blade and suspended in Ca*™
and Mg** free Hank’s balanced salt solution (HBSS, Corning, NY). Tissue digestion was
performed in HBSS supplemented with 100 U/ml of collagenase | (Worthington
Biochemical, Lakewood, NJ) and 20 U/ml DNase | (Worthington Biochemical, Lakewood,
NJ) in 37°C water bath for 30 min with periodic shaking. Digested tissue fragments were
crushed with a 10 ml syringe plunger and passed through a 70 um cell strainer (Corning).
Lysis of red blood cells in lung cell suspensions was done using ACK lysis buffer (Mediatec,
Manassas, VA). The numbers of isolated lung cells were counted using a microscope
(Eclipse TS100; Nikon, Tokyo, Japan).

Isolation and purification of bone marrow-derived neutrophils (BMDN)

Mice were anesthetized by 2% isoflurane inhalation and the femurs and tibias were
dissected. Marrow contents form bones were flushed out with Ca** and Mg** free HBSS
using a 25 gauge needle into a petri dish. Suspensions of cells were filtered through a 70 pm
cell strainer (Corning) and BMDN were purified by negative selection using the EasySep
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mouse neutrophil enrichment kit (Cat. No.: 19762; STEMCELL, Vancouver, BC, Canada).
The purity of the sorted neutrophils was assessed by staining the cells with APC-Ly6G Ab
(clone 1A8; Biolegend, San Diego, CA) using BD LSR Fortessa flow cytometer (BD
Biosciences, San Jose, CA).

Assessment of ICAM-1 expression in neutrophils by real-time PCR and Western blot

Total RNA was extracted from 2 x 108 BMDN treated with either PBS or rmCIRP (1 pg/ml)
for 2 h using TRIzol (Invitrogen; Carlsbad, CA) and reverse-transcribed into cDNA using
reverse transcriptase enzyme (Applied Biosystems; Foster City, CA). The PCR reaction was
performed in 20 pl of final volume containing 0.08 uM of forward and reverse primer,
cDNA, and 10 pl SYBR Green PCR Master Mix (Applied Biosystems). The thermal profile
used by the Applied Biosystems 7300 real-time PCR machine was: 50°C for 2 min, 95°C for
10 min, 45 cycles of 95°C for 15 seconds, and 60°C for 1 min. Mouse p-actin served as an
internal control gene for normalization. Relative expression of mRNA was represented as
fold change in comparison to the sham group. The sense and anti-sense primer sequences of
mouse genes include, ICAM-1 (NM_010493): 5’-GGGCTGGCATT GTTCT CTAA-3’, 5’-
CTTCAGAGGCAGGAAACAGG-3’ and p-actin (NM_007393): 5’-CGTGAAA
AGATGACCCAGATCA-3’ and 5’-TGGTACG ACCAGAGGCATACAG-3’. To assess the
protein levels of ICAM-1 expression in neutrophils, a total of 2 x 105 BMDN were treated
with rmCIRP at a dose 1 pg/ml for 4 h, and then total proteins were extracted from the
BMDN and subjected to Western blot for the determination of ICAM-1 expression by
reacting the cell lysates with anti-mouse ICAM-1 Ab ( Cat. No.: sc-1511; Santa Cruz
Biotechnology, Santa Cruz, CA) or anti-p-actin primary Ab (Cat. No.: A5441; Sigma-
Aldrich) and detected by Odyssey FC Dual-Mode Imaging system.

Assessment of ICAM-1 expression in neutrophils by flow cytometry

To detect ICAM-1 expression on the surface of neutrophils, a total of 1 x 108 cells isolated
from lungs or purified BMDN following CLP or treatment with our in-house made
recombinant mouse CIRP (rmCIRP) were washed with fluorescence-activated cell sorting
(FACS) buffer containing phosphate buffered saline (PBS) with 2% FBS and stained with
APC anti-mouse Ly-6G Ab (clone: 1A8; Biolegend) and FITC anti-mouse ICAM-1 Ab
(CD54, clone: 3E2; BD Biosciences, San Jose, CA). Unstained cells were used as a negative
control to establish the flow cytometer voltage setting, and single-color positive controls
were used for the adjustment of the compensation. Acquisition was performed on 30,000
events using a BD LSR Fortessa flow cytometer (BD Biosciences, San Jose, CA) and data
were analyzed with FlowJo software (Tree Star, Ashland, OR). ICAM-1 expressing
neutrophils were defined as Ly6G*CD54" population.

In vitro study of TLR4 and NF-xB pathways

BMDN were cultured in RPMI medium with 10% heat inactivated fetal bovine serum (FBS)
and penicillin and streptomycin and stimulated with rmCIRP at different doses and time
points. For inhibition of TLR4, BMDN were pre-treated with a neutralizing Ab against
TLR4, anti-mouse TLR4 Ab (clone: MTS510; Biolegend) at a dose of 6 pg/ml or isotype
1gG control (clone: RTK2071; Biolegend) at a dose of 6 ug/ml for 30 min, followed by the
stimulation with rmCIRP (1 pg/ml) for 4 h. Expression of ICAM-1 in BMDN was then
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assessed by flow cytometry. To assess the involvement of NF-xB for ICAM-1 expression,
BMDN were pre-treated with either IKK16, a selective inhibitor of IxB kinase (Cat. No.:
2539; Bio-Tech, Minneapolis, MN) at a dose of 0.5 uM or DMSO as vehicle control for 30
min, followed by the stimulation with rmCIRP at 1 pg/ml for 4 h. Expression of ICAM-1 in
BMDN was assessed by flow cytometry.

Assessment of iNOS expression by flow cytometry

For the assessment of intracellular iNOS expression, a total of 1 x 108 BMDN in RPMI
medium were stimulated with 1 pg/ml rmCIRP for 4 h at 37°C in 5% CO,, cell culture
incubator. Following incubation, the cells were stained with APC anti-mouse Ly-6G Ab
(clone: 1A8; Biolegend) and FITC-anti-mouse ICAM-1 Ab (clone: 3E2; BD Biosciences)
and then fixed and permeabilized using BD cytofix/cytoperm plus fixation/permeabilization
kit (Cat. No.: 554715; BD Biosciences), followed by the intracellular staining with PE-anti-
mouse iINOS Ab (Cat. No.: sc-651; Santa Cruz Biotechnology, Santa Cruz, CA). Acquisition
was performed on 30,000 events using a BD LSR Fortessa Flow Cytometry Analyzer (BD
Biosciences) and data were analyzed by FlowJo software (Tree Star, Ashland, OR).

Assessment of NETs by flow cytometry

To detect NETSs using flow cytometry, purified BMDN were stimulated with 500 ng/ml
rmCIRP for 4 h at 37°C in 5% CO, humidified incubator. After stimulation, neutrophils
were fixed with 2% paraformaldehyde for 20 min at room temperature, blocked for 30 min
with 2% bovine serum albumin in PBS at 37°C. Without a permeabilization step, the cells
were then stained with APC-rat anti-mouse Ly-6G Ab (clone: 1A8; Biolegend), BV421-
hamster anti-mouse ICAM-1 Ab (clone: 3E2; BD Bioscience) and with FITC-mouse anti-
myeloperoxidase (MPO) Ab (clone: 2D4; Abcam, Cambridge, MA). A total of 30,000
events were acquired using a BD LSR Fortessa Flow Cytometry Analyzer (BD Biosciences)
and the data were analyzed by FlowJo software (Tree Star, Ashland, OR).

Assessment of the co-localization of NETs and ICAM-1 on neutrophils by microscopy and
imaging flow cytometry

A total of 1 x 10° BMDN grown in culture slides (Cat. No.: 177402; Thermo Fisher
Scientific, Waltham, MA) were treated with rmCIRP (1 pug/ml) for 4 h at 37°C. The cells
were fixed with 4% paraformaldehyde and then stained with SYTOX green (2uM; Thermo
Fisher Scientific) and PE-anti-mouse ICAM-1 Ab (Cat. No.: sc-8439 PE; Santa Cruz
Biotechnology), followed by the assessment using fluorescence microscope (Eclipse TS100;
Nikon). Purified BMDN (2x10%) were stimulated with rmCIRP (1 pg/ml) at 37°C for 4 h.
Cells were surface stained with FITC MPO (clone: 2D4; Abcam) and PE ICAM-1 (Cat. No.:
sc-8439 PE; Santa Cruz Biotechnology) Abs and subjected to acquisition in ImageStreamX
Mark 11 flow cytometer (BD Biosciences) and analysis by INSPIRE and IDEAS software.

Survival study in mouse model of sepsis

WT and CIRP~/~ mice were subjected to ligation of cecum at 0.5 cm from the tip with 4-0
silk suture. A single puncture was done to the distal part of the ligated cecum using a 22-
gauge needle. A small amount of cecal content was extruded from the punctured cecum.
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After wound closure using 4-0 silk suture, the mouse was injected with 500 pl of the
antibiotic Imipenem (0.5 pg/kg BW), and 500 pl of normal saline subcutaneously. The
animals were followed twice a day up to 10 days.

Statistical analysis

Data are presented as mean + standard error of the mean (SEM). Differences between two
groups were assessed with the unpaired Student’s #test. The p values < 0.05 were considered
statistically significant. Multiple groups were compared by one-way analysis of variance
(ANOVA) using the Student-Newman-Keuls test. All statistical tests were performed and
graphics were created by using Sigma Plot graphing and statistical analysis software (Systat
Software Inc., San Jose, CA).

RESULTS

CIRP expression is increased in the lungs in sepsis

Systemic levels of CIRP were shown to be elevated following sepsis and in other
inflammatory diseases in rodents and in humans in the previous studies [8, 28]. However, the
status of CIRP expression in the lungs following sepsis was unknown. Here, we assessed the
protein levels of CIRP in the lungs which showed significant upregulation at 20 h of CLP by
a mean value of 41.7% compared to sham-operated animals (Fig 1A).

The frequencies and numbers of ICAM-1* neutrophils are increased in sepsis

After 20 h of CLP, whole blood and lung cells were isolated to assess the surface expression
of ICAM-1 on neutrophils. In sham-operated mice, mean values of 16.1% and 18.7%
neutrophils in the blood and lung tissues were found to be positive for surface expression of
ICAM-1, respectively (Fig 1B-E). Interestingly, sepsis resulted in significant induction of
the frequencies of ICAM-1 expressing neutrophils to mean values of 35.0% and 31.4% in
the blood and lung tissues, respectively (Fig 1B-E). Moreover, the total number of ICAM-1
expressing neutrophils in the lungs was also found to be significantly increased by a mean
value of 72% in CLP-operated mice compared to sham-operated mice (Fig 1D, F).

Deficiency of CIRP is associated with decreased contents of ICAM-1* neutrophils in sepsis

We noticed that CIRP levels and ICAM-1 expressing neutrophils were both increased in
sepsis (Fig 1). To reveal the association between CIRP and ICAM-1* neutrophils, we
assessed the expression of ICAM-1 on the surface of neutrophils in the lungs following
induction of sepsis in WT and CIRP™~ mice. As shown in Fig 2A-C, after 20 h of sepsis
WT and CIRP~/~ mice showed significantly higher levels of ICAM-1 expressing neutrophils
in the lungs in terms of frequencies and numbers as compared to their respective sham-
operated groups. Interestingly, we noticed significant reduction in the frequencies and
numbers of ICAM-1 expressing neutrophils in the lungs of septic CIRP~/~ mice by mean
values of 52.9% (Fig 2A, B) and 38.6% (Fig 2A, C), respectively as compared to WT mice
with sepsis. These data clearly shows the link between CIRP and ICAM-1" neutrophils in
lungs during sepsis.
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Treatment with rmCIRP induces ICAM-1 expression on neutrophils

We first assessed the expression of ICAM-1 at its mRNA and protein levels in the
neutrophils after treatment with rmCIRP by using real-time PCR and Western blot,
respectively. We found that the BMDN treated with rmCIRP showed marked up-regulation
of the expression of ICAM-1 at its mMRNA and protein levels (Fig 3A, B). We next assessed
ICAM-1 expression at the surface of neutrophils after the treatment with rmCIRP at various
time-points and doses by flow cytometry. BMDN treated with rmCIRP at a constant dose 0.5
ug/ml significantly induced the surface expression of ICAM-1 by a mean value of 75% at 4
h, compared to PBS-treated cells (Fig 3C, D). Next, we sought to elucidate the dose-
dependent effect of rmCIRP at a constant time 4 h for ICAM-1 expression on the surface of
neutrophils. We found that the neutrophils treated with rmCIRP significantly induced
ICAM-1 expression on their surface by mean values of 74% and 86% at doses 0.5 pg/ml and
1 pg/ml, respectively, as compared to PBS-treated cells (Fig 3E, F).

Treatment with rmCIRP induces ICAM-1 expression on neutrophils through TLR4-NF-xB-
dependent pathway

We have previously shown that CIRP induces its pro-inflammatory function by binding to
TLR4/MD2 complex in the macrophages [8]. ICAM-1 expression in the myeloid cells was
shown to be governed by the activation of the transcription factor NF-xB [29]. We therefore
assessed ICAM-1 expression on the neutrophils in rmCIRP-treated condition with or without
neutralizing Ab for TLR4 and specific inhibitor for NF-xB. We noticed that the BMDN
treated with rmCIRP dramatically induced ICAM-1 expression as compared to PBS-treated
control. However, when BMDN were pre-treated with neutralizing Ab against TLR4, the
upregulation of ICAM-1 expression following rmCIRP treatment was significantly
attenuated by a mean value of 25% as compared to the isotype 1gG pre-treated cells (Fig 4A,
B). On the other hand, the cells pre-treated with isotype 1gG control did not show
attenuation in the surface expression of ICAM-1 on neutrophils following rmCIRP treatment
as compared to rmCIRP alone-treated condition (Fig 4A, B). Similarly, the BMDN pre-
treated with NF-xB inhibitor showed significant reduction in the expression of surface
ICAM-1 on the neutrophils as compared to rmCIRP alone-treated cells, while there was no
significant inhibition in ICAM-1 expression on the surface of the BMDN in vehicle
(DMSO)-pre-treated condition (Fig 4C, D). Collectively, these data clearly suggest that
rmCIRP-mediated ICAM-1 expression on the surface of neutrophils occurred through TLR4
and NF-xB-mediated pathway.

ICAM-1* neutrophils express higher levels of iINOS and NETSs in vitro

We next aimed to characterize ICAM-1 expressing neutrophils in terms of their INOS
expression. iNOS is expressed following induction by LPS, and serves as an inflammatory
mediator [30, 31]. iNOS expression is associated with several inflammatory processes
involving the lung that occurs during sepsis [30, 32]. /n7 vitro treatment of BMDN with
rmCIRP showed significant upregulation of iNOS expression in ICAM-1" neutrophils as
compared to ICAM-1" neutrophils (Fig 5A, B). Neutrophils often form NETSs to kill bacteria
[33]. However, in acute inflammatory disorders, aberrantly enhanced NETs formation and/or
decreased NETs degradation may play key roles in initiation and perpetuation of
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inflammatory responses and organ damage [15]. We therefore focused on the assessment of
NETSs by the ICAM-1* neutrophils. As shown in Fig 5C, D, following treatment with
rmCIRP, the ICAM-1* BMDN showed significantly higher levels of extracellular MPO
compared to ICAM-1" neutrophils. Surface-bound extracellular MPO serves as a pivotal
marker of NETSs.

ICAM-1* neutrophils in the lungs express increased levels of iINOS and NETs during sepsis

We next assessed iNOS and NETs measured by extracellular MPO in the ICAM-1*
neutrophils of lungs in sepsis. We found significant upregulation of iNOS expression in
ICAM-1" neutrophils compared to ICAM-1" neutrophils in the lung tissues following sepsis
(Fig 6A, B). Similarly, we also found significant upregulation of surface bound MPO in
ICAM-17 neutrophils compared to ICAM-1" neutrophils in the lungs during sepsis (Fig 6C,
D).

ICAM-1 and NETs co-localize on neutrophils

Using fluorescent microscope we found that NETSs as assessed by SYTOX green dye were
co-localized with ICAM-1 on the surface of BMDN-treated with rmCIRP (Fig 7A).Using
flow cytometry image stream tool, we further confirmed that ICAM-1 clearly co-localized
with extracellular MPO, a component of NETS at the surface of neutrophils treated with
rmCIRP (Fig 7B). On the other hand, the ICAM-1" neutrophils showed comparably reduced
levels of NETSs as shown by the surface levels of MPO (Fig 7B).

Deficiency of CIRP improves the survival of mice with sepsis

Sepsis was induced in WT and CIRP~/~ mice by CLP, and the survival of mice was
monitored for 10 days. We found that CIRP~/~ mice showed a significant improvement in
their survival outcome (78% survival) over that of WT mice (48% survival) at 10 day of
CLP (Fig 8). Therefore, targeting CIRP could be an effective therapeutic tool for the
management of sepsis.

DISCUSSION

The pro-inflammatory role of CIRP in macrophages, lymphocytes and ECs during sepsis has
been demonstrated in the previous studies [8-11]. CIRP upregulates TNF-a production in
macrophages and activates CD4™ T lymphocytes by binding to its receptor TLR4/MD2
complex [8, 9]. CIRP also causes EC dysfunction by increasing inflammasome-mediated
pyroptosis in sepsis [8, 9, 11]. It has recently been shown that CIRP induces lung
endoplasmic reticulum (ER) stress and its associated downstream responses to promote
sepsis-associated ALI [10].

Neutrophils, one of the major cell populations of innate-immune system play a pivotal role
in host defense against pathogens [34]. Depletion of neutrophils frequently leads to a fatal
complication, while excessive activation of neutrophils results in host tissue damage [35].
The protective and harmful effects of neutrophils depend on the stages of sepsis, as at the
onset of sepsis neutrophils are important in attenuating bacteremia, whereas at the late onset
of sepsis prolonged and excessive infiltration of neutrophils often cause organ dysfunction
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[36]. An indirect role of CIRP on neutrophils to cause ARDS was shown during sepsis, in
which the CIRP knock-out mice had reduced levels of neutrophil chemoattractants, MPO,
and nitric oxide [10]. Thus, the role of CIRP on neutrophils in sepsis has been implicated but
still remains to be fully explored. Our current study primarily focused a cutting edge role of
CIRP on neutrophils by elucidating their novel phenotype and function during sepsis. Here,
we discovered that CIRP increased a novel subset of neutrophils characterized by surface
expression of ICAM-1, named ICAM-1* neutrophils. We found that ICAM-1* neutrophils
were expanded in the blood and lungs of WT mice, but not in CIRP™~ mice after sepsis. We
further showed that stimulation with CIRP significantly induced ICAM-1* neutrophils in a
time- and dose-dependent manner. For the first time, we discovered that CIRP-induced
ICAM-1" neutrophils produced much higher levels of iNOS and NETs compared to
ICAM-1" neutrophils. NETs and iNOS were previously shown to be deleterious in sepsis
[32, 37-39]. Hence, we suggest that CIRP induces NET/iNOS-forming ICAM-1*
neutrophils to exaggerate inflammation and injury to the lungs during sepsis.

During inflammation neutrophil migration towards chemokine gradients and their
subsequent infiltration into tissues occur through a complex cascade, which involves
adherence of neutrophils to the endothelium and transendothelial migration (TEM) through
the junctions between adjacent EC [40, 41]. Adherence of neutrophils to EC is facilitated by
the interaction between LFA-1 expressed on neutrophils and ICAM-1 expressed on vascular
EC. Conceivably, ICAM-1 represents an useful therapeutic target in sepsis as the blockade
of ICAM-1 improves the outcome of polymicrobial sepsis via modulating neutrophil
migration into the lungs [42]. Aside from controlling excess neutrophil migration into lungs,
inhibition of exaggerated activation of neutrophils in the lungs could be beneficial in sepsis.
The behavior and function of neutrophils are associated with its phenotypes. For example,
CXCR4 expression is increased in aged or senescent neutrophils and is associated with
neutrophil trafficking [43]. Recently, ICAM-1* phenotype of neutrophils was identified
following stimulation of the neutrophils with LPS, TNF and zymogen particles /n vitro, and
these neutrophils were shown to exhibit increased effector functions in terms of exaggerated
ROS production and phagocytosis [25]. In the current study, using a clinically relevant
model of sepsis in mice, we identified increased levels of ICAM-1" neutrophils in the blood
as well as in lungs. This interesting finding led us to explore the development and function
of ICAM-1* neutrophils during inflammation.

In murine endotoxemia model, PAMP such as LPS has been shown to induce ICAM-1
expression in neutrophils [25]. During sepsis, aside from PAMPs, DAMPs are also known to
exaggerate inflammation and tissue injury [44]. Since we have recently identified CIRP
could act as an endogenous DAMP in sepsis [8], we focused on studying the effect of CIRP
on the development of ICAM-1* neutrophils in sepsis. Here, we identified a novel role of
CIRP for increasing ICAM-1 expression at the surface of neutrophils utilizing TLR4-
dependent pathways. Since canonical TLR4-mediated downstream signaling utilizes the
transcription factor NF-xB for target gene expression, we further confirmed CIRP-mediated
induction of ICAM-1 expression in neutrophils was truly dependent on NF-xB pathway. Our
current finding with CIRP as the inducer of ICAM-1 expression on neutrophils also supports
previous report for the induction of ICAM-1 expression through NF-xB pathway [45]. Thus,
our present study identifies a new mechanistic pathway for CIRP-mediated up-regulation of
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ICAM-1 expression on neutrophils through the involvement of TLR4-dependent NF-xB-
mediated canonical signal transduction pathway.

Aside from enhancing the effector functions by increasing ROS production and phagocytosis
[25], the ICAM-1* neutrophils were also shown to cause neutrophil aggregation and
clumping in the microcirculation during systemic inflammatory response syndrome through
the interaction between ICAM-1 and CD11b/CD18 receptors [24]. However, in murine
model of polymicrobial sepsis, debilitating role of ICAM-1* neutrophils in terms of
exaggerating inflammation and injury has not been demonstrated. Here, we established an
association between increased CIRP expression and ICAM-1* neutrophils in lungs. Since
CIRP was previously shown to cause ARDS during sepsis [10, 11], it is therefore exciting to
know if ICAM-1* neutrophils play pro-inflammatory role. We found that CIRP-treated
neutrophils upregulated ICAM-1 expression which produced increased levels of iNOS.
Excessive expression of iNOS leading to NO production to cause tissue injury and multiple
organ dysfunction in sepsis has been reported [46], thereby implicating a possible
deleterious role of ICAM-1* neutrophils in lungs during sepsis.

The role of NETS in sepsis has just begun to explore. NETSs are considered to be the double-
edged swords of innate immunity. Although NETS represent an important strategy to
immobilize and kill invading microorganisms, exaggerated NETosis increases risk of
autoreactivity to NET components evident in sterile and non-sterile inflammatory disease
[15, 47]. DNA, histones and MPO represent the major NET constituents [33]. We identified
increased levels of MPO within ICAM-1* populations of CIRP-treated neutrophils /n vitro.
Since we did not permeabilize cells while detecting MPO within neutrophils (Ly6G™ cells),
thus these molecules were considered to be located outside the neutrophils, thereby
confirming NET criteria. NETs can be defined as conventional late suicidal NETosis, a
distinct form of active cell death and an early vital NETosis, a non-suicidal form which
allows NET release from neutrophils staying viable [48]. Our current study although did not
clearly define which form of NETs were predominant in ICAM-1* neutrophils, nonetheless
our present study guides us to design future experiments to identify the types of NETs in
ICAM-1" neutrophils, thereby providing novel insights on the pathophysiology of sepsis.
Since NETSs were previously shown to be detrimental in sterile inflammation [47], future
studies for elucidation of the role of CIRP on ICAM-1" neutrophils in sterile inflammation
such as organ ischemia and reperfusion models and their subsequent association with NETs
would be of great interest in revealing disease pathophysiology and the development of
novel therapeutic strategies.

Previously, it has been shown that during inflammation a small population of neutrophils
may acquire ICAM-1* (CD54*) phenotype to facilitate their reverse transendothelial
migration (rTEM) from tissues back to the vascular lumen [49, 50]. Although our study did
not confirm whether or not these CIRP-induced ICAM-1 expressing neutrophils had rTEM
property in sepsis, we demonstrated a novel function of these neutrophils for inducing NETs
and iNOS production during inflammation. Further study to establish the association
between CIRP-induced ICAM-1* neutrophils and rTEM phenomenon will provide
additional views on the function of these cells during sepsis. In human, ICAM-1*
neutrophils exist, but their functions remain elusive. Upregulation of CIRP and ICAM-1*
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cells in human patients with septicemia have been reported in two different studies [8, 24],
which therefore implicates a possible interaction between CIRP and ICAM-1* neutrophils to
cause detrimental effect in sepsis.

In summary, we identified a novel function of CIRP to generate an immunologically active
distinct phenotype of neutrophils (ICAM-1*Ly6G") in blood and lungs during sepsis and
under /n vitro conditions. We also deduced CIRP directly increased the frequencies and
numbers of ICAM-1* neutrophils through TLR4/NF-xB-mediated pathway. ICAM-1*
neutrophils produced increased iNOS and NETS, thus might exaggerate inflammation and
tissue injury during sepsis (Fig 9). Thus, targeting CIRP using knock-out mice showed
reduced levels of ICAM-1* neutrophils in the lungs and finally provided an outstanding
survival benefit in sepsis, implicating a novel therapeutic approach in sepsis-induced ARDS.
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Figure 1: Status of CIRP levels and ICAM-1* neutrophils in lungs during sepsis.
After 20 h of CLP or sham operation, lungs were harvested from mice. (A) Total protein was

extracted from lung tissues of each animal and CIRP expression at its protein level in lungs
was measured by Western blot. Each blot was quantified by densitometric analysis. CIRP
expression in each sample was normalized to p-actin expression and the mean value of sham
groups was standardized as one for comparison. Representative blots for CIRP and p-actin
from two independent experiments are shown. Data are expressed as means = SE (n = 8-10
mice/group) and compared by Student’s t test (*p < 0.05 vs. sham mice). (B) Whole blood
was collected from sham- and CLP-operated animals. A total of 250 pl of whole blood was
first treated with RBC lysis buffer and then after staining the cells with APC-Ly6G and
FITC-ICAM-1 (CD54) Abs flow cytometric detection was performed. A representative blot
indicating forward and side scatter, Ly6G and ICAM-1 (CD54) frequencies are shown. (C)
Bar diagram representing the mean frequencies of ICAM-1 expressing cells within Ly6G™*
gated populations are shown. Data are expressed as means + SE (n = 6 mice/group) and
compared by Student’s t test (*p < 0.05 vs. sham mice). (D) Cells were isolated from lung
tissues by collagenase | digestion. After lysing red blood cells, the number of cells in each
sample was counted and a total of 1.5 x 10° cells were reacted with APC-Ly6G and FITC-
ICAM-1 (CD54) Abs, followed by the assessment of cells using flow cytometry.
Representative dot blots indicating the frequencies of ICAM-1 expressing neutrophils as
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obtained from three independent experiments are shown. (E) Bar diagram representing the
quantitative mean values of the frequencies of ICAM™* neutrophils obtained from Ly6G*
cells is shown. Data are expressed as means = SE (n = 6 mice/group) and compared by
Student’s t test (*p < 0.05 vs. sham mice). (F) The total numbers of ICAM-1* neutrophils
were determined by multiplying the ICAM™* cells’ frequencies from each sample with total
number of cells in each lung. Bar diagram representing the mean values of the number of
ICAM™* neutrophils in each mouse is shown. Data are expressed as means + SE (n = 6 mice/
group) and compared by Student’s t test (*p < 0.05 vs. sham mice). CLP, cecal ligation and
puncture; CIRP, cold-inducible RNA-binding protein; ICAM-1, intercellular adhesion
molecule.
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Figure 2: Frequencies and numbers of ICAM-1" neutrophils in lungs from WT and CIRP-
mice during sepsis.

At 20 h of sham or CLP operation, lungs were harvested from WT and CIRP™~ mice.
ICAM-1 expression in neutrophils from lung cell lysates was detected by flow cytometry by
reacting the cells with APC-Ly6G and FITC-ICAM-1 (CD54) Abs. (A) Representative dot
blots of the frequencies of ICAM-1* neutrophils in lungs from WT and CIRP~/~ mice
generated from three independent experiments are shown. Diagrammatic presentation of the
quantitative mean values of the (B) frequencies and (C) numbers of ICAM-1* neutrophils in
lungs from WT and CIRP~/~ mice are shown. Data are expressed as means + SE (n = 3-5
mice/group) and compared by one-way ANOVA and SNK method (*p < 0.05 vs. WT sham;
#p < 0.05 vs. WT CLP). CLP, cecal ligation and puncture; CIRP, cold-inducible RNA-

binding protein; ICAM-1, intercellular adhesion molecule.

J Leukoc Biol. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ode et al. Page 19

A B
ICAM-1 - 90 kD
i B-actin = weese ewsse  42kD
= 20
2 251 s *
= =]
c 20 £ 15
B 15 %
b 8 10 ==
S 10 e
= o 3 5
3 ] 2
=
PBS rmCIRP PBS rmCIRP
o D
rmCIRP2h rmCIRP4 h = 12 - *
2.76% 10.1% E
o o 2 8-
" 1 o 3
E g £ -
g
- - bt T L - - 44
= = .| & H =
2 Et . - - - g k.
1 ¥ c = : PBS rmCIRP  rmCIRP
$SC $5C SsC 2h 4h
& F
PBS rmCIRP (0.5 pg/mi) rmCIRP (1 pg/ml) ® *#
2.21% 8.79% 15.7% % 16 -
= *
2 124
3 -
E = Q
- B - . - i E &8+
= g = G = ! * =
o 1 o *3 2] ! 5]
£ e T GG Spgn. Y E| PR R . 0 -
| s > i e | p v ; == PBS rmCIRP  rmCIRP
SSC SSC SSC 0.5 pgiml 1 pg/ml

Figure 3: Assessment of ICAM-1 expression in BMDN treated with recombinant mouse CIRP in
vitro.

Bone marrows were extracted from tibia and femoral bones of WT mice and BMDN were
purified using magnetic beads. (A) A total of 2 x 105 BMDN were treated with rmCIRP (1
ug/ml) for 2 h and then assessed the mRNA levels of ICAM-1 by using real-time PCR. Data
are expressed as means = SE (n = 10 mice/group) and compared by Student’s t test. (B) A
total of 2 x 105 BMDN were treated with rmCIRP (1 pg/ml) for 4 h and then assessed the
protein levels of ICAM-1 by using Western blot. Data are expressed as means + SE (n =7
mice/group) and compared by Student’s t test (*p < 0.05 vs. sham mice). For the detection
of surface levels of ICAM-1 expression, a total of 1 x 106 BMDN were stimulated with
rmCIRP for various times and doses, followed by the assessment of BMDN by flow
cytometry after staining them with APC-Ly6G and FITC-ICAM-1 Abs. (C) Dot blots and
their (D) corresponding bar diagram representing the frequencies of ICAM-1* cells within
Ly6G™ populations following treatment of the BMDN with 0.5 pg/ml of CIRP at 2 h and 4 h
time points. Data are expressed as means + SE (h = 9/group) and compared by one-way
ANOVA and SNK method (*p < 0.05 vs. PBS). (E) Dot blots and their (F) corresponding
bar diagram representing the frequencies of ICAM-1* cells within Ly6G™ populations
following treatment of the BMDN with 0.5 and 1 pg/ml of CIRP for 4 h. Data are expressed
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as means + SE (n = 3/group) and compared by one-way ANOVA and SNK method (*p <
0.05 vs. PBS; #p < 0.05 vs. CIRP at 0.5 pg/ml dose). CIRP, cold-inducible RNA-binding
protein; ICAM-1, intercellular adhesion molecule; rmCIRP, recombinant murine CIRP;
BMDN, bone marrow-derived neutrophils.
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Figure 4: Involvement of TLR4 and 1xB pathways for rmCIRP-induced ICAM-1 expression in
neutrophils.

(A, B) BMDN were purified and stimulated with 1 pg/ml of CIRP for 4 h at 37°C with 30
min prior incubating them with 6 pg/ml of anti-TLR4 neutralizing Ab or same dose of
isotype 1gG or (C, D) 0.5 uM of IKK186, a selective inhibitor of IxB kinase or DMSO as
vehicle. After stimulation, BMDN were stained for the detection of surface ICAM-1
expression by flow cytometry. Representative dot blots and their corresponding bar diagrams
indicating the frequencies of ICAM-1" neutrophils are shown. Data are expressed as means
+ SE (n = 9/group) obtained from three independent experiments and compared by one-way
ANOVA and SNK method (*p < 0.05 vs. PBS; #p < 0.05 vs. isotype IgG or DMSO vehicle).
CIRP, cold-inducible RNA-binding protein; ICAM-1, intercellular adhesion molecule;
rmCIRP, recombinant murine CIRP; BMDN, bone marrow-derived neutrophils.
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Figure 5: Assessment of iNOS and NETs in ICAM-17 neutrophils in vitro.
Purified BMDN (1 x 108 cells) were stimulated with 1 ug/ml of rmCIRP for 4 h. Surface

ICAM-1 was stained with APC-Ly6G Ab and FITC-ICAM-1 Ab, followed by fixing and
permeabilization steps, intracellular staining for iNOS expression was performed by using
PE-anti-iNOS Ab. (A, B) Representative dot blots and corresponding bar diagram are
shown. Data are expressed as means + SE (n = 6 mice/group) and compared by Student’s t
test (*p < 0.05 vs. ICAM-17). In order to assess NETS /n vitro, a total of 1 x 105 BMDN
were stimulated with rmCIRP (1 ug/ml) at 37°C for 4 h. After fixing and blocking and
without permeabilization of the cells, they were then stained with APC-Ly6G, BV421-
ICAM-1 and FITC-MPO Abs. (C, D) Dot blots and corresponding bar diagram representing
the frequencies of extracellular MPO in ICAM-1 expressing neutrophils are shown. Data are
expressed as means * SE (n = 4 mice/group) and compared by Student’s t test (*p < 0.05 vs.
ICAM-17). CIRP, cold-inducible RNA-binding protein; ICAM-1, intercellular adhesion
molecule; rmCIRP, recombinant murine CIRP; BMDN, bone marrow-derived neutrophils.
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Figure 6: Assessment of iNOS and NETs in ICAM-1" neutrophils in lungs after sepsis.
At 20 h of sham or CLP operation, lungs were harvested from mice. iNOS and NETs were

detected in the single cell suspensions of lung tissues using flow cytometry by reacting the
cells with APC-Ly6G, FITC-ICAM-1 (CD54) and PE-INOS Abs. (A) Representative dot
blots of the frequencies of iNOS expressing ICAM-1* neutrophils in lungs are shown. (B)
Diagrammatic presentation of the quantitative mean values of the frequencies of iINOS
expressing ICAM-1" neutrophils in lungs is shown. For the estimation of NETSs, a total of 1
x 106 cells isolated from the lung tissues of sham or 20 h after CLP operation were stained
with APC-Ly6G, PE-ICAM-1 (CD54) and FITC-MPO Abs and subjected to flow cytometry.
(C) Representative dot blots of the frequencies of extracellular MPO expressing ICAM-1*
neutrophils in lungs are shown. (D) Diagrammatic presentation of the quantitative mean
values of the frequencies of extracellular MPO expressing ICAM-1* neutrophils in lungs is
shown. Data are expressed as means + SE (n =5 mice/group) and compared by Student’s t
test (*p < 0.05 vs. ICAM-17). CLP, cecal ligation and puncture; ICAM-1, intercellular
adhesion molecule-1; MPO, myeloperoxidase; iNOS, inducible nitric oxide synthase.
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Figure 7: Co-localization of NETs in ICAM-1" neutrophils.
(A) A total of 1x10° BMDN grown in culture plate were stimulated with rmCIRP (1 pg/ml)

for 4 h. Cells were stained with SYTOX Green and anti-mouse ICAM-1 Abs and assessed
under florescence microscope. Representative images (selected from n = 10 random
locations/well/group) showing the co-localization of NETs on ICAM-1* neutrophils are
shown. (B) BMDN (2x10%) were stimulated with 1 ug/ml rmCIRP for 4 h at 37°C. Cells
were surface stained with FITC MPO and APC ICAM-1 Abs and analyzed using an
ImageStreamX Mark Il flow cytometer and INSPIRE and IDEAS software. Representative
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images (acquired from 10,000 events/group) showing the co-localization of NETs on
ICAM-1" neutrophils are shown. BMDN, bone marrow-derived neutrophils; rmCIRP,
recombinant murine CIRP; ICAM-1, intercellular adhesion molecule-1; MPO,
myeloperoxidase;
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Figure 8: Survival outcomes in WT and CIRP™~ mice in sepsis.
Sepsis was induced in WT and CIRP~/~ mice by CLP as described in Materials and

Methods. A 10-day period Kaplan-Meier survival curve generated from WT and CIRP™/~
mice (n = 27 mice/group) with CLP-induced sepsis is shown. *p<0.05 vs. WT CLP mice,
determined by the log-rank test. CLP, cecal ligation puncture; CIRP, cold-inducible RNA-
binding protein.
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iNOS
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Figure 9: Summary of findings.
Bacterial sepsis causes upregulation of CIRP which binds to TLR4. CIRP-TLR4 interaction

in neutrophils leads to upregulation of ICAM-1 expression through NF-xB pathway.
Functionally, the ICAM-1" neutrophils produce excessive iNOS and NETs and promote
inflammation and injury to the tissues. CIRP, cold-inducible RNA-binding protein; TLR4,
Toll-like receptor 4; NETS, neutrophil extracellular traps; iINOS, inducible nitric oxide
synthase; ICAM-1, intercellular adhesion molecule-1; MPO, myeloperoxidase.
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