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Background: Fibronectin (FN) can improve organ function and slow the progression of sepsis, but full-length FN is hard to be
exacted as a therapeutic.

Objective: This study aimed to investigate the beneficial effects of C-terminal heparin-binding domain polypeptide of FN (thFNHC-36)
in a cecal ligation and puncture (CLP)-mediated murine septic model and explore its regulatory effects on macrophages.

Methods: Mice were randomly assigned to four groups: unoperated control (Normal), sham operation control (Sham), CLP-operation
with intravenous injection of phosphate-buffered saline (CLP+PBS), and CLP-operation with thFNHC-36 treatment (CLP+rhFNHC-36).
Blood and abdominal fluid samples were subjected to bacterial colony formation assays. Organs (liver, spleen, and lung) were undergone
histopathological analyses and/or weighed to obtain organ indices. Serum interleukin-6 (IL-6) levels, nitric oxide (NO) release from
isolated abdominal macrophages, and chemotactic effect of macrophages were measured with commercial kits. Surface programmed
death ligand 1 (PD-L1) expression on macrophages was measured by flow cytometry.

Results: Mice in the CLP+PBS group showed a lower survival rate than that in the CLP+rhFNHC-36 group. Improved survival was
associated with better clearance of bacterial pathogens, as evidenced by colony formation assays. The CLP-induced decrease in
thymus and spleen indices was attenuated by thFNHC-36 treatments. thFNHC-36 alleviated sepsis-associated tissue damage in liver,
spleen, and lung. CLP-mediated increases in plasma IL-6 levels were reversed by thFNHC-36 treatment. NO levels in peritoneal
macrophages after lipopolysaccharides (LPS)-stimulation in the CLP+rhFNHC-36 group were lower than that in the CLP+PBS group.
Notably, macrophages from the CLP+rhFNHC-36 group retained better chemotaxis ability. After LPS challenge, these macrophages
had a reduced percentage of PD-L1-positive cells compared to those in the CLP+PBS group.

Conclusion: thFNHC-36 improved survival of mice with CLP-induced sepsis by reducing tissue damage and modulating macrophage
function. Our work provides critical insight for developing FN-based and macrophages-targeted therapeutics for treating sepsis.
Keywords: fibronectin, heparin-binding domain polypeptide, sepsis, macrophage, cecal ligation and puncture

Introduction

Sepsis is a systemic inflammatory response against invading pathogenic bacteria and their toxins that usually causes
severe tissue and organ damage.'* Sepsis is considered a public health emergency, with a mortality rate of approximately
30-70%.>* Sepsis was reported to be the leading cause of death globally in 2020 among immunocompromised
individuals, including seniors, pregnant women, newborns and hospitalized individuals.” The pathogenesis of sepsis
involves inflammation, immune and tissue damage, and pathophysiologic changes in multiple organs, resulting in disease
complexity.' Notably, macrophages have been recognized to play essential roles in all phases of sepsis and affect both
immune homeostasis and inflammatory processes. As such, macrophage dysfunction is considered a major cause of
sepsis-induced immunosuppression.®”’
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Mononuclear macrophages are important factors in the innate immune system, as they are the first line of defense
against infection.® During severe trauma and infection, bacterial components such as endotoxins stimulate mononuclear
macrophages to release excessive inflammatory cytokines such as tumor necrosis factor o (TNF-a), interleukin (IL)-10,
and IL-6.” These cytokines can enhance the phagocytic ability of the macrophages and recruit antigen-presenting cells to
trigger adaptive immunity by acting on the co-stimulatory molecule on the surface of T cells.'” Many studies showed that
macrophages isolated from septic patients or animals exhibited a state of unresponsiveness or response tolerance after
lipopolysaccharides (LPS) stimulation in vitro. This was manifested by altered expression of some immune surface
markers, such as an upregulation of the inhibitory co-stimulatory molecule programmed death ligand 1 (PD-L1),"" "3 as
well as decreased phagocytic ability of macrophages.'*™'” All of these changes suggest that macrophage dysfunction
leads to immune unresponsiveness in patients with sepsis. Macrophages also produce inducible nitric oxide synthase,
which decomposes arginine, leading to the production and release of nitric oxide (NO).'"® NO is not only an
important second messenger in cell signaling, but it also plays a significant role in immunomodulation.'® NO is an
effector molecule in the innate immune system and has an immune-regulatory effect in killing pathogenic microorgan-
isms and tumor cells. However, excessive NO is cytotoxic.'” As an important inflammatory mediator produced by
activated macrophages, NO in excessive amounts usually reflects the severity of the inflammatory response during
sepsis.'’

Many studies have reported that fibronectin (FN) can be used to evaluate the severity of sepsis.”’ Supplements
containing FN-rich cryoprecipitate have been shown to improve cardio-pulmonary function as well control the progres-
sion of sepsis.”' In terms of diagnosis and prognosis, clinical improvement of patient outcomes correlates with an
increase in plasma FN level, indicating its value as a biomarker of sepsis.”> However, many studies have reported the
difficulty of extracting FN in its high molecular weight (450 kDa) form from donor plasma. In addition, there is
a potential risk of transmission of blood-borne diseases with extracting FN.?* Therefore, it is necessary to explore the
possibility of generating FN with only the functional domain using genetic engineering, which could lead to a safer and
more effective treatment for sepsis. Previously, we successfully expressed and purified C-terminal heparin-binding
2425 and reported that thFNHC-36 alone could improve
the survival of galactosamine-sensitized mice with endotoxemia and colibacillemia by preventing inflammatory

domain of FN (thFNHC-36) using a yeast expression system,

responses.zz"25 However, whether thFNHC-36 also exhibits beneficial effects in sepsis has not been intensively studied.

In this study, we established a murine model of sepsis using a cecal ligation and puncture (CLP) model, which
approximates the clinical presentation of sepsis and is commonly used to study different pathological and physiological
stages of sepsis.”® Using the CLP mouse model, we evaluated the protective effects of thFNHC-36 in bacterial clearance,
organ atrophy, tissue damage, and dysregulated inflammation during sepsis. In addition, the mechanisms of action of
rhFNHC-36 in modulating macrophage activities were explored.

Materials and Methods

Animals

Inbred male C57BL/6 mice (aged 8—10 weeks, weighing 20£2 g) were purchased from SLAC Laboratory Animal Co. Ltd
(Shanghai, China). Mice were housed at the specific pathogen-free (SPF) facility at the Animal Center of Fujian Medical
University at room temperature (22+1 °C) with a 12/12-hour light/dark cycle and access to food and water ad libitum. All
animal experiments in this study were approved by the Institutional Animal Care and Use Committee of Fujian Medical
University (Approval No. SCXK- 2012-0001). All animal experiments followed the Guide for the Care and Use of
Laboratory Animals (2011 Eighth Edition, National Research Council) for the welfare of the laboratory animals.

CLP-Induced Sepsis Animal Model

This study followed the standard protocol to induce acute sepsis in mice by cecal ligation and puncture, as described by
Rittirsch et al.>” All procedures were performed using aseptic technique. Mice were fasted the day prior to the operation.
Each mouse was weighed and intraperitoneally injected with 1% pentobarbital (8 mL/kg body weight) for general
anesthesia. The mouse was dissected along the linea alba (midlines white fascia) of the abdominal musculature, and an
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intermuscular incision of approximately 1 cm was made. Subsequently, the cecum was located and ligated with a 4/0 silk
thread. During cecal puncture, the cecum was perforated with an 18G needle, making a single through-and-through
puncture midway between the ligations. A small droplet of feces was extruded from each of the mesenteric and
antimesenteric penetration sites. After that, the cecum was placed back into the abdominal cavity, which was then closed
with a 6/0 silk thread. A total of 1 mL of prewarmed (37 °C) 0.9% sterile normal saline solution was subcutaneously
injected, and food and water were provided after the procedure.

Study Design

Mice were randomly assigned to the following four groups (n=10 per group): unoperated control (Normal), sham
operation control (Sham), phosphate-buffered saline (PBS) control (CLP+PBS), and rthFNHC-36 treatment group
(CLP+rhFNHC-36). Mice in the Normal group were unoperated, while mice in the Sham group were dissected without
CLP. In the CLP+PBS and CLP+rhFNHC-36 groups, mice underwent CLP, and PBS or rthFNHC-36 (Xiamen Amoytop
Biotech Co., Ltd., Xiamen, China) at a dose of 40 mg/kg body weight was intravenously injected through the tail veins,
respectively. The intravenous tail injection was performed at three time points: 0.5 h, 1 h, and 2 h after surgery.

Bacterial Colony Formation Assays
Blood and abdominal fluid samples were collected from each mouse 6 h after the operation. Samples were diluted 100-
fold and plated on blood agar dishes with rich solid medium, and the total number of bacterial populations was estimated
by colony counts. Identification of bacterial isolates was performed using the Microgen GNA ID (MID) bacteria
identification kit (Huan Kai, Guangdong, China).

Hematoxylin and Eosin (H and E) Staining

Three mice were randomly selected from each group for histopathological analyses. At 24 h after CLP, mice were
dissected and organ morphologies of the liver, spleen, and lung were observed. After isolation, organs (spleen and
thymus) were weighed to obtain organ indices (organ weight in g per body weight of mouse in kg). After isolation, liver,
spleen, and lung were washed and fixed in 10% formalin solution. Tissue samples were dehydrated with ethanol and
Xylene, embedded in paraffin wax, and sectioned into 5-micron thin slices. After being affixed to a microscope slide (60—
65°C for 1-2 h), samples were dewaxed with Xylene and washed with ethanol and water. The slides were first placed in
hematoxylin staining solution for 7 min and then in eosin for 1 min. After washing with ethanol and water, the slides
were mounted with xylene and imaged under a microscope.

Enzyme-Linked Immunosorbent Assay (ELISA)

Blood samples were collected from each mouse via the orbital vein 6 ho after the operation. Blood was anticoagulated
with heparin sodium and centrifuged at 10,000 g for 10 min at 4°C. The supernatant was collected and diluted 75 times
for subsequent ELISA analyses. The mouse IL-6 ELISA Kit (Millipore, USA) was used to measure the IL-6 levels
following the manufacturer’s protocol. Blank and standard wells were marked and duplicate wells were set up on an
ELISA 96-well plate. All other wells were reserved for test samples. Optical measurements were analyzed using the
optical absorption enzyme analyzer Sunrise’™ (TECAN, Switzerland).

Macrophage Isolation and Purity Evaluation

C57BL/6 mice were euthanatized by cervical dislocation 24 h after CLP. Each mouse was bathed in 75% ethanol for 30s
fixed on a wax dissection tray. The animal was dissected along the midline of the abdominal skin with care to prevent
tissue damage and contamination. Each mouse was injected with pre-cooled PBS intraperitoneally, followed by a gentle
rub on the abdominal area for 2—5 min to harvest the macrophages in PBS. Macrophage-containing PBS was collected
from the abdominal cavity and washed twice by centrifugation (400 g, 5 min). The cell count in each sample was
obtained, and harvested macrophages were resuspended and diluted to 2x10° cells/mL in Roswell Park Memorial
Institute (RPMI)-1640 medium (GIBCO, USA). The cells were incubated in a 24-well cell culture plate in a CO,
incubator (SHELLAB, USA) at 37°C with 5% CO, for 4-5 h until the cells fully adhered to the bottom of each well. The
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supernatant and any suspended cells were discarded, and the remaining cells were washed twice in RPMI-1640 medium
with care. To assess the purity of the harvested macrophages, the cells adhering to the well were digested by trypsin and
immunostained with fluorescein isothyocianate (FITC)-conjugated anti-mouse CD14 antibody (eBiosciences, USA), as
described below.

NO Measurement in Macrophages

The macrophage suspension was added into a 96-well plate (200 pL per well), and incubated at 37 °C for 4-5 h until
cells became fully adherent. The supernatant and any suspended cell were discarded. Wells were washed twice with
RPMI-1640 medium and then filled with RPMI-1640 complete medium containing lipopolysaccharides (LPS, at a final
concentration of 1 pg/mL; Sigma, Germany) to activate the macrophages. Untreated cells were set as the negative
control. Cells were incubated further for 1824 h and the supernatant was harvested. Griess Reagent kit (G2930,
Promega, USA) was used to determine NO release from macrophages following the manufacturer’s instructions.
Optical density values were read at 540 nm (ODsgs) using the optical absorption enzyme analyzer Sunrise'™
(TECAN, Switzerland). NO concentration was calculated as per the formula generated from the standard curve.

Chemotactic Effect Assessment

The modified Boyden Chamber method was used for chemotactic assessment, as previously described.”® Abdominal
macrophages were resuspended in RPMI-1640 medium supplemented with 0.1% bovine serum albumin (BSA) to 1x10°
cells/mL. Then, 600 pL of RPMI-1640 medium with 20 ng/mL murine Monocyte Chemotactic Protein-1 (MCP-1,
Peprotech, USA) was added into the lower Transwell chamber (Millipore, USA), and the well filled with 600 uL of
RPMI-1640 medium without MCP-1 was used as the negative control. Subsequently, 100 uL of the abdominal
macrophage suspension was added into the upper Transwell chamber. The plate was incubated at 37 °C for 3 h. The
residual cell suspension in the upper chamber was then discarded. To remove any non-migrating cells from the upper
chamber, the membrane was cleaned with sterile cotton swabs, and the chamber was washed three times with 37 °C PBS.
Each well was stained with 100 uL of 0.25% crystal violet for 10 min. The chamber was washed 3—5 times with double
distilled water and left to air dry. Samples were visualized under the Olympus IMT-2 inverted microscope (Pharmacia,
USA). Five microscopic fields were randomly selected in each chamber and migrating macrophages on the lower surface
of the chambers were counted. Chemotactic results are expressed as the chemotactic index (CI) under high power field of
vision (200x). CI was calculated as the ratio of the number of macrophages migrating to the solution with the
chemotactic factor to the number of those migrating to the control solution without the chemotactic factor.

Flow Cytometry

After obtaining the macrophages, the corresponding fluorescein conjugated antibodies of the surface molecules to be
labeled were added into the sample cell suspension. Cells were incubated for 15 min at 4 °C in the dark. CD14 (FITC
anti-mouse CD14; eBiosciences, USA) and PD-L1 (Phycoerythrin (PE) anti-mouse PD-L1, BioLegend, USA) anti-
bodies were used for analysis. Unbound antibodies were washed away by PBS. The precipitates were resuspended in
300 pL of flow fixative for subsequent analyses. A flow cytometer (FACSVerse; BD Biosciences, USA) was used to
measure PD-L1 expression on the surface of macrophages. Isotype and single-labeled controls of the fluorescein
conjugated antibodies were used to calibrate the flow cytometer and calculate the percent of CD14-positive or PD-L1-
positive cells.

Statistics

Data are presented as mean =+ standard deviation (SD) and analyzed using SPSS 16.0 software (IBM, USA) and
GraphPad Prism 5. 0 (GraphPad Software, USA) with a one-way analysis of variance (ANOVA). The survival rate of
septic mice was evaluated using Kaplan-Meier via the Log rank test. A P-value less than 0.05 was considered statistically
significant.
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Results
rhFNHC-36 Improved the Survival of Mice with CLP-Induced Sepsis by Promoting

Bacterial Clearance

We first evaluated the beneficial effect of thFNHC-36 on the survival of septic mice following CLP-challenge. As shown
in Figure 1A, mice in the CLP+rhFNHC-36 group had a reduced death rate compared to mice in the CLP+PBS group. No
death was reported in the normal and sham operation groups. Death occurred on Day 2 after CLP in the CLP+PBS group
and on Day 3 after CLP in the thFNHC-36-treated group (CLP+rhFNHC-36). On Day 14 after surgery, the survival rate
was only 50% in the CLP+PBS group, while the survival rate was 70% in the CLP + rhFNHC-36 group; the survival rate
between these two groups was significant (P<0.05).

To further investigate the mechanism underlying the survival benefit of hFNHC-36, we compared the bacterial count
in the blood and abdomen fluid samples of a representative mouse from each of the four groups. As shown in Figure 1B,
no bacterial colonies in the blood or abdomen samples were observed in the normal group or sham operation group.
Bacterial colony counts in the CLP+thFNHC-36 group were significantly (P<0.01) fewer than that in the CLP+PBS
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Figure | rhFNHC-36 exerted beneficial effects on survival, promoted infection clearance rates, and reduced organ atrophy in mice with CLP-induced sepsis. (A) rhFNHC-
36 decreased mortality of mice with CLP-induced sepsis. Survival rates were compared across all groups of mice during the period of 14 days after CLP. (B) Representative
images of agar dishes show the bacterial colony growth for blood (left) or abdomen (right) samples from the indicated four groups. (C) Spleen and thymus indices were
compared across the four groups at 6 h (left) and 24 h (right) after CLP, respectively. n=10 for each group; *P<0.05, compared to the sham operation group; # P<0.05
compared to the CLP+PBS group. Normal, mice were unoperated; Sham, mice were dissected without CLP; CLP+PBS, mice underwent CLP and were intravenously injected
with PBS; CLP+rhFNHC-36, mice underwent CLP and were intravenously injected with rhFNHC-36.
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group, for both samples from blood (1.4x10°+2.1x10*/mL vs 3.4x10*+3.9x10°/mL) and abdomen (4.0x10°+3.3x10°*/mL
vs 3.9x10%1.0x10* / mL). Thus, thFNHC-36 improved the survival of septic mice by aiding in the clearance of bacterial
pathogens.

rhFNHC-36 Relieved Organ Atrophy in Thymus and Spleen in CLP-Operated Septic
Mice

We next examined the beneficial effects of thFNHC-36 on organ atrophy by evaluating organ indices in the
thymus and spleen at 6 h and 24 h after CLP (Table 1). We found that the thymus and spleen indices were not
different between normal and sham mice. However, CLP-operated mice had lower thymus and spleen indices,
suggesting the operation successfully induced organ atrophy during sepsis-induction. Spleen and thymus indices
of septic mice increased markedly after thFNHC-36 treatment, and the disease phenotype in terms of organ
atrophy was partially rescued (Figure 1C and Table 1). Specifically, in the CLP+PBS group, the spleen index at 6
h and 24 h after operation was 3.0£0.4 and 2.9+0.5, respectively; while in the CLP+rhFNHC-36 group, these
indices were 3.6+£0.5 and 4.240.6, respectively. A similar increase in thymus index was also found in the CLP
+rhFNHC-36 group at 6 h (1.6+0.3 vs 2.7+0.5) and 24 h (0.8+£0.2 vs 1.8+0.2) after operation. It is worth noting
that although rhFNHC-36 did not completely reverse the disease phenotype, there were significant differences in
these indices between the two sepsis groups with and without thFNHC-36 treatment.

rhFNHC-36 Alleviated Tissue Damage in Liver, Spleen, and Lung in CLP-Operated
Septic Mice

At 24 h after CLP operation, we examined the histopathology of the liver, spleen, and lung in all three groups. In the CLP
+PBS group, there was extensive hemorrhaging, destruction of the hepatic lobule structure, widening of hepatic cord
structures, and extensive hydropic degeneration of hepatocytes in the liver (Figure 2A), suggesting possible atrophy/
apoptosis/necrosis of hepatocytes and congestion of liver sinuses. We also observed infiltration of inflammatory cells,
including macrophages and lymphocytes, in the interstitium. In contrast, the thFNHC-36-treated septic mice (CLP
+rhFNHC-36) had less liver hemorrhage and congestion, as well as reduced degeneration and necrosis of hepatocytes
with clear hepatic cord structures and full hepatocytes. There was also less infiltration of inflammatory cells in the CLP
+rhFNHC-36 group, compared to the CLP+PBS group (Figure 2A).

Similarly, rhFNHC-36 alleviated disease phenotypes in the spleen (Figure 2B). Extensive hemorrhage was identified
in the spleens of mice in the CLP+PBS group, with obvious atrophy of cortical lymphoid nodules, dilation of the
medullary area, congestion of splenic sinuses, and increased inflammatory cell infiltration. However, mice in the CLP
+rhFNHC-36 group only showed slight atrophy of lymphoid nodules, relieved congestion, and reduced infiltration of
inflammatory cells.

Table | Comparisons of Spleen and Thymus Indices at 6 h and 24 h After CLP in Mice

Group Number of Mice | Spleen Index (mg/g) | Thymus Index mg/g)
6 h after CLP Normal 10 4.3+0.8 3.0+0.9
Sham 10 4.1x14 2.5%1.1
CLP+PBS 10 3.0£0.4 1.6+0.3
CLP+rhFNHC-36 10 3.6+0.5 2.7£0.5
24 h after CLP Normal 10 4.3+0.8 3.0+0.9
Sham 10 4.0+0.5 2.0+0.3
CLP+PBS 10 2.9+0.5 0.8+0.2
CLP+rhFNHC-36 10 4.2+0.6 1.8+0.2
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Figure 2 rhFNHC-36 improved histological pathology in the liver; spleen, and lung tissues from mice with CLP-induced sepsis. (A-C) Representative images of H and
E staining for liver (A), spleen (B), and lung (C) tissues of mice in the indicated groups. Each panel shows one tissue type sampled from the normal, CLP+rhFNHC-36 and
CLP+ PBS groups, as indicated, at 24 h after CLP. Magnification: 100, upper panel; 400%, lower panel. Arrows indicate the histopathologic changes in liver (compromised
liver architecture and cellular integrity), spleen (disrupted structure of white pulp and red pulp, less apparent marginal zones), and lung (disrupted histological architecture,
diffuse thickening in interstitial tissue with eosinophilic and histiocytic infiltration) tissues.
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rhFNHC-36 also relieved the symptoms of atrophy in the lung (Figure 2C). Mice in the CLP+PBS group showed
congestion of lung bronchi, obvious destruction of the alveolar septum, and inflammatory cell infiltration in the
interspace. In contrast, rhFNHC-36 treatment resulted in less congestion of bronchi, clear alveolar septum structures,
and decreased infiltration of inflammatory cells.

rhFNHC-36 Suppressed Inflammation in Mice with CLP-Induced Sepsis

IL-6 is a pro-inflammatory cytokine produced at the site of inflammation, making it a reliable indicator of
inflammation.”® To assess the level of inflammation in septic mice, we quantitated plasma levels of IL-6 6
h after CLP operation (Figure 3). IL-6 levels were 6.346.3 pg/mL in the normal group and 181+42 pg/mL in
the sham operation group. CLP operation significantly elevated plasma level of IL-6, reaching 64,000+29,000 pg/
mL in the CLP+PBS group, suggesting extensive inflammatory responses were triggered by the injury. Upon
treatment with thFNHC-36, mice in the CLP+rhFNHC-36 group showed a significant decrease in plasma IL-6
levels (19,000+£19,000 pg/mL), compared to mice in the CLP+PBS group.

NO plays an important role in the cytostatic or cytotoxic activity of macrophages.®® LPS was used to activate peritoneal
macrophages isolated from mice in all 4 groups, and the concentration of NO produced by macrophages was measured to
evaluate the effect of thFNHC-36 in countering infection (Figure 4). Normal mice and sham mice had similar NO concentra-
tions of 4.2+1.6 umol/L and 4.6=1.1 pmol/L, respectively; while mice in the CLP+PBS group showed a significantly higher
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Figure 3 rhFNHC-36 reduced plasma IL-6 levels in mice with CLP-induced sepsis. Plasma levels of IL-6 (pg/mL) in mice of the indicated four groups at 6 h after CLP were
measured by ELISA. n=10 for each group; * P<0.05, **P<0.0l, compared to the Sham group; #P<0.05, compared to the CLP+PBS group.
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Figure 4 rhFNHC-36 reduced NO production from peritoneal macrophages isolated from mice with CLP- induced sepsis. Peritoneal macrophages were isolated from mice
of the indicated groups at |4 days after CLP. Following LPS (I pg/mL) stimulation of the isolated macrophages, NO production (umol/L) was measured as an index of
macrophage activation. n=10 for each group; **P<0.01, compared to the sham operation group; # P<0.01, compared to the CLP+PBS group.
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NO concentration (13.4+3.3 umol/L). Notably, mice in the CLP+rhFNHC-36 group demonstrated a NO concentration similar
to those of normal and sham mice, which was reduced back to 4.4+3.2 umol/L. Therefore, thFNHC-36 treatment was able to
significantly reduce NO production and subsequently help control sepsis-related inflammation.

rhFNHC-36 Promoted the Chemotaxis of Macrophages in Mice with Sepsis

Aside from their roles in chronic inflammation, macrophages also circulate in the blood to patrol for cell damage
and infection.”' rhFNHC-36 was shown to suppress inflammation in macrophages, but whether thFNHC-36
disrupted the normal function of macrophages in terms of chemotaxis was unknown. Thus, we evaluated the
migration of peritoneal macrophages by quantitating the CI. Compared to the normal group, both the CLP+PBS
and CLP+rhFNHC-36 groups had a significant increase in CI after LPS stimulation (Figure 5A). However, the CI
of the peritoneal macrophages in the CLP+rhFNHC-36 group was significantly higher (P<0.05) than that in the
CLP+PBS group (Figure 5B). Therefore, thFNHC-36 facilitated macrophage chemotaxis in our sepsis model.

rhFNHC-36 Reduced the Percentage of PD-LI|-Expressing Macrophages

Next, we investigated the mechanism by which thFNHC-36 modulates macrophage activity. Upregulation of PD-
L1 could result in macrophage death, subsequently compromising their function.*” Thus, we evaluated the
expression of PD-L1 on peritoneal macrophages upon LPS challenge using flow cytometry (Figure 6A). The
percentage of PD-L1 positive cells in the LPS-induced peritoneal macrophages was 69.0+10.9% in normal mice
and 91.5+3.2% in mice of the CLP+PBS group (Figure 6B). However, PD-L1 expression significantly decreased
(80.4£3.9%) in the CLP+rhFNHC-36 group compared to the CLP+PBS group (Figure 6B). These results indicate
that LPS stimulation increased PD-L1 expression in peritoneal macrophages, and that thFNHC-36 treatment
significantly attenuated the LPS-induced PD-L1 expression. Therefore, thFNHC-36 may regulate macrophage
activity possibly by lowering PD-L1 expression in septic mice.
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Figure 5 rhFNHC-36 enhanced the chemotactic effects of peritoneal macrophages isolated from CLP- induced septic mice. (A) Representative microscopic images show
the migration of peritoneal macrophages in the CLP+PBS, CLP+rhFNHC-36, and normal groups after LPS stimulation in the chemotactic effect assessment assays.
Magnification, 40%. (B) The chemotactic indices (Cl) among the normal group and the indicated septic groups with PBS or rhFNHC-36 treatment. n=10 for each group;
*P<0.05, compared to the CLP+PBS group.
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Figure 6 rhFNHC-36 downregulated the percentage of PD-LI-positive cells in peritoneal macrophages isolated from CLP-induced septic mice. (A-B) Following LPS (I g/
mL) stimulation of the isolated macrophages for 18 h, the expression of inhibitory ligand PD-L| on macrophages was evaluated using flow cytometry. Representative flow
profiles of PD-L| expression on LPS-stimulated macrophages in the indicated groups are shown (A), and the percentages of PD-LI"* population are summarized (B). n=3 for
each group; *P <0.05, between the indicated groups.

Discussion

Sepsis is a dysregulated host response to the invasion of pathogenic bacteria and their toxins. Owing to its high incidence,
mortality, and complex pathogenesis, sepsis is still a major challenge for public health globally.** Many studies have
shown that fibronectin, a multi-functional glycoprotein, has an anti-sepsis effect.?*2*** However, no purified full-length
FN agent has been used in clinical practice to date, partially because the heterologous expression of the FN molecule by
gene recombination technology poses technical difficulties due to its large molecular weight. In this study, we evaluated
the efficacy of the functional domain FN (rhFNHC-36) in a CLP-induced sepsis mouse model. We reported that
rhFNHC-36 improved survival of septic mice and aided in the eradication of bacteria in the blood and abdomen.
rthFNHC-36 also alleviated tissue atrophy of the liver, spleen, and lung. Moreover, we measured biomarkers, including
IL-6 and NO production, chemotactic effects, and PD-L1 expression of macrophages, as indices of inflammation and
macrophage function after thFNHC-36 treatment. We found that thFNHC-36 could improve outcomes in septic mice by
limiting inflammation and regulating macrophage activity.

Sepsis results from an imbalance of inflammatory and anti-inflammatory responses.*> Macrophages play a key role in
the early defense against infection as a part of the innate immunity. Peritoneal macrophages help to maintain balance and
stability of the body by ingesting foreign matter and apoptotic cells through phagocytosis.*® These macrophages bind to
the pathogenic microorganisms that are attached to the antibodies and complement factors. Macrophages phagocytize
bacteria and work with the intracellular oxygen-dependent bactericidal system and proteolytic enzymes to digest,
degrade, and eliminate pathogenic microbes out of the body.>’>° On the other hand, macrophages also produce
a wide range of molecules that participate in both the beneficial and detrimental aspects of inflammation, allowing
these immune cells to become effective therapeutic targets of sepsis.®”***! As shown in this study, thFNHC-36 was able
to govern the host inflammatory responses by regulating macrophage function. Maintaining the beneficial role of
macrophages contributed to the effects of thFNHC-36 in inhibiting aggressive systemic inflammation.

NO is produced by activated macrophages, giving them cytotoxic effects against invading pathogens and tumor cells.
However, excessive NO may cause additional tissue damage.'® In sepsis, NO can reflect the severity of the inflammatory
response.'”*** In this study, we found that peritoneal macrophages isolated from rhFNHC-36-treated septic mice produced less
NO upon LPS challenge than the PBS-treated septic mice. This suggests that thFNHC-36 protected septic mice from tissue
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damage possibly via reducing the cytotoxic levels of NO. thFNHC-36 also suppressed inflammatory responses by down-
regulating IL-6 production in the serum. These results suggest that thFNHC-36 can suppress inflammation through interacting
with macrophages.

As an important indicator of the severity and prognosis of sepsis, IL-6 can be secreted from multiple cell types
including fibroblasts, keratinocytes, mesangial cells, vascular endothelial cells, mast cells, macrophages, dendritic
cells, and T and B cells.*>** Thus, whether the role of thFNHC-36 in modulating other cell types also contributed
to the downregulated production of IL-6 remains to be further explored, and other effector cytokines secreted by
macrophages should not be overlooked. For example, the chemotactic effect of macrophages describes their ability
to migrate to infection or lesion sites, which involves interactions between chemoattractant cytokines (chemokines)
and macrophages.*> We showed that after thFNHC-36 treatment, macrophages were still able to maintain their
basic function to migrate and patrol for infection. Therefore, it is plausible that thFNHC-36 could enhance the
chemotactic effect of macrophages, thus effectively preventing secondary infection in patients with sepsis.

Lastly, we speculated a possible mechanism by which thFNHC-36 could regulate the macrophage function. Clinical studies
showed that PD-L1, an apoptotic ligand expressed on the surface of mononuclear macrophages, plays an important role in
reversing immune paralysis in patients with sepsis.'*'**® Upregulation of PD-L1 expression leads to cell death of macrophages
and weakens host immunity, while the suppression of PD-L1 improves the survival rate of patients with sepsis and mitigates
hepatocyte damage in patients with sepsis.'*'>*® We are the first to report that thFNHC-36 can downregulate PD-L1 expression
in macrophages, and the beneficial effect of PD-L1 inhibition in our murine CLP model is consistent with previous clinical
findings.

Previously, we showed that the expression of PD-1 on CD4" T cells increased after mice were challenged with
LPS.**?° Subsequently, the inability of T cells to be activated during an infection resulted in immune paralysis in
mice with sepsis.>*** In this study, flow cytometry analysis demonstrated increased PD-L1 expression on the
surface of peritoneal macrophages isolated from mice with sepsis, which is consistent with our previous findings.
However, thFNHC-36 intervention downregulated PD-L1, which could aid in T-cell activation by suppressing the
PD-1/PD-L1 immunoinhibitory axis and help attenuate the immune paralysis in septic mice. Therefore, rhFNHC-
36 plays a protective role in sepsis by suppressing the expression of PD-L1 on the surface of macrophages. Further
studies are needed to investigate the specific interaction between PD-L1 and rhFNHC-36.

In conclusion, we showed that thFNHC-36 improved survival of mice with CLP-induced sepsis by reducing tissue
damage and reversing immune paralysis. Our findings indicate that the beneficial effects of thFNHC-36 are possibly
attributed to its regulation on macrophage function. Taken together, we showed that macrophages could be an ideal
therapeutic target to restrain aggressive inflammation in sepsis, and that utilizing the functional domain of FN, rhFNHC-
36, could be a promising strategy for patients with sepsis. Our work highlights new insights into developing FN-based
and macrophages-targeted therapeutics for treating sepsis.
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