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Background: Fibroblast growth factor 15 (FGF15) through its FGF-receptor (FGFR)-4 inhibits hepatic inflammation. The current
study aimed at investigating whether FGF15 could inhibit septic inflammation and its compensative regulatory T cell (Treg) responses
in a mouse sepsis model of cecal ligation and puncture (CLP) and in vitro transwell co-culture.

Methods: Following the sham or CLP procedure, male CLP C57BL/6 mice were intravenously injected with vehicle saline or FGF15
beginning at 2 h post the procedure every 12 h for three days. Some mice were euthanized and their serum and liver samples were collected
for examination of cytokines and Tregs by enzyme-linked immunosorbent assay (ELISA), Western blot and flow cytometry. The remaining
mice were monitored for their survival up to 14 days post procedure. Moreover, the purified hepatic CD4+ T cells were co-cultured in
transwell plates with unmanipulated NCTC 1469 cells or the cells that had been transfected with the control or FGFR4-specific siRNA and
treated with, or without, Lipopolysaccharides (LPS) for 24 h, followed by treatment with vehicle PBS or FGF15 for 48 h.

Results: Compared with the CLP group of mice, treatment with FGF15 significantly prolonged the mean survival days of mice (12 vs
1.17 in the CLP group, P = 0.022), mitigated hepatic inflammation and reduced the frequency of apoptotic cells in the liver of mice.
FGF15 treatment decreased the percentages of hepatic Tregs, hepatic IL-2, TGF- and FOXP3 expression in septic mice, accompanied
by decreasing serum IL-13, TNF-a, IL-6 and IL-10 levels. Similarly, FGF15 treatment also attenuated the LPS-increased frequency of
Tregs, FOXP3 and IL-2 expression and IL-13, TNF-a, IL-6 and IL-10 secretion in vitro after co-culture with NCTC 1469 cells, but not
co-cultured FGFR4-silenced NCTC 1649 cells.

Conclusion: FGF15 treatment through FGFR4 ameliorated hepatic inflammation and its compensative Treg responses, which were
associated with protecting from septic death in mice.
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Introduction

Sepsis is a potentially life-threatening condition caused by host’s aberrant responses to infection.' In the clinic, the
prevalence of sepsis is increasing and sepsis is one of the major factors for high frequency of admission to intensive care
units (ICUs).” During the process of sepsis, pathogen infection, particularly for gram negative bacterial infection, induces
aberrant inflammatory responses by releasing amount of inflammatory mediators, such as pro-inflammatory cytokines of
interleukin (IL)-1p, IL-6, tumor necrosis factor-alpha (TNFa) that lead to multiple organ dysfunction and failure.'~
Simultaneously, the aberrant pro-inflammatory responses also stimulate compensative anti-inflammatory responses, such
as IL-10 and CD4+CD25+FOXP3+ regulatory T cell (Treg) responses to balance and limit the inflammation-induced
tissue damages.* Despite the available bundled treatments, the mortality of sepsis in ICU patients remains as high as 40%
almost." Actually, treatment with blockades of TNFa is insufficient in the control of sepsis and even makes the septic
patients susceptible to opportunistic infection.” ® Similarly, treatment with anti-IL-6 fails to prolong the survival of septic
mice.’ Hence, discovery of new therapeutic drugs to control inflammation and its associated anti-inflammatory responses

may be crucial for intervention of septic patients.
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The balance of pro-inflammatory and anti-inflammatory responses is critical for homeostasis and control of inflammatory
diseases. Pro-inflammatory IL-1p and IL-6 can stimulate naive T cells to differentiate into T helper 17 (Th17) cells, which
facilitate macrophages to secrete more pro-inflammatory cytokines (including of IL-1f, IL-6 and TNFa) and aggravate local
tissue inflammation process.'®'? Similarly, anti-inflammatory cytokines, such as IL-10/TGFB1 can promote naive T cell to
differentiate into Tregs, which can inhibit inflammation.'®'> Tt is notable that fibroblast growth factor 19 (FGF19) is
a hormone mainly secreted by ileal epithelial cells under the stimulation of bile acids.'® Functionally, FGF19 can bind to
its high affinity receptor of FGFR4 to regulate bile acid synthesis, glucose metabolism and lipolysis process, as well as many
other cellular processes.'” During the crosstalk between gut and liver inflammation, increased levels of serum FGF19 can
inhibit the spreading of intestinal bacteria into the liver portal vein, reducing the severity of hepatic inflammation.'®'®
Similarly, engagement of farnesoid X receptor (FXR) by its ligand, such as bile acid, can induce FGF19 expression and also
inhibit the NF-kB signaling-dependent inflammatory cytokine production in hepatocytes.?%*

Furthermore, FGF15, an analogue of FGF19 in mice, can reduce adipose deposition and inflammation in the liver, and
enhance glucose metabolism, regulating cell survival.?>>> While excessive hepatic bile acid can lead to hepatocyte
inflammation®® FGF15 over-expression limits hepatic inflammation in a mouse model of nonalcoholic steatohepatitis
(NASH).”’ It is interesting that combination of lenvatinib to target FGFR4 and anti-PD-1 (pembrolizumab) enhances antitumor
immunity by inhibiting PD-L1 expression and STAT5-related FOXP3 expression as well as Treg infiltration in a mouse model of
HCC.*® These unveil that FGF15 through FGFR4 promotes the development and proliferation of Tregs. However, little is known
on whether FGF15 treatment can modulate liver inflammation and its associated Treg responses under a septic condition.

In this study, we tested the hypothesis that treatment with FGF15 can support the survival of septic mice by limiting
septic inflammation in the liver and its associated Treg responses in a mouse model of cecal ligation and puncture (CLP)-
induced sepsis and the in vitro lipopolysaccharide (LPS)-induced intrinsic toxic cell model.

Materials and Method

A Mouse Model of Sepsis and Treatment

Male C57BL/6 mice (7 weeks old, about 20 grams in body weights) were obtained from STA Laboratory Animal, Changsha,
Hunan Province, China and housed in a specific pathogen-free facility with a light/dark cycle of 12 hours at 22~26°C, 50—
60% humidity. The mice were allowed to free access to food and water. After adapted in the environment for 7 days, 29 mice
were starved for 12 hours and 20 mice were subjected to a procedure of CLP to induce sepsis, as reported previously.”” The
control mice (n = 9) received the sham procedure with cecal ligation, but without cecal puncture and two hours post the
procedure, the mice were treated intravenously with saline via the tail vein. Following the CLP procedure, the mice were
monitored. Two mice with CLP died within two hours post procedure. The remaining 18 mice were randomized and
intravenously injected via the tail vein with vehicle saline (the CLP group) or 400 pg/kg body weight of FGF15 (Abcam,
USA) beginning at two hours post the procedure for their recovery every 12 hours for three days (the FGF15 group). All mice
were monitored for acting behaviors and survival up to 14 days post procedure and dead mice were recorded.

Another animal experiment was performed using the same protocol and treatment as described above. All mice were
euthanized at 72 hours post procedure (n = 9 per group). Their blood samples were collected for preparing serum samples.
The mice were anesthetized with 3% isoflurane and transcardially perfused with 100 mL of cooled PBS (0.01 mmol/L,
pH7.4). Subsequently, their liver tissues were dissected. Some liver tissues were frozen in liquid nitrogen and stored at
—80°C. The remaining liver tissues were fixed in 4% paraformaldehyde, followed by embedded in paraffin. The animal
experiments complied with the ARRIVE guidelines and were carried out in accordance with the National Research
Council’s Guide for the Care and Use of Laboratory Animals. The experimental protocol was approved by the Animal
Research and Care Committee of Changsha of Traditional Chinese Medicine Hospital (approval number: No. 2018004).

Histology
The paraffin-embedded liver tissue sections (4~6 pm) were routine-stained with hematoxylin and eosin for microscopy.
The pathological changes in individual liver sections were evaluated and scored by experienced pathologists in a blinded

manner using the same pathological criteria.*
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Apoptotic Cells in Mouse Liver Tissues

The impact of FGF15 on the sepsis-induced liver cell apoptosis was determined by TUNEL assay using a TUNEL
staining kit, according to the manufacturer’s protocol (Roche, USA). The percentages of apoptotic cells in six visual
areas selected randomly in individual liver samples were measured for the apoptosis index (Al).

Western Blot Analysis

The frozen liver tissue samples were homogenized in RIPA lysis buffer (Abiowell Biotechnology, Changsha, China) and
centrifuged. The liver lysate samples (20 pg per lane) were separated by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) on 10—15% gels, and transferred to nitrocellulose membranes (0.2 pm). After being
blocked with 5% non-fat blocking-grade milk in TBST, the membranes were incubated overnight at 4°C with primary
antibodies, including anti-FOXP3 (1:1000, Cat. ab215206, Abcam, Cambridge, England), anti-IL-2 (1:1000, Cat.
ab207325, Abcam, Cambridge, England), anti-TGF-f (1:1000, Cat. ab215715, Abcam, Cambridge, England), and anti-3-
actin (1:1000, Cat. 66009-1-Ig, Proteintech, Rosemont, USA). The bound antibodies were detected with horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (1:5000, Proteintech, Rosemont, USA) and HRP-goat anti-rabbit IgG
(1:6000, Proteintech, Rosemont, USA) and visualized using an enhanced chemiluminescent (ECL) reagent (Abiowell
Biotechnology, China). The relative levels of targeted protein to the control B-actin expression were quantified by
densitometry analysis using Image J software (Image J 1.51, NIH, USA).

Isolation of Liver CD4+ T Cell Infiltrates

To isolate liver CD4+ T cell infiltrates, individual fresh liver samples were cut into small pieces and digested with 10 mL
of 0.25% trypsin (Abiowell Biotechnology, Changsha, China) at 37°C for 1.5 hours, followed by filtration to remove
tissue and cell debris. The cell suspensions were centrifuged at 300 g for 10 minutes to pellet the cells and the contained
red blood cells were lysed using 5 mL of erythrocyte lysis solution (Abiowell Biotechnology, Changsha, China). The
remaining cells were washed three times with PBS solution, and pelleted for isolation of CD4+ T cells using microbeads
(Miltenyi, Bergisch Gladbach, Germany), according to the manufacturers’ protocol. Briefly, the cell suspensions were
incubated with 10 pL of anti-CD4 (TIL) microbeads for 15 minutes in ice and after being washed, the cell suspensions
were loaded in a LS column (Miltenyi, Bergisch Gladbach, Germany). The column was washed and the flow-through
cells (the absence of CD4+ T cells) were collected. The column-bound CD4+ cells were eluted, centrifuged and
suspended in 2 mL of RPMI-1640 (Cat. R8758, Sigma, St Louis, USA).

Flow Cytometric Analysis

The isolated liver CD4+ T cells from individual mice were stained with FITC-labeled anti-CD4 (clone GKI.5,
Ebioscience, USA) or APC-labeled anti-CD25 (clone PC61.5, Ebioscience, USA) for 30 minutes in the dark. After
being washed, the cells were fixed with Intracellular Fixation buffer (Ebioscience, USA) and permeabilized with Foxp3/
Transcription Factor Staining Buffer (Ebioscience, USA), followed by intracellularly staining with PE-labeled anti-
FOXP3 (Ebioscience, USA). After being washed, the percentages of CD4+CD25+FOXP3+ Tregs in total CD4+ T cells
were analyzed by flow cytometry in a flow cytometry machine (ACEA NovoCyte, USA or Beckman, USA). The data
were analyzed by NovoExpressTM software or FlowJo software.

Cell Culture and Transfection

Mouse liver NCTC 1469 cells were obtained from iCell, China and cultured in RPMI-1640 medium supplemented with 10%
of fetal bovine serum (FBS, Gibco, USA) in 5% CO, incubator at 37°C. NCTC 1469 cells (5x10* cells/well) were cultured in
24-well plates overnight and transfected with 5 pL of control si-NC (sequence: 5’-UUCUCCGAACGUGUCACGUTT-3") or
FGFR4-specific si-FGFR (sequence:5’-GUCGUACACAAUCUUACGUTT-3) using lipofectamine 2000 (Invitrogen,
USA), according to the manufacturer’s instruction. The efficacy of FGFR4 silencing was tested by Western blot using anti-
FGFR4 (1:1000, Cat. Ab178396, Abcam, Cambridge, England).
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Co-Culture and Treatment

Because LPS alone usually stimulates the production of pro-inflammatory cytokines, such as IL-6, IL-13 and TNF-a in
hepatocytes,*' but fail to induce naive T cell activation and production of cytokines,*> we co-cultured of NCTC1469 cells
with liver T cells to mimic a pathophysiological condition of sepsis to explore the effect of FGF15 treatment on liver
inflammation and its compensative Treg responses in vitro.

To determine the potential effect of endotoxin contained FGF15, NCTC 1469 cells (5x10* cells/well) were cultured in
the upper chambers of 6-well transwell plates (Cat.3450, Corning) and treated with vehicle saline or 200 ng/mL FGF15
(ab206457, Abcam, Cambridge, England) for 24 hours. Subsequently, the cells were co-cultured with the same numbers
of hepatic CD4+ T cells from healthy mice in 10% FBS RPMI-1640 in the lower chambers for 96 hours. Their co-culture
supernatants were collected for cytokine analysis by ELISA. The T cells in the lower chambers were harvested for
analysis of the frequency of Tregs by flow cytometry.

NCTC 1469 cells (5x10* cells/well) were cultured in the upper chambers of 6-well transwell plates (Cat.3450, Corning) for
24 hours and the same number of isolated CD4+ T cells were added in the lower chambers in 10% FBS RPMI-1640. The
NCTC 1469 cells were stimulated with 100 pug/mL of LPS (Cat.L4516-1mg, Sigma, St Louis, USA) for 24 hours and treated
with vehicle saline or 200 ng/mL FGF15 for 48 hours as the LPS and FGF15 groups, respectively. Similarly, the isolated CD4+
T cells were co-cultured in transwell plates with the control si-NCTC1469 or si-FGFR4-NCTC 1469 cells, stimulated with
LPS for 24 hours and treated with vehicle saline or the same dose of FGF15 for 48 hours, leading to the si-NC, si-NC+FGF15,
si-FGFR4 and siFGFR-FGF15 groups, respectively. At 96 hours post co-culture, their co-culture supernatants were collected
for cytokine analysis. The T cells in the lower chambers were harvested for analysis of IL-2, TGF-f, and FOXP3 expression by
Western blot and the frequency of Tregs by flow cytometry.

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of IL-1B, TNF-a, IL-6, and IL-10 in the serum samples and co-culture supernatants were quantified by ELISA
using specific kits, according to the manufacturer’s instructions (Huamei Biotech, Wuhan, China). In the case of IL-1,
the intra-assay coefficient of variation was less than 8%, while the inter-assay coefficient of variance was less than 10%.

For other three cytokine assays, both the intra-assay and inter-assay coefficients of variances were the same:less
than 10%.

Statistics

Statistical analyses were performed using SPSS version 24.0 for Windows (IBM SPSS, USA). The distributions of
quantitative variables in each group were analyzed using the Kolmogorov—Smirnov test. The normally distributed data
were expressed as means and standard deviations (SDs), and non-normally distributed data as medians and interquartile
ranges (IQRs). The continuous variables between groups were analyzed by ANOVA analysis or the Kruskal-Wallis test
where applicable. The categorical variables were compared by the Chi-square test, Fisher’s exact test, or McNemar’s test
where appropriate. The survival of mice was estimated by Kaplan—-Meier method and compared by the Log rank test.
A P-value of <0.05 was considered statistically significant.

Results
Treatment with FGFI5 Prolongs the Survival of Septic Mice by Mitigating Pathological

Changes and Apoptosis in the Liver

To explore the potential role of FGF15 in sepsis, C57BL/6 mice were subjected to a CLP procedure, randomized and treated with
vehicle saline or FGF15 for three days. There were two mice that died within 2 hours post CLP procedure. The remaining CLP
mice and control mice were monitored for their survival up to 14 days post procedure (Figure 1A). While all the mice in the sham
group survived for 14 days 2 out of 9 mice in the CLP group survived and 6 out of 9 mice in the FGF15 group remained alive at
the end of experiment, leading to a statistical significance in the survival rates (P = 0.022). The average survival time of mice in
the CLP group was 1.17 days (0.25~14 days) with a death rate of 77.8%, while the average survival period of mice in the FGF15
group was 12 days (1.81~14 days) with 33.3% of death rate. Histological examination revealed that hepatocytes in the CLP group
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Figure | FGFI5 treatment supports the survival of septic mice by mitigating hepatic inflammation and liver cell apoptosis. Following the CLP procedure, the mice were
randomized and intravenously injected beginning at 2 hours post the procedure every 12 h for three days with saline as the CLP group or FGFI5 as the FGFI5 group. A sham
control group of mice received the sham procedure and saline injection. (A) The survival of different groups of mice. (B) The histopathological changes in the liver of
different groups of mice. (C) The percentages of liver cell apoptosis in different groups of mice. Data are representative images or expressed as the mean + SD of each group
(n=9 per group) from three separate experiments.

were enlarged by vacuolar lipid droplets and surrounded by many inflammatory infiltrates. The hepatic sinuses became squeezed
and vanished. In contrast, there were obviously less lipid droplets in hepatocytes and inflammatory infiltrates in the liver of mice
in the FGF15 group (Figure 1B). Quantitative analysis indicated the inflammatory scores in the CLP group (ranging 2—3) were
higher than that in the control and FGF15 groups of mice (ranging 0-2, P =0.004). TUNEL assays revealed that the frequency of
apoptotic cells in the livers of the CLP group of mice was 1.416% (ranging 0.281 ~ 3.738%), which was significantly higher than
0.417% in the FGF15 group (ranging 0.000 ~ 1.223, P = 0.046), and 0.158% in the control group (ranging 0.000 ~ 1.712, P =
0.002, Figure 1C). Hence, treatment with FGF15 significantly supported the survival of CLP mice by mitigating liver
inflammation and cell apoptosis.

Treatment with FGFI5 Mitigates Inflammation and Treg Infiltrates in the Livers of CLP
Mice

To understand the protective role of FGF15, we isolated CD4+ T cell infiltrates from individual liver samples and quantified
the frequency of CD4+CD25+FOXP3+ Tregs in individual liver samples by flow cytometry. As shown in Figure 2A, the
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Figure 2 FGFI5 treatment mitigates hepatic Treg responses and reduces the levels of serum cytokines in septic mice at 3 days post CLP. (A) Flow cytometric analysis of the
frequency of hepatic CD4+CD25+FOXP3+ Tregs in total CD4+ T cells in different groups of mice. (B) Western blot analysis of the relative levels of IL-2, FOXP3 and TGF-$
expression in the liver of mice. (C) ELISA analysis of the levels of serum cytokines in different groups of mice. Data are representative images or expressed as the mean * SD
of each group (n=9 per group) from three separate experiments.

median percentages of hepatic Tregs in the CLP group (2.60, 1.97~6.79%) were significantly higher than that in the control
group (1.13, 0.04~1.74%, P < 0.001) and in the FGF15 group (1.84, 0.36~4.33%, P = 0.035). There was no significant
difference in the frequency of hepatic CD4+CD25+FOXP3+ Tregs between the FGF15 and the control groups of mice (P =
0.096). Western blot analysis indicated similar patterns of the relative levels of hepatic IL-2, TGF-p and FOXP3 protein
expression among the groups of mice (Figure 2B). Moreover, analysis of circulating cytokines revealed that compared with the
control group, the levels of serum IL-1f, IL-6, TNF-o and IL-10 in the CLP group were significantly elevated, which were

dramatically reduced in the FGF15 group of mice (Figure 2C). Thus, treatment with FGF15 significantly mitigated the CLP-
stimulated inflammation and inflammation-compensated Treg responses in the liver of mice.

Treatment with FGFI5 Inhibits the LPS-Stimulated Inflammation and Compensative
Treg Responses in the Co-Cultured NCTC 1469 Cells with Hepatic CD4+ T Cell
Infiltrates in vitro

Next, we tested whether FGF15 we used could modulate the production of inflammatory cytokines and its compensated Treg
responses in a cellular model by co-culture of mouse NCTC 1469 hepatocytes with CD4+ T cells from the liver of healthy mice.
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The results revealed that the levels of IL-6, IL-1B, TNF-a and IL-10 in the supernatants of co-cultured cells were not statistically
different between the control and FGF15 groups (Supplementary Table 1). Furthermore, there was also no significant difference
in the frequency of hepatic CD4+CD25+FOXP3+ Tregs between the FGF15 group (0.56 = 0.18%) and the control group (0.38 +
0.18%, P = 0.286, Supplementary Figure 1). These suggest that the FGF15 we used may contain little endotoxin and have little
role in regulating the spontaneous production of those cytokines in mouse hepatocytes in our experimental conditions.

To further understand how liver cells affected Treg responses under an inflammatory condition, we co-cultured hepatic
CD4+ T cell infiltrates with control or FGFR4-silenced NCTC 1469 cells. After stimulation with the vehicle control or LPS for
24 hours and treatment with, or without, FGF15 for another 48 hours, we analyzed the frequency of Tregs in different groups
of cells by flow cytometry. Compared with the control cells, the percentages of Tregs in the LPS group significantly increased
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Figure 3 FGFI5 treatment mitigates the LPS-enhanced Treg responses in a transwell co-culture system. Liver NCTC 1469 cells were transfected with control or FGFR4-
specific siRNA and co-cultured with the isolated liver CD4+ T cells from naive mice in transwell plates. The cells were stimulated with LPS for 24 h and treated with vehicle
saline or FGFI5 for 48 h. (A) Flow cytometry analysis of the frequency of CD4+CD25+FOXP3+ Tregs in total CD4+ T cells. (B) Western blot analysis of the relative levels
of FGFR4, TGF- and IL-2 expression in different groups of cells. (C) ELISA analysis of the levels of IL-13, TNFq, IL-6 and IL-10 in the supernatants of cultured cells. Data are
representative images or expressed as the mean % SD of each group of cells from three separate experiments. *P < 0.05 vs the control group; *P < 0.05 vs the LPS group;
4P < 0.05 vs the FGFI5 group; %P < 0.05 vs the LPS+Si-NC group; *P < 0.05 vs the LPS+Si-NC+FGFI5 group; ®P < 0.05 vs the LPS+Si-FGFR4 group.
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(5.74+0.31%, P = 0.000), which were significantly reduced in the FGF15-treated cells (2.60+0.45%, P = 0.000, Figure 3A).
Interestingly, the percentages of Tregs in the si-FGFR4 group were further higher (8.11+ 0.47%) than that in the LPS group
and the FGF15 group (P = 0.000). However, treatment with FGF15 failed to significantly decrease the frequency of Tregs in
the si-FGFR4 group of cells. These indicated that FGF15 treatment through its FGFR4 inhibited the inflammation-stimulated
compensative Treg responses. Western blot revealed similar patterns of the relative levels of IL-2 and FOXP3 protein
expression among the different groups of T cells and significantly decreased FGFR4 expression (about 65%) in hepatocytes
(Figure 3B). Compared with normal cultured cell group, the relative levels of FOXP3 expression were much higher in all the
LPS stimulation groups. Interestingly, when comparing with FGF15-treated groups (LPS+FGF15 and LPS+Si-NC+FGF15
groups), both the relative levels of FOXP3 and IL-2 expression significantly increased in the Si-FGFR4 groups (LPS+Si-
FGFR4+PBS and LPS+Si-FGFR4+FGF15 groups). Finally, we analyzed the levels of inflammatory cytokines in the super-
natants of co-cultured cells by ELISA (Figure 3C). Compared with the control cells, LPS stimulation significantly increased
the levels of IL-6, IL-1B, TNF-a, and IL-10 production by the co-cultured cells, mainly by hepatocytes, but the levels of IL-1p,
IL-6, TNF-a and IL-10 were all significantly reduced by FGF15 treatment. While FGFR4 silencing failed to modulate the
LPS-stimulated IL-6, IL-1B, TNF-a production it did reduce IL-10 production in the LPS-treated FGFR4-silenced cells.
Treatment with FGF15 also did not alter the levels of IL-6, IL-1p, TNF-a, and IL-10 production in the FGFR4-silenced cells.
Therefore, treatment with FGF15 inhibits the LPS-stimulated inflammation and compensative Treg responses in the co-
cultured NCTC 1469 cells with hepatic CD4+ T cell infiltrates in vitro in a FGFR4-dependent manner.

Discussion

In this study, our findings highlighted that 1) intravenous treatment with FGF15 for a short period protected from sepsis-
related death in mice by significantly inhibiting hepatic inflammation and cell apoptosis; 2) Treatment with FGF15 also
mitigated the inflammation-related compensative hepatic Treg responses, decreased the levels of hepatic TGF-f, IL-2 and
FOXP3 expression and reduced the serum levels of both pro-inflammatory IL-1f, TNF-a, IL-6 and anti-inflammatory IL-
10 in septic mice; and 3) treatment with FGF15 attenuated the LPS-induced inflammation, cytokine secretion and the
inflammation-compensative Treg responses in a transwell co-culture system in a FGFR4-dependent manner. Such novel
findings suggest that FGF15 may be valuable for the intervention of septic liver damages.

Compared with the sham controls, the CLP procedure induced severe inflammation in the liver of septic mice.
Evidently, high levels of circulating IL-1p, TNF-a, IL-6 and IL-10 and many inflammatory infiltrates in the liver were
detected in septic mice, accompanied by moderate levels of liver cell apoptosis, which may contribute to a high rate of
death. These demonstrated that the CLP procedure resulted in severe bacterial infection and sepsis, leading to liver
damages and death.>? Interestingly, we observed a high frequency of hepatic Treg infiltrates in septic mice. Our data were

consistent with previous observations,”*>’

and extending previous findings of high percentages of Tregs in the spleen and
lung of septic animals.*®>® It is well known that Tregs can secrete anti-inflammatory IL-10 and TGF-p as well as other
inhibitor mediators to inhibit inflammation. Hence, during the septic process, severe inflammation can compensatively
up-regulate Treg responses by recruiting Treg infiltrates and enhancing their proliferation in the inflammatory lesions to
limit and control inflammation and tissue damages. Notably, severe inflammation enhances high levels of IL-2 secretion,
which acts its receptors and STATS signaling to promote the proliferation of nature and inducible Tregs during the early
stage of septic process.>”

More importantly, treatment with FGF15 significantly mitigated systemic and hepatic inflammation, liver cell
apoptosis and Treg responses to protect from death in septic mice. Similarly, FGF15 treatment also reduced the frequency
of Tregs in CD4+ T cells that had been co-cultured with the LPS-treated hepatocytes and decreased their FOXP3
expression and IL-6, IL-1f3, TNF-a, and IL-10 secretion in a FGFR4-dependent manner in vitro. It is possible that FGF15
through its FGFR4 may inhibit the pro-inflammatory cytokine responses and down-regulate the IL-2/STATS signaling to
attenuate the proliferation of nature and inducible Tregs, reducing the frequency of Tregs in CLP livers of mice. The
simultaneous attenuation of hepatic inflammation and Treg responses supports the notion that the balance of pro-
inflammatory and anti-inflammatory responses is crucial for the control of septic liver injury.*® These results were
consistent with our previous clinical study, and the serum levels of FGF19 were much higher in the non-survival septic
patients compared with survival septic patients.*'
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FGFR4 is widely expressed on the surface of liver epithelial cells as well as some of other organs.** Previous studies
have shown that FGF15 through its FGFR4 can enhance glucose metabolism and promote lipid oxidation.*** In this
study, we found that FGF15 treatment inhibited the LPS-stimulated inflammation and compensative Treg responses in
a FGFR4-dependent manner in the co-cultured NCTC 1469 cells with hepatic CD4+ T cell infiltrates. In contrast, FGFR4
silencing in liver cells significantly increased the frequency of Tregs after the co-cultured CD4+ T cells. These suggest
that FGF15 should first bind to the FGFR4 on hepatocytes and reduce the LPS-stimulated inflammation in hepatocytes
and the inflammation-compensated Treg responses. Thus, activation of the FGFR4 may be a therapeutic strategy to
inhibit hepatic inflammation and its compensative Treg responses.

We recognized that our study had limitations. Firstly, in this study, we treated the mice with FGF15 and
generated FGFR4 silencing liver cells so that we can not exclude any potential effect of endogenous FGFR4
agonist on inflammation and Treg responses. Secondly, sepsis can affect many other organs, besides the liver, but we
only centered on the liver inflammation and Treg responses. Thirdly, due to the limited resource of mouse liver
tissues, we did not measure Thl7 responses and other cellular immune responses in the liver, which may be
important for the pathogenesis of septic liver damages. Furthermore, we did not directly quantify the contents of
endotoxin in the used FGF15 although we provided indirect evidence of little endotoxin in the used FGF15 in vitro.
Finally, we did not analyze whether FGFR4 was expressed by CD4+ T cell and Tregs and explore the relative levels
of FGFR4 phosphorylation due to the lack of specific antibody although we recognized the FGFR4 phosphorylation
might be crucial for the affinity of FGF15 binding and FGFR4 expression would be important for understanding the
indirect or direct effect of FGF15 on Tregs. We are interested in further investigating how knockout of both FGF15
and FGFR4 can modulate the inflammation, Th17 responses and inflammation-compensative Treg responses in
different organs.

Conclusions
Our findings indicated that FGF15 treatment through its FGFR4 protected from septic liver damages and death in mice,
which were associated with attenuating inflammation and its compensative Treg responses.
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