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Abstract

The management of acute pancreatitis (AP) remains a challenge to clinicians

worldwide for limited effective interventions. Retinoid orphan receptor gamma

t (RORγt) is a therapeutic target for several diseases; however, it is unclear

whether inhibiting RORγt can ameliorate AP. The relative expression of RORγt,
IL-17 and IL-23 in the peripheral blood mononuclear cells of AP patients was

measured by RT-PCR. An AP mouse model was induced by ceruletide, and

SR1001 was injected before ceruletide administration. RORγt+ cells, T helper

17 cells (Th17), regulatory T cells (Tregs) and γδ T cells were assessed in the

pancreas and spleen by flow cytometry. Higher RORγt expression in patients

indicated the potential role of RORγt in AP progression. Analyses of the IL-17/

IL-23 axis confirmed its role. SR1001 significantly alleviated AP histologically

in the mouse model. Serum levels of amylase, IL-6, TNFalpha, IL-17 and IL-23

decreased upon SR1001 treatment. SR1001 selectively decreased the number of

RORγt+, Th17, Tregs and γδ T cells in the pancreas but not the spleen. Collec-

tively, these results showed that SR1001 exerted therapeutic effects on AP by

suppressing IL-17-secreting Th17 and γδ T cells in the pancreas. Thus, SR1001

may be a promising drug for the treatment of AP in the clinic.
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1 | INTRODUCTION AND
BACKGROUND

Acute pancreatitis (AP) is a common acute gastrointesti-
nal disease that afflicts nearly 34/100000 individuals glob-
ally every year, especially middle-aged and older adults.

Abbreviations: AP, acute pancreatitis; PBMCs, peripheral blood
mononuclear cells; RORγt, retinoic acid-related orphan receptor
gamma t.
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The elevated incidence and substantial sequelae of AP,
such as post-pancreatitis diabetes mellitus and exocrine
pancreatic dysfunction, impose a huge economic bur-
den.1 However, therapeutic agents are limited to
octreotide and preventative antibiotics.2 Thus, to improve
the prognosis of AP, the development of novel effective
drugs is promptly needed.

Studies have attempted to elucidate the molecular
mechanisms underlying AP. The crucial role of the acti-
vated immune system, initiated by pancreatic injury, in
amplifying the inflammatory response and worsening tis-
sue damage in AP has garnered increasing attention.3

Recent studies have shown T helper cell 1 (Th1)/Th17
differentiation in the pancreatic tissue of a ceruletide-
induced mouse model of AP4 and improvement of an
L-arginine-induced AP model by oxymatrine via the
reduction of Th1/Th17 cells secreting pro-inflammatory
cytokines.5 However, it remains unclear if the selective
inhibition of IL-17-secreting T cells exerts protective
effects on AP.

Retinoid orphan receptor gamma t (RORγt) is a
master transcription factor for Th17-producing interleu-
kin 17 (IL-17) cells.6 RORγt inhibitors exert therapeutic
efficacy in autoimmune diseases by inhibiting the
differentiation of naïve T cells to Th17 cells.7,8 In
addition, enhanced RORγt expression in Th17 cells
exacerbates experimental autoimmune encephalomyeli-
tis.9 RORγt is generally recognized as a promising
pharmacological target in some autoimmune diseases
characterized by the high production of IL-17 from
Th17 cells. Rats with L-arginine-induced AP exhibit
overexpression of RORγt protein5; however, whether
RORγt is upregulated in AP patients and its role in
the pathogenesis and progression of AP remains
unclear.

In these contexts, a series of novel compounds
targeting RORγt have been continuously synthesized,
and their potential feasibility in treating Th17-mediated
diseases has been assessed.10 SR1001, which specifically
targets RORα/γt, functions as a prominent Th17
inhibitor, and its therapeutic efficacy has been widely
evaluated in many autoimmune disorders such as
multiple sclerosis11 and pathological retinal angiogene-
sis.12 Whether SR1001 contributes to the amelioration of
AP by inhibiting IL-17-secreting T cells is unknown.

Here, we determined the expression of RORγt and
IL-17 in the peripheral blood mononuclear cells (PBMCs)
of AP patients and established a ceruletide-induced
mouse model of AP pretreated with SR1001. Our findings
demonstrated the therapeutic efficacy of SR1001 in AP,
providing some evidence for the potential promising
clinical application of SR1001 in patients with this
condition.

2 | MATERIALS AND METHODS

2.1 | Human samples

According to the 2012 Revised Atlanta Classification
criteria of typical abdominal pain, at least triply elevated
serum amylase and/or lipase, and significant imaging
findings (abdominal computed tomography [CT] or mag-
netic resonance imaging [MRI]),13 patients diagnosed
with AP and confirmed by three surgeons separately were
recruited in this study. Blood samples were collected from
17 healthy controls (HCs) and 22 AP patients within 24 h
after admission to our ward. Demographic and clinical
characteristics including the results of routine blood, liver
function, renal function, C-reactive protein (CRP) and
amylase tests were recorded (Table 1). Serum was
extracted after coagulation and stored at �80�C until use.
All procedures were approved by the Ethics Committee
of Minhang Hospital, Fudan University (2021-Approval-
035-01K, Shanghai, China), and written informed consent
was obtained from the volunteers. This study was con-
ducted in accordance with the Basic & Clinical Pharma-
cology & Toxicology Policy for Experimental and Clinical
Studies.14

2.2 | PBMC isolation

PBMCs were isolated from fresh anticoagulant blood
within 6 h according to the manufacturer’s protocols.
Briefly, blood samples were diluted with sterile
phosphate-buffered saline (PBS), followed by the gentle
addition of Lymphocyte Separation Medium (Biosharp
Life Sciences, Beijing, China). After centrifugation, the
PBMC layer was extracted and washed twice, resuspended
in PBS, snap-frozen with liquid nitrogen and stored at
�80�C until use.

2.3 | Reagents

Ceruletide and SR1001 were purchased from Abmole
Bioscience Inc. (Houston, TX, USA). A Mouse Th17
Staining Kit and Mouse Treg Staining Kit were pur-
chased from MultiScience (Hangzhou, China), together
with human and mouse IL-6, IL-10, tumour necrosis
factor alpha (TNF-α), IL-17 and IL-23 enzyme-linked
immunoassay (ELISA) kits. FITC Mouse Anti-Mouse
CD45.1, PE Hamster Anti-Mouse γδ T-cell receptor,
APC Hamster Anti-Mouse CD3e and BV421 Mouse
Anti-Mouse RORγt Clone Q31–378 (RUO) were pur-
chased from BD Pharmingen™ (San Jose, CA, USA).
An RNA Purification Kit was purchased from ES
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Science (Shanghai, China), PrimeScript™ RT Master
Mix was purchased from TaKaRa Bio Inc. (Beijing,
China), and PowerUp™ SYBR™ Green Master Mix was
purchased from Thermo Fisher Scientific (Waltham,
MA, USA).

2.4 | Mice

Eight-week-old male C57BL/6 mice were used in our
study. All specific pathogen-free mice were purchased
from JieSiJie Laboratory Animals Co., Ltd. (Shanghai,
China), maintained under ambient temperature (24�C)
and humidity and kept at a 12-h light/dark cycle.
All mice had access to standard rodent chow (Shore
Biotechnology Co., Ltd., Shanghai, China) and sterile
water ad libitum. All animal experiments were approved
by the Ethics Committee of Minhang Hospital,
Fudan University (2021-Approval-035-01K, Shanghai,
China).

2.5 | Mouse model of AP

After acclimation for 1 week, 20 mice were equally
divided into four groups: control group received dimethyl
sulfoxide (DMSO), AP model group was intraperitoneally
administered 50 μg/kg ceruletide every hour for 7 consec-
utive hours, and SR1001 25 mg/kg and SR1001 50 mg/kg
groups received 25 and 50 mg/kg SR1001 for 2 days by
intraperitoneal injection twice daily, which started 1 day
before AP model construction, respectively. Mice were
anaesthetized and killed at 24 h after the last injection
of ceruletide, and then serum and other tissues were col-
lected. All animal experiments were repeated three times
independently.

2.6 | Histological analyses

Haematoxylin and eosin (H&E) staining was conducted
to evaluate the severity of AP, and mouse pancreatic

TAB L E 1 Demographic and clinical information of AP patients and healthy controls

Healthy control AP patient P-value

Cases 17 22

Age (years) 51.59 � 17.71 56.86 � 14.38 0.9036

Sex

Male (%) 8 (47.06) 13 (59.09) 0.7626

Female (%) 9 (52.94) 9 (40.91) 0.6429

Weight (kg) 64.59 � 9.69 71.36 � 9.30 0.4135

Height (m) 1.67 � 0.08 1.71 � 0.08 0.7395

BMI (kg/m2) 23.20 � 2.78 24.44 � 2.76 0.5328

WBC count (^109/L) 6.47 � 1.66 12.69 � 4.39 0.4862

Neutrophil count (^109/L) 3.66 � 1.33 10.50 � 4.64 0.3263

Neutrophil % 55.71 � 7.86 80.75 � 9.76 0.8536

Lymphocyte count (^109/L) 2.07 � 0.61 1.39 � 0.60 0.4568

Lymphocyte % 32.61 � 6.89 12.24 � 6.55 0.0024

Monocyte count (^109/L) 0.65 � 0.35 0.76 � 0.54 0.7815

Monocyte % 9.27 � 2.62 5.57 � 2.02 0.1632

ALT (U/L) 42.18 � 29.16 196.73 � 254.64 0.1841

AST (U/L) 28.47 � 12.47 171.41 � 275.21 0.1168

ALT/AST 1.38 � 0.46 1.39 � 0.93 0.5416

Amylase (U/L) 60.29 � 16.32 1239.27 � 1053.44 0.001

CRP (mg/ml) 2.97 � 6.75 85.22 � 87.41 0.001

Creatinine (U/L) 65.12 � 15.13 73.05 � 21.81 0.3247

BUN (U/L) 4.67 � 1.02 5.67 � 2.56 0.7163

Total 39

Notes: Data are shown as the mean � standard deviation. The chi-squared test and Fisher’s exact test were used to compare the differences between two groups

of each item.
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tissues were processed as previously described.15 Multiple
sections of the same slide were assessed by two patholo-
gists in a blinded manner, and AP severity was scored
according to the following criteria: oedema, inflammatory
cell infiltration, haemorrhage and fat necrosis and acinar
necrosis; each item was scored 0–3, as previously
described.16

2.7 | Measurement of serum alanine
aminotransferase and creatinine

Serum levels of alanine aminotransferase (ALT) and cre-
atinine in all mice were measured with the corresponding
assay kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instruc-
tions. The absorbance of ALT and creatinine was mea-
sured at 510 and 546 nm, respectively, in a plate reader
(Cytation 5; Shanghai BioGene Biotech Co., Ltd., Shang-
hai, China).

2.8 | Flow cytometry

The pancreas and spleen were harvested from the mice,
and a single-cell suspension was prepared by incubating
with collagenase IV and trypsin solution. After washing
twice and resuspending in 10% foetal bovine serum to
reach a concentration of 1 � 105/ml, cells were stained
with CD3ε-FITC, CD4-PerCP-Cy5.5 and IL-17A-PE for
Th17 (CAT#KTH217, LOT#A00613) and Mouse Anti-
Mouse CD45.1-FITC, γδ T-Cell Receptor-PE (331210,
A014586) and CD3e-APC for γδ T cells. CD4-FITC and
CD25-APC antibodies were used to measure the regula-
tory T cells (Tregs), after which the cells were fixed,
permeabilized and stained with Foxp3 + -PE antibody
(KTR201, A01115). RORγt was stained with RORγt
+ -BV421 antibody (25-6981-82, RO73620). Finally,
1 � 105 cells were measured using the Beckman Coulter
Cyan ADP Analyser (Beckman Coulter Inc., Sykesville,

MD, USA) and analysed by FlowJo software v.10
(TreeStar Inc., Ashland, OR, USA).17

2.9 | ELISA

According to the manufacturer’s instructions, the con-
centrations of pro-inflammatory and anti-inflammatory
cytokines including IL-6 (CAT#EK106, LOT#A10610535
for mouse cytokine, EK206, A20610435 for human),
IL-10 (EK110, A11001144, EK210, A21000714), TNF-α
(EK182, A18201042, EK217, A21710141), IL-17 (EK117,
A11700641, EK223, A22310354) and IL-23 (EK123,
A12301234, EK282, A28210345) in all mouse and human
blood samples and serum amylase (ab102523; Abcam) in
mice were measured with the corresponding ELISA kits.

2.10 | Real-time PCR

RNA in PBMCs was isolated using the RNA Purification
Kit, and 500 ng RNA was reverse-transcribed into cDNA
with PrimeScript™ RT Master Mix, after which SYBR™
Green Master Mix was added to the RT-PCR reaction.
The relative expression of IL-17, IL-23 and RORγt was
calculated by ΔΔCT, and β-actin was chosen as the refer-
ence gene. The primer sequences of each target gene are
shown in Table 2.

2.11 | Statistical analyses

One-way analysis of variance was used to compare data
among groups and the Mann–Whitney U test was used
for data comparisons between two groups. Data are
expressed as the mean � standard error of the mean.
GraphPad Prism 8.0 (GraphPad Software Inc., San Diego,
CA, USA) was applied for all statistical analyses. P < 0.05
was considered statistically significant, and P < 0.01 was
considered highly significant.

TAB L E 2 Primer sequences for RT-qPCR in this study

Gene name Primer sequence NCBI accession number

IL-17 F: 50-TACAACCGATCCACCTCACC-30 NG_033021.1

R: 50-AGTGGTCCTTCCAGGTTTGA-30

IL-23 F: 50-CAGGTATGAAGTAGGGGCGTG-30 NC_000012.12

R: 50-GGGACTGAGGCTTGGAATCT-30

RORγt F: 50-GTGGGGACAAGTCGTCTGG-30 NM_001001523.2

R: 50-AGTGCTGGCATCGGTTTCG-30

β-Actin F: 50-GAGACCTTCAACACCCCAGC-30 NM_001083538.3

R: 50-ATGTCACGCACGATTTCCCC-30
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3 | RESULTS

3.1 | RORγt is upregulated and IL-17 is
overexpressed in AP patients

In this study, 39 participants were recruited including
17 HCs and 22 patients with AP. The demographic and
clinical characteristics of the AP patients and HCs includ-
ing age; sex; body mass index; white blood cell count
and classification; and serum levels of ALT, aspartate
transaminase (AST), amylase, CRP, creatinine and blood
urea nitrogen (BUN) were also recorded. As indicated in
Table 1, AP patients exhibited significantly elevated CRP
and amylase levels. PBMCs and serum were separated
from the blood samples. RT-PCR was conducted to detect
the relative expression of RORγt and IL-17, and ELISA
was used to measure the IL-17 level. As shown in
Figure 1A, RORγt was upregulated by approximately
4.8-fold in AP patients compared to HCs. Highly
expressed IL-17 at the transcriptional and translational
levels (Figure 1B,C) was detected as well. These results
demonstrated the overexpression of RORγt and IL-17 in
AP patients.

3.2 | SR1001 effectively attenuates
AP in a ceruletide-induced mouse
model of AP

To investigate whether AP can be alleviated by an RORγt
inhibitor, a mouse model of AP model was constructed by
consecutive intraperitoneal injection of ceruletide,15 and
SR1001 (25 and 50 mg/kg), a traditional RORγt inhibitor,
was administered before AP induction. The experimental
design is shown in Figure 2A. Histological analysis of the
pancreas by H&E staining (Figure 2B) showed that acinar
cell oedema and inflammatory cell infiltration were sig-
nificantly improved in SR1001-treated pancreatic tissues
compared with the AP group. The pathological score
(Figure 2C) showed alleviated pancreatic inflammation
upon SR1001 treatment. The serum levels of amylase,
ALT and creatinine were increased by more than sixfold
in AP mice compared to control mice, whereas the level
decreased by at least one-half in SR1001-treated mice

(Figure 2D–F). These results demonstrated that RORγt
inhibition by SR1001 had marked therapeutic efficacy in
mice with ceruletide-induced AP.

IL-6 is an early detector and biomarker for evaluating
the severity of AP.18 We found that the serum level of
IL-6 was greatly increased in the AP group and largely
decreased in the SR1001-treated group (Figure 2G),
indicating the substantial alleviation of AP. As evidenced
by the reduced pro-inflammatory cytokine TNF-α
(Figure 2H) and elevated anti-inflammatory cytokine
IL-10 (Figure 2I), there was great amelioration of the
inflammatory response following SR1001 treatment.

3.3 | SR1001 selectively inhibits RORγt in
the pancreas rather than spleen of mice
with ceruletide-induced AP

Because SR1001 is a traditional RORγt inhibitor with
high affinity, it specifically suppresses the transcription of
IL-17 and reduces the differentiation of Th17.11

Overexpression of RORγt in sepsis is associated with pan-
creatic injury in a mouse model,19 L-arginine-induced AP
in a rat model5 and elevated serum IL-17 in AP
patients.18 It remains unknown whether RORγt is
upregulated in a ceruletide-induced AP mouse model. In
this study, the percentage of RORγt+ cells in the pan-
creas of ceruletide-induced AP mice was analysed by flow
cytometry. As shown in Figure 3A,B, the proportion of
pancreatic RORγt+ was increased by approximately
threefold in AP mice compared to control mice, while
SR1001 significantly reduced the elevated RORγt+ cells
in SR1001-treated mice. To investigate whether SR1001
functions systemically, splenic RORγt+ cells were
detected as well. Figure 3C,D shows that the percentage
of RORγt+ cells was comparable among the three
groups. RORγt plays a fundamental role in the transcrip-
tion of IL-17; therefore, we investigated whether the level
of IL-17 was affected by SR1001 administration. As
shown in Figure 3E, serum IL-17 was markedly elevated
by 18-fold in mice with ceruletide-induced AP compared
to the controls and was greatly declined in the 25 and
50 mg/kg SR1001-treated groups. Furthermore, IL-23 was
also measured and found to be altered, similar to IL-17

F I GURE 1 RORγt is highly expressed in

the PBMCs of AP patients. (A,B) elevated

expression of RORγt (A) and IL-17 (B) in the

PBMCs of AP patients was detected by RT-PCR.

(C) Serum levels of IL-17 in AP patients. Data

are presented as the mean � SEM; n = 8–12.
**P < 0.001, ***P < 0.005
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(Figure 3F). These findings suggest that SR1001 targets
pancreatic RORγt+ cells, possibly through suppressing
the IL-17/IL-23 immune pathway, and this effect was
independent of immune cells in the spleen.

3.4 | Inhibition of RORγt by SR1001
significantly reduces Th17 differentiation
in the pancreas of mice with AP

Mounting evidence has shown that IL-17 is a distinctive
cytokine generated by Th17 cells, which in turn works
with IL-23 to stimulate Th17.20 During AP progression,
IL-17 + Th17 cells increase at all time points after
ceruletide induction.4 Similar results were obtained in
our study by flow cytometry. The percentage of pancre-
atic CD4+/IL-17 + Th17 cells was increased by nearly

twofold in mice with ceruletide-induced AP; however, it
declined after SR1001 injection (Figure 4A,B). Tregs are
vital for maintaining immune homeostasis. We detected
the significant reduction of CD25+/Foxp3 + Tregs in the
pancreas of mice with AP, which decreased further in
the SR1001-treated group (Figure 4C,D). Figure 4I shows
that the pancreatic Th17/Treg ratio in AP mice was
increased by more than sixfold compared to the control,
but was significantly decreased in the SR1001-treated
group, indicating that the immune imbalance in AP mice
was significantly reversed upon SR1001 treatment.
Splenic Th17 and Tregs were also measured, and no dif-
ferences in their levels were found (Figure 4E–H,J).
Together, these results demonstrated that targeted pan-
creatic RORγt inhibition by SR1001 suppressed Th17 and
Treg differentiation, thereby reversing the immune
imbalance in AP.

F I GURE 2 Pharmacological therapeutic effects of SR1001 on a mouse model of ceruletide-induced AP. (A) Representative images of

H&E-stained sections of the pancreas in control and mice with AP. Magnification of upper panels: 20� and lower panels: 40�. The green

arrows show typical acinar oedema, vacuolization and inflammatory infiltration of acinar cells in pancreatic tissues. (B) Quantified

pathological score of pancreatic injury according to the above criteria. (C–E) quantitation of serum amylase (C), ALT (D) and creatinine

(E) in different groups. (F–H) SR1001 attenuated the pro-inflammatory response in a mouse model of ceruletide-induced AP. ELISA was

applied to determine the levels of pro-inflammatory cytokines IL-6 (F) and TNF-α (G) and anti-inflammatory cytokine IL-10 (H) in the

serum of mice with ceruletide-induced AP and control mice. Data are expressed as the mean � SEM; n = 5. ***P < 0.005. All experiments

were repeated three times independently
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3.5 | SR1001 significantly decreases
pancreatic γδ T cells in the mouse
model of AP

γδ T cells are considered an important early first line of
immune defence of acute infection and initial IL-17 pro-
ducer.21 RORγt antagonism has obvious inhibitory effects
on IL-17-secreting γδ T cells (also named Tγδ17) in
patients with spondyloarthritis.17 Therefore, to evaluate
the function of γδ T cells in AP progression, we measured
the percentage of γδ T cells in the pancreas and spleen.
The flow cytometry results revealed that pancreatic CD3e
+/γδ-TCR + γδ T cells increased from 0.875% in control
mice to 5.112% in mice with ceruletide-induced AP but
decreased to 1.884% in SR1001-treated mice (Figure 5A,
B). However, similar results were not observed in the
spleen (Figure 5C,D). These findings suggest the crucial
role of Tγδ17 in promoting the development of AP, while
reducing Tγδ17 by the RORγt inhibitor SR1001 may con-
tribute to a good prognosis of AP.

3.6 | IL-17/IL-23 immune axis is
activated in AP patients

Given that levels of IL-17 and IL-23 were increased in
mice with AP and significantly decreased upon SR1001
treatment (Figure 3D,E), we investigated whether the
IL-17/IL-23 immune axis is activated in AP patients.
ELISA results showed that pro-inflammatory cytokines
IL-6 and TNF-α were increased by about 200-fold
(from 0.39 � 0.15 to 82.45 � 54.16 pg/ml) and 4-fold
(from 334.23 � 149.55 to 1227.03 � 250.67 pg/ml),
respectively, and the anti-inflammatory cytokine IL-10
was increased by 18-fold in AP patients. Furthermore,
the RT-PCR assay confirmed activation of the IL-17/
IL-23 immune pathway in AP patients, as indicated by
the upregulated expression of IL-17 and IL-23 and corres-
ponding protein concentrations in serum (Figures 1B,C
and 6D,E). These results demonstrated that the IL-17/
IL-23 immune axis was considerably activated in AP
patients.

F I GURE 3 SR1001 targets RORγt in the pancreas rather than spleen of mice with ceruletide-induced AP. Flow cytometry analyses of

RORγt in the pancreas and spleen of mice with ceruletide-induced AP and control mice. (A) Representative images of RORγt in the pancreas

of mice with ceruletide-induced AP (left) and a fluorescence histogram of RORγt+ cells (right). (B) Quantitative percentage of RORγt+ cells

in the pancreas. (C) Representative images of RORγt in the spleen of mice with ceruletide-induced AP (left) and fluorescence histogram of

RORγt+ cells (right). (D) Quantitative percentage of RORγt+ cells in the spleen. (E,F) quantitation of serum levels of IL-17 (E) and IL-23 (F)

by ELISA in mice with ceruletide-induced AP and control mice. Data are presented as the mean � SEM; n = 5. *P < 0.05, **P < 0.01,
***P < 0.005. ns, not significant
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F I GURE 4 SR1001 selectively inhibits Th17 differentiation in pancreatic rather than splenic tissues. Flow cytometry was conducted to

determine the proportion of CD4+/IL-17A + Th17 cells in the pancreas (A,B) and spleen (C,D) of mice with AP. (A) Representative images

of cytometry results (left) profiling pancreatic CD4+/IL-17A + Th17, fluorescence histogram of Th17 cells (right) and (B) quantified analyses

of Th17 cells in pancreatic tissues. (C) Representative images of cytometry results (left) profiling splenic Th17, fluorescence histogram of

Th17 (right) and (D) quantitative analyses of Th17 in spleen. The proportion of CD25+/Foxp3 + Treg cells in the pancreas (E,F) and spleen

(G,H) of mice with AP was assessed by flow cytometry. (E) Representative images of cytometry results (left) showing the percentage of Tregs,

fluorescence histogram of Tregs (right) and (F) quantitative analyses of Treg in pancreatic tissues. (G) Representative images of cytometry

results (left), fluorescence histogram of Tregs (right) and (H) quantitative analyses of Tregs in the spleen. (I,J) the ratio of Th17 to Tregs in

the pancreas (I) and spleen (J) of mice with ceruletide-induced AP. Data are expressed as the mean � SEM; n = 5. *P < 0.05, ***P < 0.005.

ns, not significant
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4 | DISCUSSION

Here, we report RORγt is highly expressed in the PBMCs
of AP patients, making it a potential therapeutic target for
AP. RORγt was discovered as a novel transcriptional fac-
tor for IL-17, which plays a key role in maintaining Th17
differentiation.22 Th17, characterized by IL-17 secretion,
is a newly discovered subset differentiated from naïve T
cells, which normally contributes to anti-inflammatory
immune homeostasis.22,23 However, its pathogenicity in

eliciting various autoimmune or inflammatory diseases
has been widely reported.24 Similar to Th17, IL-
17-producing γδ T cells are another main source of innate
IL-17 in the early stage of infectious or autoimmune
diseases, which are also regulated by the expression of
RORγt.25 AP is a local and systemic inflammatory disease,
in which complex immunological reactions occur.3 In this
study, we found that Th17 and γδ T cells were signifi-
cantly increased in the pancreas of an AP mouse model,
accompanied by the elevated secretion of IL-17. These

F I GURE 5 RORγt inhibitor SR1001 targets pancreatic CD3e+/TCR-γδ+ γδ T cells in mice with ceruletide-induced AP. (A) Proportion

of pancreatic CD3e+/TCR-γδ + γδ T cells analysed by flow cytometry (left) and fluorescence histogram of γδ-T cells (right) are shown.

(B) Quantitation of pancreatic γδ T cells. (C) Proportion of splenic CD3e+/TCR-γδ + γδ T cells by flow cytometry (left), fluorescence

histogram of γδ T cells (right) and (D) quantitative analyses of splenic γδ T cells are shown. Data are expressed as the mean � SEM; n = 5.

*P < 0.05, **P < 0.001. ns, not significant

F I GURE 6 IL-17/IL-23 immune pathway

is activated in AP patients. (A–C) The level of
pro-inflammatory cytokines IL-6 (A), TNF-α
(B) and anti-inflammatory cytokine IL-10 (C) in

the serum of AP patients was measured by

ELISA. (D) Quantified relative expression of IL-

23 in the PBMCs of AP patients. (E) IL-23 level

in the serum of AP patients. Data are presented

as the mean � SEM; n = 5–12. *P < 0.05,

**P < 0.001, ***P < 0.005
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results indicate the possible function of IL-17-producing
Th17 cells and γδ T cells in the pathogenesis of AP.

AP, mainly caused by gallstones, alcohol abuse or
hypertriglyceridaemia, is becoming one of the most com-
mon emergent GI diseases. Nearly 80% of AP patients
exhibit a mild course, and the remaining 20% progress to
severe disease, in which systemic inflammatory response
syndrome or fatal complications might occur.26,27 Thanks
to the updated 2012 Revised Atlanta Classification for AP
diagnosis and grading13 and multiple Pancreatitis Activ-
ity Scoring System for severity prediction,28 AP patients
in the early stage can be identified and undergo initial
therapies. Accordingly, the American Gastroenterological
Association recommends initial management paradigms
in the early stage of AP, such as goal-directed fluid
management.29 Despite these advancements in clinical
guidelines and interventions, the mortality rate of AP
remains 1.16/100000 person-years annually.1 Therefore,
to achieve the goal of alleviating acute inflammatory
responses and improving outcomes of AP, more emphasis
is suggested to be attached to effective drug development.

Since RORγt is specific for IL-17 and acts as an impor-
tant mediator for type 17T cells, it has been universally
recognized as an attractive target for many autoimmune
diseases.6 RORγt protein level was proved to be associated
with AP in animal model5; furthermore, our results
detected RORγt upregulation in transcriptional level of
AP patients and overexpression in translational level in
pancreas of ceruletide-induced AP mice. A recent study
underlines that RORγt inhibitors show great phar-
macological potentials in ameliorating aberrant ‘type
17 responses’ in patients with spondyloarthritis17 and
enhanced RORγt expression in Th17 cells would acceler-
ate the progression of experimental autoimmune enceph-
alomyelitis.9 Therefore, a series of small molecular RORγt
inhibitors is constantly developed, and their therapeutical
applications are continuously elucidated in several
autoimmune disorders.10 SR1001 is a traditional RORγt
inhibitor, and it could conspicuously alleviate multiple
sclerosis by inhibiting Th17 differentiation and IL-17
secretion. Its inhibitory effects on oxygen-induced reti-
nopathy and spontaneous subretinal neovascularization
mouse model have been demonstrated.12 Therefore,
SR1001 was administered to ceruletide-induced AP mice
in this study, and our results demonstrate a remarkable
therapeutical efficacy on AP. Furthermore, pancreatic
Th17 and γδ-T cells decline upon SR1001 treatment in an
AP mice model, which means that SR1001 exerts an
inhibitory effect on Th17 and γδ-T cells in pancreas.
Upregulated RORγt and IL-17 in PBMC of AP patients
provide evidence for the potential application of SR1001
in clinic.

Type 17 cells, comprising Th17, γδ-T, natural killer T
and innate lymphoid cells, bear the capability of IL-17
production and function as sentinels when tissue injury
or acute infection occurs.30 Increased proportion of Th17
in pancreas, together with reduced Tregs, has been dem-
onstrated in Xu’s study,4 which is in accordance with our
results; ulteriorly, we found a significant augment of
pancreatic γδ-T cells as well. Intriguingly, upon adminis-
tration of SR1001, pancreatic Th17 and γδ-T cells simulta-
neously decreased and reduced Th17/Treg ratio help
maintain immune tolerance. Th17 differentiation is
mainly dependent on IL-17 expression. The transcription
of IL-17 is induced by RORγt, which then triggers early-
stage Th17 differentiation.22 During the AP progression,
over-secreting IL-17 contributes to the imbalance of
Th17 homeostasis. However, SR1001 administration can
reverse the excessive expression of Th17 by inhibiting
RORγt transcription and reverse IL-17 secretion in the
pancreas. Even though similar findings are not presented
in spleen of mice with AP, it still means that SR1001
functions in local pancreas rather than peripheral
immune organs in the early stage of AP. These negative
results from the spleen may be attributed to the gaps
between ceruletide-induced AP mouse model and pancre-
atitis in the clinic. Th17 cells bear pathogenic and non-
pathogenic capacities. IL-6-STAT3 pathway, a prerequi-
site for the expression of RORγt, jointly with IL-17-IL-23
axis and IL-1β functions as inducing factor for pathogenic
Th17.20,31 In our study, IL-6, IL-17 and IL-23 are collec-
tively increased notably in AP patients and ceruletide-
induced AP model, which hints inducible pathogenic
Th17 in pancreas. Tregs plays a fundamental role in regu-
lating immune balance between Th1/Th2 differentiation
and immune suppression, and Tregs presents absent dur-
ing AP.4 Here, Th17/Tregs ratio was reversed, yet Tregs
decreased upon SR1001 treatment. We speculated that
this result was caused by SR1001 administration because
of the complexity of Tregs.32 Effects of SR1001 on Tregs
and the complicated interrelationship between RORγt
and Tregs require more investigations.

5 | CONCLUSION

We first demonstrated that inhibiting RORγt by SR1001
exerted significant therapeutic effects on ceruletide-
induced AP mice, which was dependent on the selective
inhibition of pancreatic IL-17-producing Th17 and γδ T
cells. The overexpression of RORγt was observed in the
PBMCs of AP patients. The IL-17/IL-23 immune pathway
was activated during AP with SR1001 treatment, leading
to downregulation of this axis. These findings indicate
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that SR1001 may have therapeutic efficacy in the early
stage of AP.
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