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Abstract 

Bac kgr ound: Ulcer ati v e colitis ( UC ) is a pr ogr essi v e chr onic inflammator y disorder. Neutr ophils play a critical r ole in r egulating in- 
testinal mucosal homeostasis in UC. Spleen tyrosine kinase ( Syk ) is inv olv ed in sev eral inflammator y diseases. Her e , w e evaluated the 
effects and underlying mechanisms of Syk on neutrophil immune-responses in UC. 

Methods: Syk expression in the colonic tissues of patients with UC was determined using quantitati v e r ev erse transcription- 
polymer ase c hain reaction ( qRT-PCR ) , w estern blotting, and immunohistochemistry. Colonic biopsies from patients with UC were 
obtained for single-cell RNA-sequencing. Neutrophils isolated from peripheral blood were pre-treated with R788 ( a Syk inhibitor ) and 

gene differences were determined using RNA sequencing. Neutrophil functions were analyzed using qRT-PCR, flow cytometry, and 

Tr answ ell assay. R788 was administered daily to mice with dextran sulfate sodium ( DSS ) -induced colitis to verify the effects of Syk on 

intestinal inflammation. 

Results: Syk expr ession w as incr eased in inflamed m ucosa and neutr ophils of patients with UC and positi v el y corr elated with dis- 
ease activity. Pharmacological inhibition of Syk in neutrophils decreased the production of pro-inflammatory cytokines, chemokines, 
neutrophil extracellular traps, r eacti v e oxygen species, and m y eloperoxidase . Apoptosis and migration of neutrophils were sup- 
pressed by Syk bloc kade . Syk bloc kade amelior ated m ucosal inflammation in DSS-induced m urine colitis by inhibiting neutr ophil- 
associated immune responses. Mechanistically, Syk regulated neutrophil immune-responses via the mammalian target of r apam ycin 

kinase/rubicon-like autophagy enhancer-dependent autophagy pathway. 

Conclusions: Our findings indicate that Syk facilitates specific neutrophil functional responses to mucosal inflammation in UC, and 

its inhibition ameliorates mucosal inflammation in DSS-induced murine colitis, suggesting its potential as a novel therapeutic target 
for UC treatment. 

Ke yw ords: Syk, UC, neutrophils, autophagy 
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Introduction 

Ulcer ativ e colitis ( UC ) , a c hr onic r ela psing inflammatory disease 
with continuous mucosal inflammation, mainly affects the 
rectum and colon and exhibits increasing incidence with high 

morbidity and mortality rates worldwide.1 , 2 Although several 
biological and oral small-molecule agents, such as Janus ki- 
nase inhibitors , ha v e been used for the tr eatment of patients 
with UC, a ppr oximatel y one-third of patients do not r espond 

to initial treatment and half of the patients lose r esponse ov er 
time .3 T her efor e , no v el pr ecision medicine str ategies ar e ur gentl y
needed for UC treatment. 

Although its precise etiology and pathology remain ambigu- 
ous, aberr ant imm une r esponses in the inflamed m ucosa of UC 

ar e mainl y c har acterized by the abnormal activ ation and infil- 
tration of neutrophils with other immune cells, such as T cells,
macr opha ges, and dendritic cells.4 , 5 Neutr ophils ar e gener all y the 
first immune cell responders that play a crucial role in mucosal 
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ealing in the early stages of UC.6 , 7 During intestinal mucosal 
njury, activ ated neutr ophils migr ate to the inflammatory site
nd eradicate pathogens via phagocytosis, degranulation, release 
f r eactiv e oxygen species ( R OS ) , my eloperoxidase ( MPO ) , and
ntibacterial peptides, and formation of neutrophil extracellular 
r a ps ( NETs ) .8–10 Neutr ophils also pr omote angiogenesis and
ntestinal epithelial cell pr olifer ation to pr omote the intestinal

ucosal wound repair.11 , 12 Ho w ever, neutrophils act as a double-
dged sw or d in the inflammatory r esponse of UC. Excessiv e activ a-
ion and infiltration of neutrophils leads to persistent mucosal in-
ury and increases the risk of thrombosis in patients with UC.13 , 14 

or eov er, neutr ophil dysfunction may lead to ther a peutic failur e
n patients with UC.15–17 Ther efor e, r egulating the beneficial and
etrimental effects of neutrophils on intestinal tissues plays an 

ndispensable role in alleviating mucosal inflammation in UC. 
Spleen tyrosine kinase ( Syk ) is a cytoplasmic non-receptor 

r otein tyr osine kinase found in both hematopoietic and non-
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ematopoietic cells, including B cells, macr opha ges, neutr ophils,
nd dendritic cells.18 It is involved in the pathogenesis of multi-
le conditions, including immune diseases and various malignan-
ies .19–21 To date , onl y a fe w studies hav e demonstr ated the critical
athogenic role of Syk in UC. Syk inhibition mitigates intestinal in-
ammation by reducing the production of tumor necrosis factor
 TNF ) - α in experimental colitis.22 Down-regulation of Syk expres-
ion in dendritic cells pr e v ents colitis in murine models.23 Syk in-
ibits colitis by maintaining the microbial ecology and promoting

nflammasome activation.24 Ho w ever, whether Syk regulates neu-
r ophil imm une-r esponses in UC and whether inhibition of Syk re-
ie v es UC by improving the effects on neutrophils remain unclear.

In this study, we measured Syk levels in patients with UC
nd determined the effects of Syk on neutrophils using the
mall-molecule Syk inhibitor, R788. We found that Syk expression
as significantly increased in the intestinal mucosa of patients
ith UC and positiv el y corr elated with disease activity. Gener all y,
yk is highl y expr essed on neutr ophils. Her e, Syk inhibition
ecr eased the pr oduction and r elease of pr o-inflammatory cy-
okines , chemokines , ROS, and MPO, and NETs formation by
eutrophils and impaired their apoptosis and migration in vitro .
or eov er, Syk bloc kade markedl y alle viated dextr an sulfate

odium ( DSS ) -induced colitis in mice. Our results indicate that
yk bloc kade alle viates intestinal m ucosal dama ge by dir ectl y
odulating neutr ophil imm une-r esponses via the mammalian

ar get of r a pam ycin kinase ( mTOR ) /rubicon-lik e autophagy en-
ancer ( R UBCNL ) -dependent autophagy pathwa y, which ma y be
 promising strategy for UC treatment. 

aterials and methods 

atients 

or this study, patients with UC and healthy controls ( HCs ) were
 ecruited fr om the Department of Gastr oenter ology, Affiliated
ospital of Jining Medical University ( Jining, Shandong, China ) be-

ween May 2019 and August 2022. UC was diagnosed using stan-
ardized clinical, radiological, endoscopic, and histological crite-
ia. We used the Mayo score to assess the clinical activity of UC
nd the UC Endoscopic Index of Se v erity ( UCEIS ) to grade the in-
estinal mucosal samples . T he Ma y o score system w as assessed
s stool frequency: normal number of stools ( 0 ) , 1–2 stools ( 1 ) , 3–
 stools ( 2 ) , 5 or more stools ( 3 ) ; rectal bleeding: no blood seen
 0 ) , streaks of blood with stool less than half the time ( 1 ) , obvious
lood with stool most of the time ( 2 ) , blood alone passed ( 3 ) ; find-

ngs on endoscopy: normal or inactive disease ( 0 ) , mild disease
 1 ) , moderate disease ( 2 ) , severe disease ( 3 ) ; physician’s global as-
essment: normal ( 0 ) , mild disease ( 1 ) , moderate disease ( 2 ) , se v er e
isease ( 3 ) .25 UCEIS was e v aluated as vascular pattern: normal ( 0 ) ,
atc hy obliter ation ( 1 ) , obliter ated ( 2 ) ; bleeding: none ( 0 ) , mucosal
 1 ) , luminal mild ( 2 ) , luminal moderate or severe ( 3 ) ; erosions and
lcers: none ( 0 ) , erosions ( 1 ) , superficial ulcer ( 2 ) , deep ulcer ( 3 ) .25 

he c har acteristics of the patients with UC and HCs included in
his study are listed in supplementary Table S1, see online supple-

entary material. This study was a ppr ov ed by the Institutional
e vie w Board for Clinical Research at the Affiliated Hospital of

ining Medical University. Written informed consent was obtained
rom all subjects prior to their participation in this study. 

solation and incubation of peripheral blood 

eutrophils 

eripheral blood neutrophils from HCs and patients with UC were
solated using the Ficoll–Hypaque density gradient ( GE Health-
are , Piscata wa y , NJ, USA ) . Briefly , peripheral blood was collected in
thylene diamine tetraacetie acid anti-coagulation tubes, slowly
aid on the surface of ficoll, and subjected to gradient centrifuga-
ion at 2000 rpm for 20 min at 20 ◦C. After discarding the super-
atant, the lo w est lay er w as collected and treated twice or thrice
ith the red blood cell lysis buffer ( BD Biosciences, San Diego,
A, USA ) to eliminate erythrocytes. Isolated neutrophils ( 2 × 10 6 

ells/ml ) wer e r esuspended in Roswell Park Memorial Institute-
640 medium supplemented with 0.5% fetal bovine serum ( FBS )
t 37 ◦C in the presence of 5% CO 2 . 

ingle-cell RNA-sequencing analysis 

olonic biopsies of patients with UC and HCs were obtained via
olonoscopy for single-cell RNA-sequencing ( scRNA-seq ) analysis
y OE Biotech Co., Ltd ( Shanghai, China ) . Libraries for scRNA-seq
er e gener ated using the BD Rhapsody platform and sequenced
sing the Illumina NovaSeq 6000 platform. Unique molecular

dentifiers ( UMI ) tools wer e a pplied for single-cell tr anscriptome
nalysis to identify the cell barcode whitelist, extract the cell bar-
ode UMIs, and calculate the cell expression counts based on
he filtered clean fastq data. Seurat54 software ( version 4.0.0 )
as used for cell normalization and filtering, considering the MT
ercentage and minimum and maximum gene numbers. Uni-
orm Manifold Approximation and Projection analysis were used
or single cell–cell relationship descriptions . T he FindAllMarkers
unction in Seurat was used to identify the marker genes in each
luster. Differ entiall y expr essed genes wer e identified using the
indMarkers function in Seur at. Mor eov er, P v alue < 0.05 and
 log 2 fold-change | > 0.58 were set as the thresholds for significant
iffer ential expr ession. 

N A-seq anal ysis 

eutr ophils isolated fr om patients with UC and HCs wer e tr eated
ith lipopol ysacc haride ( LPS; 300 ng/ml, Sigma-Aldric h, St. Louis,
O, USA ) in the absence or presence of Syk inhibitor R788 ( 2 μM;

elleck Chemicals, Houston, TX, USA ) for 3 h, and total RN A w as
xtracted for RNA-seq analysis ( OE Biotech Co., Ltd ) . The purity
nd concentration of the total RNA pr epar ations wer e examined
sing NanoDrop ND-2000. Transcriptome libraries were con-
tructed using the VAHTS Universal V6 RNA-seq Library Prep kit
nd sequenced using Lumina NovaSeq 6000. HISAT2 was used for
 efer ence genome comparison and gene expression calculation,
nd the read count of each gene was obtained using HTSeq-
ount. Principal component analysis and gene count plotting
ere performed using R ( v 3.2.0 ) to assess the sample biological
uplications. Differ entiall y expr essed genes were identified using
ESeq2, with Q value < 0.05 and fold-change > 2 or < 0.5. Kyoto
ncyclopedia of Genes and Genomes ( KEGG ) pathway and Gene
ntology ( GO ) enric hment anal yses wer e performed based on
ypergeometric distribution using R ( v 3.2.0 ) . 

etermination of ROS levels in neutrophils 

o determine the ROS le v els pr oduced by neutr ophils, 2 × 10 6

eutr ophils wer e stim ulated with Syk inhibitor R788 ( 2 μM ) in
he presence of LPS ( 300 ng/ml ) for 3 h. Cells ( 1 × 10 4 ) were
ollected and analyzed using an ROS assay kit ( YEASEN, Shang-
ai, China ) . ROS pr obe [2’,7’-dic hlor odi-hydr ofluor escein diacetate
 DCFH-DA ) ; 10 μM] was added into the medium and incubated
ith the neutrophils for 30 min. Then, cells were washed thrice
ith and resuspended in cold phosphate-buffered saline ( PBS ) for
o w c ytometric anal ysis ( DxFLEX; Bec kman Coulter, Inc., USA ) .
he emission wavelength of DCFH-DA was set at 530 nm. 
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Analysis of NETs formation in neutrophils 

Neutr ophils wer e isolated fr om the peripher al blood of HCs and 

patients with UC and stimulated with LPS ( 300 ng/ml ) for 3 h.
Neutr ophils ( 2 × 10 5 ) wer e seeded on glass slides, fixed with 4% 

paraformaldehyde, and stained with Hoechst 33342 ( 1:1000; Invit- 
r ogen, San Diego, CA, USA ) . NETs wer e visualized under a confocal 
microscope ( LSM 710; ZEISS, Oberkochen, Germany ) . 

Assessment of neutrophil apoptosis 

To anal yze neutr ophil a poptosis after tr eatment with R788 or LPS,
an annexin V-fluorescein isothioc y anate ( FITC ) Apoptosis Detec- 
tion Kit ( BD Bioscience, San Diego, CA, USA ) was used following the 
manufactur er’s instructions. Briefly, neutr ophils isolated fr om pe- 
ripheral blood were stimulated with LPS ( 300 ng/ml ) , R788 ( 2 μM ) ,
and LPS ( 300 ng/ml ) combined with R788 ( 2 μM ) for 3 h and resus- 
pended in the binding buffer at a concentration of 1 × 10 6 cells/ml.
Subsequentl y, the cells wer e stained with FITC-conjugated an- 
nexin V and propidium iodide ( PI ) for 15 min at room temperature 
in the dark. Flow cytometric analysis was performed using a Beck- 
man DxFLEX flo w c ytometer and analyzed using the Flo wJoVX 

Softwar e ( Tr ee Star, Inc., Ashland, OR, USA ) . 

Tr ans w ell migr a tion assay of neutrophils 

Neutr ophil migr ation was assessed using a Tr answell c hamber 
( 8 μm; Corning, NY, USA ) . Briefly, neutrophils ( 5 × 10 5 cells/well ) 
stimulated with or without R788 ( 2 μM ) in the presence of LPS 
( 300 ng/ml ) were seeded in the upper well of the Transwell cham- 
ber, and tissue culture medium dissolved in formyl methionine 
leucine phenylalanine ( fMLP; 50 nM; Sigma ) or PBS was added to 
the bottom well. After incubation at 37 ◦C for 2 h, migrated neu- 
tr ophils wer e counted under a light microscope in at least fiv e r an- 
domly selected high-po w er fields. 

DSS-induced colitis model in mice 

Specific pathogen-free C57BL/6 mice ( age: 8–10-weeks-old and 

w eight: 20–25 g ) , w er e obtained fr om Pengyue Experimental An- 
imal Breeding Co., Ltd. ( Jinan, Shandong, China ) . Animal stud- 
ies were reviewed and approved by the Institutional Animal Care 
and Use Committee of Jining Medical University. Then, the DSS- 
induced colitis model was established. Briefly, two groups of mice 
( eight mice per gr oup ) wer e administer ed 2.5% DSS ( molecular 
mass, 36 000–50 000; MP Biomedicals, Solon, OH, USA ) in drink- 
ing water for 7 da ys , and in selected experiments, R788 ( 30 mg/kg ) 
was gav a ged dail y. The c har acteristics of acute colitis, suc h as diar- 
rhea, blood y stools, bod y weight, and survi v al r ate, wer e r ecorded 

dail y. All mice wer e sacrificed on the eighth day and colonic tis- 
sues were obtained. A small portion of the colon ( 0.5 cm ) was fixed 

with 4% paraformaldehyde for hematoxylin and eosin staining 
and imm unofluor escence. Another small part of the colon ( 0.5–
1.0 cm ) was used for RNA and protein extraction. Furthermore,
peripheral blood cells were isolated from mice after red blood cell 
lysis for flow cytometric analysis. 

Quantitati v e rev erse transcription-polymerase 

chain reaction 

Total RN A w as extr acted fr om the biopsies and cell samples us- 
ing the TRIzol r ea gent ( Invitr ogen ) and r e v erse-tr anscribed into 
cDNA using the 5x All-In-One RT Master Mix ( abm, Richmond, BC,
Canada ) , according to the manufactur ers’ instructions. Re v erse 
tr anscription-pol ymer ase c hain r eaction ( RT-PCR ) was performed 

using the following conditions: 25 ◦C for 10 min and 42 ◦C for 15 
in, follo w ed b y 85 ◦C for 5 min. The synthesized cDN A w as stored
t −20 ◦C. Quantative ( q ) R T-PCR w as performed using SYBR green.
ll qRT-PCR analyses were performed in triplicate. All primers 
ere synthesized by ShengGong BioTek ( Shanghai, China ) , and 

l ycer aldehyde 3-phosphate dehydrogenase ( GAPDH ) was used as 
n endogenous r efer ence gene ( supplementary Table S2, see on-
ine supplementary material ) . 

mm unohistoc hemistry 

mm unohistoc hemistry ( IHC ) was performed using 5- μm thick
ections of par affin-fr ozen biopsies fr om patients with UC and
Cs. Sections were air dried overnight, fixed in acetone for 10
in, and washed with PBS for 5 min. After incubation with En-

ision FLEX Per oxidase-Bloc king Rea gent for 10 min, these sec-
ions were incubated with the anti-t-Syk ( 1 : 500; ab40781; Abcam,
ambridge, MA, USA ) and anti-p-Syk ( 1 : 300; ab62338; Abcam )
ntibodies at 4 ◦C overnight. After washing with PBS, the sections
ere incubated for 60 min with horseradish peroxidase ( HRP ) -

onjugated goat anti-rabbit antibody at room temperature . T he
olor reaction was developed with 3,3’-diaminobenzidine and the 
ections were counterstained with hematoxylin. Finally, the slices 
er e observ ed under a laser scanning confocal microscope ( Zeiss
SM800; Oberk oc hen, German y ) . 

estern blotting 

issue and cell samples were lysed using the radioimmunopre- 
ipitation assay lysis buffer supplemented with 10% protease 
nd phosphatase inhibitors ( Beyotime, China ) . Equal amounts of 
r oteins wer e loaded, separ ated on a 10% sodium dodecyl sulfate-
ol yacrylamide gel, tr ansferr ed to pol yvin ylidene fluoride mem-
r anes, bloc ked with 5% non-fat milk for 2 h at room temperature,
nd incubated with primary antibodies overnight at 4 ◦C. Anti-
odies against t-Syk ( 1 : 1000; ab40781; Abcam ) , p-Syk ( 1 : 1000;
b62338; Abcam ) , RUBCNL ( 1 : 1000; 21183–1-AP; Pr oteintec h ) ,
62 ( 1 : 1000; PM045; MBL ) , and LC3 ( 1 : 1000, 43566; CST ) were
sed as primary antibodies . T hen, cells were incubated with HRP-
onjugated secondary antibodies ( 1 : 3000; Beyotime, China ) for 2
 at room temperature . T he membranes were visualized in a dark
oom using an enhanced chemiluminescence reagent ( Beyotime,
hina ) . Protein bands were quantified using ImageJ software.
esults were normalized to those of the GAPDH internal control. 

mmunofluorescence staining of NETs in colon 

issues 

istal colon tissues of DSS-induced colitis mice were collected,
xed with 4% paraformaldehyde, embedded in a paraffin block,
ut into 5- μm thick slices, and transferred to glass slides for sub-
equent use. After deparaffinization and rehydration, these slides 
er e tr eated with 0.3% Triton X-100 for 10 min at r oom temper a-

ure and blocked with 10% FBS for 1 h. Subsequently, immunos-
aining was performed with rabbit anti-mouse citrullinated H3 
 CitH3; 1 : 200; ab5103; Abcam ) and rat anti-mouse Ly6G ( 1 : 200;
B6-8C5; In vitrogen ) o vernight at 4 ◦C. After incubation with sec-
ndary antibodies coupled with Alexa Fluor Dyes ( Invitrogen ) for 
 h, the coverslips were mounted onto glass slides using the Slow-
ade Gold antifade mountant with 4’,6-diamidino-2-phenylindole 
 Invitrogen ) to counterstain the DNA. Images were observed via 
onfocal microscopy. 

ta tistical anal ysis 

ata ar e expr essed as the mean ± standard err or of the mean.
tatistical analysis was conducted using SPSS V.20.0 ( SPSS; 
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Figure 1. Expression of Syk is elevated in the inflamed colon mucosal biopsies of patients with UC. ( A ) Sections of colonic biopsies obtained via the 
endoscopy of HCs and patients with UC were analyzed for t-Syk and phosphorylated Syk ( p-Syk ) levels via immunohistochemistry. Original 
magnification × 200. ( B ) t-Syk and p-Syk protein expression in the colonic biopsies of HCs and patients with UC were determined via western blotting. 
( C ) mRNA expression of Syk in the inflamed mucosa of patients with UC and HCs. RNA was isolated from the colonic biopsies of HC ( n = 28 ) and 
patients with UC ( n = 34 ) . Syk mRNA le v els wer e determined via qRT-PCR. Gene expression was normalized to GAPDH expression in each group. 
∗∗P < 0.01. Corr elation anal ysis between the Mayo Score ( D ) , UCEIS ( E ) , ESR ( F ) , and CRP ( G ) and Syk mRNA expr ession le v els in the inflamed mucosa of 
patients with UC. 
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hicago, IL, USA ) . All experiments were conducted at least in
riplicate. All data were normally distributed. Data were analyzed
sing the unpaired Student’s t-test, one-way analysis of variance
 ANOVA ) with post hoc Tuk e y multiple comparison test, or two-
ay ANOVA with post hoc Bonferr oni m ultiple comparison test.
pearman’s corr elation anal ysis was performed to analyze the
orrelation between Syk expression and the UCEIS, Ma yo Score ,
rythrocyte sedimentation rate ( ESR ) , and C-reactive protein
 CRP ) . Statistical significance was set at P < 0.05. 

esults 

yk expression is ele v a ted in the inflamed 

olonic mucosa of patients with UC 

o explore the role of Syk in the pathogenesis of UC, we examined
yk expression in the colonic biopsies of patients with UC who
nderw ent colonoscop y . Notably , increased protein expression of
-Syk and p-Syk were observed in the inflamed intestinal mucosa
f patients with UC via IHC and western blotting ( Fig. 1 A and B ) .
e also found higher Syk mRNA le v els in intestinal m ucosa of

atients with UC compared to those in HCs ( Fig. 1 C ) . As the Mayo
cor e, UCEIS, ESR, and CRP ar e commonl y used criteria to e v aluate
isease se v erity in patients with UC, we analyzed the correlation
f Syk expression in the intestinal mucosa of patients with UC
ith the values of these parameters. As shown in Fig. 1 D–G, Syk

xpression in the inflamed mucosa of patients with UC was posi-
iv el y corr elated with the Mayo Score, UCEIS, ESR, and CRP. Taken
ogether, these results indicate that Syk participates in the patho-
enesis of UC and may serve as one potential therapeutic target
n UC treatment. 

yk expression is markedly increased in 

eutrophils of patients with UC 

o determine Syk expression difference in neutrophils of the in-
estinal mucosa between patients with UC and HCs, ScRNA-seq
as performed. By analyzing variably expressed genes across all
mmune cells, we identified eight major clusters: B cells, epithe-
ial cells, mast cells, myeloid cells ( monocytes/macr opha ges ) , neu-
rophils , plasma cells , stromal cells , and T/natural killer ( NK ) cells.
otabl y, the percenta ge of neutr ophils in the inflamed intestinal
ucosal tissues of patients with UC was 2.36%, which was m uc h

igher than the percentage of 0.02% observed in the normal in-
estinal mucosal tissues of HCs ( Fig. 2 A ) . In addition, Syk mRNA
xpr ession was significantl y higher in the neutr ophils of patients
ith UC than in those of HCs ( Fig. 2 B and C ) . Mor eov er, we iso-

ated neutrophils from the peripheral blood cells of patients with
C and HCs for RNA-seq analysis and qRT-PCR and obtained a

esult consistent with that of scRNA-seq analysis ( Fig. 2 D and E ) .
hese data indicate that Syk signaling in neutrophils may con-
ribute to mucosal inflammation in UC; ho w e v er, its pr ecise r ole
 equir es further investigation. 

yk promotes the production of 
ro-inflammatory cytokines and chemokines in 

eutrophils 

ctiv ated neutr ophils in the inflamed m ucosa in patients
ith UC could release various pro-inflammatory cytokines and
 hemokines, whic h further activ ate and r ecruit other ada ptiv e
mm une cells, suc h as monocytes and macr opha ges, to per petu-
te and amplify intestinal inflammation. Ho w e v er, the r ole of Syk
n the regulation of pro-inflammatory cytokines and chemokines
y neutrophils in UC remains unknown. To assess whether Syk
ontributes to the expression of pro-inflammatory cytokines,
hemokines, and other inflammatory mediators in neutrophils,
 e performed RN A-seq analysis of differential gene expression in
eutr ophils isolated fr om the peripher al blood of patients with UC
fter treatment with the Syk inhibitor, R788. We found marked
ownregulation in the levels of several cytokines , chemokines ,
nd inflammation-r elated genes, suc h as TNF superfamil y mem-
er 15 ( TNFSF15 ) , interleukin ( IL ) -1B, C-X-C motif chemokine
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Figure 2. Syk expression is markedly elevated in the neutrophils of patients with UC. ( A ) Intestinal mucosal samples of patients with UC and HCs were 
used for scRNA-seq, and the percentages of neutrophils in the inflammatory intestinal mucosa of patients with UC and normal intestinal mucosa of 
HCs were determined. ( B , C ) Syk levels in the neutrophils of patients with UC and HCs were compared via scRNA-seq analysis. ∗∗P < 0.01. ( D ) Peripheral 
blood neutrophils isolated from patients with UC ( n = 3 ) and HCs ( n = 3 ) were used for RNA-seq and heat map analysis of some differentially 
expr essed genes. ( E ) Peripher al blood neutr ophils wer e collected fr om patients with UC ( n = 19 ) and HCs ( n = 16 ) , and Syk mRNA expr ession le v els 
were determined via qRT-PCR. ∗∗P < 0.01. 
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ligand ( CXCL ) -2, CXCL8, C–C motif chemokine ligand ( CCL ) -3,
CCL3L3, CCL4L2, colon y-stim ulating factor 1 ( CSF1 ) , vascular en- 
dothelial growth factor ( VEGF ) -A, and VEGFB, in the neutrophils 
of patients with UC after R788 treatment ( Fig. 3 A ) . In addition, we 
performed qRT-PCR to measure the levels of pro-inflammatory cy- 
tokines and chemokines in the neutrophils of patients with UC 

and HCs after R788 treatment. As shown in Fig. 3 B–I, the mRNA 

le v els of pro-inflammatory cytokines, such as IL-1 β, IL-6, TNF- α,
and interferon ( IFN ) - γ , and chemokines, such as CXCL2, CCL3,
CCL3L3, and CXCL8, wer e markedl y decr eased by R788 tr eatment.
Taken together, these results indicate that Syk markedly promotes 
pro-inflammatory cytokine and chemokine production by neu- 
trophils in patients with UC. 
t  
yk promotes the release of ROS and MPO, and 

ETs formation by neutrophils 

berr ant and pr olonged r elease of ROS and MPO, and NETs forma-
ion have been reported to have a direct effect on mucosal damage
n UC; 14 ther efor e, in this study, we investigated whether Syk af-
ects these factors. Briefly, neutrophils were isolated from the pe-
ipheral blood of patients with UC and HCs and stimulated with
he Syk inhibitor, R788. As shown in Fig. 4 A–C, neutrophils iso-
ated from HCs produced relatively low levels of ROS and MPO
ompared to those isolated from patients with UC. Moreover, we
emonstrated that the levels of ROS and MPO released from neu-
r ophils stim ulated with R788 in vitro wer e significantl y lo w er than
hose in the controls. Next, we found that blockade of Syk by R788
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Figure 3. Blockade of Syk suppresses the production of pro-inflammatory cytokines and chemokines in neutrophils. ( A ) Neutrophils isolated from the 
peripheral blood of patients with UC ( n = 3 ) were pre-treated in vitro with or without the Syk inhibitor, R788 ( 2 μM ) , for 3 h and used to detect the 
tr anscriptome differ ences via RNA-seq. Heat ma ps of some differ ential inflammation-r elated genes in neutr ophils pr e-tr eated with or without R788 
wer e cr eated. Neutr ophils wer e isolated fr om patients with UC ( n = 12 ) and HCs ( n = 15 ) and cultured as described in ( A ) . qR T-PCR w as used to 
quantify the expression levels of some proinflammatory cytokines, such as interleukin ( IL ) -6 ( B ) , IL-1 β ( C ) , interferon ( IFN ) - γ ( D ) , and tumor necrosis 
factor ( TNF ) - α ( E ) , and chemokines, such as the C-X-C motif chemokine ligand ( CXCL ) -2 ( F ) , C–C motif chemokine ligand ( CCL ) -3 ( G ) , CCL3L3 ( H ) , and 
CXCL8 ( I ) . Gene expression was normalized to GAPDH expression. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. 

Figure 4. Blockade of Syk inhibits the release of ROS and MPO, and NETs formation. ( A ) Neutrophils isolated from the peripheral blood of patients with 
UC ( n = 10 ) and HCs ( n = 10 ) were pre-treated in vitro with or without the Syk inhibitor, R788 ( 2 μM ) , for 3 h and collected for determination of ROS 
le v els using flow cytometry. ( B ) Mean fluorescence intensity of ROS was statistically analyzed using the data from ( A ) . ∗∗P < 0.01 and ∗∗∗P < 0.001. ( C ) 
Neutr ophils wer e isolated fr om patients with UC ( n = 12 ) and HCs ( n = 15 ) and cultured as described in ( A ) . qR T-PCR w as used to determine the mRN A 

le v els of MPO. ∗P < 0.05 and ∗∗∗P < 0.001. ( D ) Neutrophils were isolated from the peripheral blood of patients with UC ( n = 10 ) and HCs ( n = 10 ) and 
seeded on co verslips . Adherent neutrophils were stimulated with LPS ( 300 ng/ml ) in the presence or absence of R788 ( 2 μM ) for 3 h and stained with 
Hoechst 33342. NETs formation was examined via confocal microscopy ( × 600 ) . ( E ) Neutrophils were isolated from the peripheral blood of patients 
with UC ( n = 8 ) and HCs ( n = 8 ) and stimulated in vitro with LPS ( 300 ng/ml ) in the presence or absence of R788 ( 2 μM ) for 3 h. CitH3 protein expression 
was determined via western blotting. ( F ) Relative protein expression of CitH3 was statistically analyzed using the data from ( E ) with GAPDH as a 
r efer ence. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. 
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Figure 5. Blockade of Syk inhibits the migration and apoptosis of neutrophils. ( A ) Neutrophils were isolated from the peripheral blood of patients with 
UC ( n = 3 ) and stimulated with or without R788 ( 2 μM ) for 3 h. RNA-seq analysis was performed. Differ entiall y expr essed genes betw een the tw o 
gr oups wer e enric hed for GO functional anal ysis. ( B , C ) Neutr ophils wer e isolated fr om the peripher al blood of patients with UC ( n = 10 ) and HCs 
( n = 10 ) and pr e-tr eated with or without R788 ( 2 μM ) . Neutrophil migration was analyzed in a Transwell plate ( 8 μm ) after stimulation with PBS ( B ) or 
fMLP ( C ) for 1 h. ∗∗P < 0.01 and ∗∗∗P < 0.001. ( D ) Neutrophils were isolated from the peripheral blood of patients with UC ( n = 10 ) and HCs ( n = 10 ) , 
pr e-tr eated with or without R788 ( 2 μM ) or LPS ( 300 ng/ml ) for 3 h, and stained with annexin V to determine the number of apoptotic neutrophils via 
flo w c ytometry. ( E ) P er centa ges of a poptotic neutr ophils wer e statisticall y anal yzed using the data fr om ( D ) . ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. 
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weakened the LPS-induced formation of NETs by neutrophils in 

both patients with UC and HCs ( Fig. 4 D ) . Mor eov er, we e v aluated 

the protein expression of CitH3, an indicator of NETs formation,
using western blotting. Consistentl y, expr ession le v els of CitH3 
protein in neutrophils of HCs and patients with UC were impaired 

after Syk inhibition ( Fig. 4 E and F ) . Collectiv el y, these data indicate 
that Syk promotes the release of ROS and MPO, and NETs forma- 
tion by neutrophils in patients with UC. 

Syk augments the migr a tion and apoptosis of 
neutrophils 

GO anal ysis r e v ealed that the biological functional differences 
between neutrophils of patients with UC treated with or with- 
out R788 wer e mainl y r eflected in neutr ophil c hemotaxis and the 
a poptotic pr ocess ( Fig. 5 A ) . Ther efor e, we hypothesized that Syk 
may affect neutrophil migration and apoptosis in the inflamed 

mucosa of patients with UC. To confirm our hypothesis, neu- 
tr ophils wer e isolated fr om patients with UC and HCs and pr e- 
incubated with or without R788 for 1 h. Trans well assa ys r e v ealed 

that the migration of neutrophils was retarded in the presence of 
R788 ( Fig. 5 B and C ) . 

Peripher al neutr ophils wer e isolated fr om patients with UC and 

HCs and stimulated with LPS with or without R788 treatment in 
vitro for 3 h to determine the changes in neutrophil apoptosis. Flow 

cytometric anal ysis r e v ealed that R788 dir ectl y suppr essed neu- 
tr ophil a poptosis in vitro in the majority of patients with UC and 

HCs ( Fig. 5 D and E ) . Taken together, these data indicate that Syk 
enhances the migration and apoptosis of neutrophils in patients 
with UC. 
lockade of Syk alle via tes DSS-induced colitis in 

ice 

o determine the role of Syk in colonic inflammation, we estab-
ished a mouse model of DSS-induced colitis. Syk-selective in- 
ibitor R788 ( 30 mg/kg ) was intr a gastric administer ed to mice
aily. As shown in Fig. 6 A–F, mice treated with R788 exhibited
ilder colitis, c har acterized by higher surviv al r ate, lo w er disease

ctivity index, less-shortened colon length, and lo w er pathologi-
al scores than those in mice without R788 treatment. 

A high percentage of neutrophils in peripheral blood is a
arker of acute inflammatory r esponse. We observ ed that the

ercentage of neutrophils in the peripheral blood of Syk-blocked 

ice was markedly decreased compared to that in the periph-
ral blood of wild-type mice after DSS exposure ( Fig. 6 G and H ) .
aken together, these data indicate that blocking Syk alleviates 
SS-induced colitis in mice. 

lockade of Syk inhibits neutrophil-associated 

nflamma tory media tor production and NETs 

ormation in DSS-induced murine colitis 

o further investigate whether Syk modulates neutrophil 
mm une-r esponses during intestinal colitis, fresh colonic samples 
er e obtained fr om a m urine colitis model and total RN A w as
xtracted to determine the inflammatory cytokine expression 

ia qRT-PCR. As shown in Fig. 7 A–F, expr ession le v els of pr o-
nflammatory mediators, such as IL-1 β, IL-6, MPO, CXCL2, CCL3,
nd CXCL8, were significantly decreased in the colonic tissues of
yk-blocked mice. 

We also observed a marked decrease in CitH3 expression lev-
ls in the colon tissue sections of Syk-blocked mice compared to
hose of the controls via imm unofluor escence staining ( Fig. 7 G )
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Figure 6. Blockade of Syk alleviates DSS-induced colitis in mice. Wild-type mice ( n = 8 in each group ) were administered 2.5% DSS in drinking water 
for 7 da ys . Mice from the DSS-treated group were gavaged with R788 ( 30 mg/kg ) dail y. ( A ) Surviv al r ates of mice ov er 8 days observ ation. ∗∗P < 0.01. ( B ) 
Disease activity index ( DAI ) was calculated daily during the 8 days observation. ∗P < 0.05 and ∗∗P < 0.01. ( C ) Gross morphology of the colon on day 8 
when mice were sacrificed. ( D ) Statistical length of the colon in different groups. ∗∗P < 0.01 and ∗∗∗P < 0.001. ( E ) Re presentati ve hemato xylin and eosin 
staining images of distal colonic sections ( original magnification × 100 ) . ( F ) Changes in the pathological scores of colonic sections were calculated as 
indicated. ∗∗P < 0.01. ( G ) Immune cells were isolated from the peripheral blood of DSS-induced mice on day 8, and expr ession le v els of Ly6G and CD11b 
were determined via flow cytometry. ( H ) Percentage of Ly6G 

+ CD11b + cells was calculated using the data from ( G ) . ∗∗∗P < 0.001. 
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Figure 7. Blockade of Syk inhibits neutrophil-associated inflammatory mediator production and NETs formation in DSS-induced murine colitis. Colon 
tissues were obtained from mice on day 8, and total RN A w as extracted to examine the mRNA le v els of IL-6 ( A ) , IL-1 β ( B ) , MPO ( C ) , CXCL2 ( D ) , CCL3 ( E ) , 
and CXCL8 ( F ) via qRT-PCR. Gene expression was normalized to GAPDH expression. ∗∗∗P < 0.001. ( G ) Re presentati ve immunofluorescent images of 
CitH3 in the mice colon tissues. ( H ) Pr otein le v els of CitH3 in mice colon tissues were determined via western blotting. ( I ) Relativ e pr otein expr ession of 
CitH3 was statistically analyzed using the data from ( H ) with GAPDH as a reference. ∗∗P < 0.01. 
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and western blotting ( Fig. 7 H and I ) . Collectiv el y, these data sug- 
gest that Syk bloc kade amelior ates DSS-induced colitis, at least 
partially, by impairing neutrophil-associated inflammatory medi- 
ator production and reducing NETs formation by neutrophils. 

Syk modulates neutrophil immune-responses 

via the mTOR/RUBCNL-dependent autophagy 

pathway 

To investigate the underlying mechanism by which Syk regulates 
neutr ophil imm une-r esponses, we isolated neutr ophils fr om the 
peripheral blood of patients with UC and HCs and performed 

RNA-seq analysis to investigate the differential gene profiles in 

neutrophils with or without R788 tr eatment. KEGG enric hment 
and pathway analyses revealed that the differentially expressed 

genes were mainly associated with c ytokine–c ytokine receptor in- 
ter action, c hemokine signaling pathway, TNF signaling pathway,
mT OR signaling pathwa y, and autopha gy ( Fig. 8 A ) . Autopha gy is 
an important regulator of neutrophil function and neutrophil- 
ediated inflammation.26 To determine whether Syk modulates 
eutr ophil imm une-r esponses via autopha gy, we isolated periph-
ral blood neutrophils from patients with UC and HCs and stimu-
ated them with LPS in the absence or presence of R788. Western
lotting analysis revealed that Syk inhibition enhanced the ex- 
r ession le v els of autopha gy-specific pr otein light c hain 3 ( LC3 ) -

I, while reducing the expression levels of LC3-I, P62, and p-mTOR
 Fig. 8 B ) . Consistentl y, imm unofluor escence staining r e v ealed the
ncr eased expr ession of LC3 after R788 tr eatment in neutr ophils
rom UC patients and HCs ( Fig. 8 C and D ) , indicating an augmen-
ation in autophagy. 

Next, we focused on the genes related to the autophagy of neu-
rophils based on RNA-seq analysis and found that R788 r e v ersed
he LPS-induced decrease in the mRNA expression of RUBCNL 
 also known as P acer ) , whic h is an autophagy enhancer and me-
iator of mTORC1 signaling, in the regulation of autophagosome 
aturation ( Fig. 8 E ) .27 T hus , we hypothesized that Syk affects au-

opha gy in neutr ophils by r egulating RUBCNL expr ession. To v erify
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Figure 8. Syk modulates neutrophil immune-responses via the mechanistic mT OR/R UBCNL-dependent autophagy pathway. Neutrophils were isolated 
from the peripheral blood of patients with UC and HCs and stimulated with LPS ( 300 ng/ml ) in the absence or presence of R788 ( 2 μM ) for 3 h. ( A ) 
RNA-seq analysis was performed. KEGG pathway analysis of differential gene expression in patients with UC ( n = 3 ) . ( B ) p62, LC3, and p-mTOR le v els 
were determined via western blotting. GAPDH was used as a loading contr ol. ( C , D ) Autopha gic flux was detected via imm unofluor escence staining for 
LC3. ( E ) Heat maps of some differential genes may interact with Syk via RNA-seq. RUBCNL mRNA and protein levels were determined via qRT-PCR ( F ) 
and western blotting ( G ) , r espectiv el y. Gene expr ession was normalized to GAPDH expr ession. ∗∗P < 0.01 and ∗∗∗P < 0.001. 
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his, we isolated neutrophils from patients with UC and HCs and
timulated them with LPS in the presence or absence of R788. As
hown in Fig. 8 F and G, LPS reduced the mRNA and protein levels
f RUBCNL in the neutrophils of patients with UC and HCs, but
fter blockade of Syk by R788, the reduced expression of RUBCNL
nduced by LPS was impr ov ed. These r esults suggest that Syk may
 egulate neutr ophil functions via the mT OR/R UBCNL autophagy
athway. 
s  
iscussion 

eing a subtype of inflammatory bo w el disease, the typical
athological feature of UC is the formation of neutrophilic
ryptitis and crypt abscesses.28 Neutr ophils ar e involv ed in the
athogenesis and pr ogr ession of UC. Neutr ophil dysfunction
 esults in aberr ant imm une r esponses in UC, and balancing their
eneficial and detrimental roles may be a potential therapeutic
tr ategy for UC mana gement.29 Syk coordinates the complicated
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intracellular signaling pathways downstream of immunorecep- 
tors in neutrophils to enable appropriate cellular responses to 
the extracellular cues at infection sites.30 , 31 Ho w e v er, the specific 
role of Syk in mediating neutrophil activity in patients with UC 

remains ambiguous. In the present study, we investigated the 
role and underlying mechanisms of Syk in the regulation of 
neutrophil functions in UC. We found that Syk expression was 
increased in inflamed mucosa and neutrophils of patients with 

UC, and positiv el y corr elated with disease activity. Syk signifi- 
cantl y pr omoted the pr oduction of pr o-inflammatory mediators 
( e .g. cytokines , chemokines , ROS, MPO, and NETs ) in neutrophils,
and enhanced the apoptosis and migration of neutrophils via the 
mT OR/R UBCNL-dependent autophagy pathway. 

Neutr ophil-deriv ed pr o-inflammatory cytokines and 

chemokines can mediate the cross-talk between themselves 
and other immune cells and profoundly shape the local immune 
responses in the intestinal mucosa, playing important roles 
in the initiation and pr ogr ession of m ucosal inflammation.32 

Here, we found that the production of neutrophil-derived pro- 
inflammatory cytokines, such as IL-6, IL-1 β, TNF- α, and IFN- γ ,
and c hemokines, suc h as CXCL2, CCL3, CCL3L3, and CXCL8, was 
significantly inhibited in Syk-blocked neutrophils. CXCL2 and 

CXCL8 trigger increased neutrophil recruitment to the intestinal 
lamina propria. CCL3 is an important contributor in the recruit- 
ment of other immune cells, including monocytes, macr opha ges,
and NK cells, to boost local m ucosal imm une r esponses.33 , 34 

RNA-seq anal ysis r e v ealed that Syk-bloc ked neutr ophils had 

low CSF1 transcript levels. CSF1, also known as the macr opha ge 
colon y-stim ulating factor, is a prominent chemokine involved in 

the pr olifer ation and polarization of macr opha ges, with detri- 
mental effects on UC cells.35 Ther efor e, the bloc kade of Syk in 

neutrophils may impair subsequent inflammation in UC. 
Neutrophils exert po w erful bactericidal effects via phagocyto- 

sis, degr anulation, r elease of ROS and MPO, and formation of NETs.
Despite the imm une-pr otectiv e r oles of ROS, MPO, and NETs, ab- 
normally high levels of ROS and NETs in the inflamed intestinal 
m ucosa ar e associated with persistent m ucosal dama ge in UC.
Excessiv e pr oduction of ROS and a concomitant imbalance be- 
tween oxidant and antioxidant le v els lead to oxidative DNA dam- 
age in intestinal epithelial cells in UC.36 NETs accumulate in the 
inflamed intestinal mucosa of patients with active UC and sustain 

the inflammatory signals.37 Recent studies also pr ov ed that NETs 
impair the intestinal barrier function and induce intestinal dam- 
a ge and thr ombosis in the inflamed intestinal mucosa.38 , 14 Here,
we found that Syk-bloc ked neutr ophils pr oduced lo w er le v els of 
ROS, MPO, and NETs, which may contribute to the compensatory 
regulation of detrimental neutrophil functions. In addition, we es- 
tablished a DSS-induced murine colitis model to verify the role of 
Syk in modulating neutrophil functions in vivo . Consistent with 

the in vitro findings, the le v els of MPO and NETs in the inflamed 

intestinal mucosa were decreased by Syk inhibitor treatment, pos- 
sibly due to the impact of Syk on neutrophils. 

Neutr ophils hav e the shortest lifespan among circulating 
leuk ocytes, and str engthening their lifespan is important for ef- 
fective host defense at the sites of inflammation or tissue injury.39 

RNA sequencing r e v ealed incr eased mRNA le v els of myeloid cell 
leukemia-1, which is involved in the negative regulation of neu- 
tr ophil a poptosis,40 after Syk inhibition in neutr ophils. Mor eov er,
the a poptosis r ates of neutr ophils in patients with UC and HCs de- 
creased after treatment with Syk inhibitors compared with those 
of the untreated neutrophils . T hese data indicate that the block- 
ade of Syk inhibits neutrophil apoptosis. Massive infiltration of 
neutrophils into the intestinal mucosa is involved in the patho- 
enesis of UC, and neutrophil migration to the intestinal crypts is
ssociated with mucosal injury.13 In the present study, we found 

hat blocking Syk significantly suppressed the migration of neu- 
rophils. Taken together, our data indicate that blocking Syk re-
tricts neutrophil apoptosis and migration. This regulation not 
nl y pr olongs neutr ophil lifespan and str engthens their r etention
t sites of inflammation but also pr e v ents excessiv e infiltr ation
f neutrophils in the inflamed mucosa, thereby preventing tissue 
amage and maintaining intestinal homeostasis. 

Autopha gy, an intr acellular degr adation and ener gy r ecycling
echanism, is an important regulator of the immunological 

ctivity of neutrophils. 41 A utophagy-deficient neutrophils ex- 
ibit reduced degranulation and NADPH oxidase-mediated ROS 
eneration.26 Syk is involved in the regulation of autophagy in 

he pathological processes of several diseases. Syk-mediated 

utophagy is essential for epithelial–mesenchymal plasticity and 

reast cancer metastasis.42 Syk regulates major histocompati- 
ility complex-II expression via autophagy in macrophages and 

ay contribute to the regulation of adaptive immune responses 
n ather oscler osis.43 In our study, KEGG enric hment and pathway
nal yses r e v ealed that the differ entiall y expr essed genes after
lockade of Syk in neutrophils were associated with autophagy,

ndicating that Syk suppresses autophagy in the neutrophils of 
oth patients with UC and HCs, as evidenced by the increased
C3II/I r atio and decr eased P62 expr ession following Syk in-
ibition. Mor eov er, we found that Syk acts upstream of the
T OR pathwa y, and its inhibition decreases mT OR pathwa y

ctiv ation, whic h is consistent with the findings of a pr e vious
tudy.44 Downregulation of p-mTOR expression further increases 
he expression of RUBCNL, an autophagy enhancer gene that 
nteracts with mTOR and regulates autophagosome matu- 
ation.27 T hus , we concluded that Syk may partially modulate
eutr ophil imm une-r esponses via the mT OR/R UBCNL-dependent
utophagy pathway. To the best of our knowledge, this is the first
tudy to identify the role of Syk in the regulation of neutrophil
utophagy. 

Collectiv el y, our r esults demonstr ated that Syk is a critical
 egulator of neutr ophil imm une-r esponses in patients with UC.
yk promoted the production of pro-inflammatory mediators and 

ugmented the apoptosis and migration of neutrophils partially 
ia the mT OR/R UBCNL-dependent autophagy pathwa y. Moreo ver,
lockade of Syk restricted neutrophil hyperactivation and dys- 
unction, ther eby contr olling the inflammatory r esponses during
ntestinal mucosal inflammation. T herefore , targeting Syk may 
r ovide ne w insights into the modulation of neutr ophil imm une-
esponses to counterbalance intestinal inflammation in UC. 
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