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Abstract 
Background: Cathelicidin (CAMP), plays important roles in pathogen defense, immune regulation, and epithelial barrier maintenance. 
While previous studies have highlighted its protective function, the post-translational modifications and downstream immune- 
metabolic effects of CAMP in the pathogenesis of inflammatory bowel disease remain unclear. 

Methods: A dextran sodium sulfate (DSS)-induced colitis mouse model was employed to assess the role of CAMP and its citrullination 

mediated by peptidyl arginine deiminase 4 (PAD4). Proteomic and metaproteomic analyses were performed to investigate microbiota 
composition and functional shifts. We generated gene-deficient mouse models, CAMP knockout (KO) and PAD4-KO mice, to dissect 
molecular mechanisms. Epithelial integrity, inflammatory markers, and immune responses have been evaluated at both the pro- 
tein and mRNA levels. Bone marrow-derived dendritic cells and primary CD4+ T cells were co-cultured to examine the effects of 
CAMP-related metabolites on antigen presentation and Th17 differentiation. Furthermore, we evaluated the impact of CAMP peptide 
supplementation and the effects of CAMP-KO mice on DSS-induced colitis. 

Results: CAMP citrullination was significantly elevated in DSS-induced colitis mice but restored by PAD4 deletion. Citrullination was 
found to reduce CAMP protein levels without affecting its transcriptional expression. The absence of CAMP exacerbated intestinal 
inflammation in DSS-treated mice. Metaproteomic analysis identified 70 differentially expressed proteins and 15 altered microbiota 
families associated with CAMP deficiency. Elevated levels of arginase-1 and its metabolites, particularly polyamines, enhanced den- 
dritic cell maturation and increased Th17 polarization in CAMP-KO mice. 

Conclusions: Our findings highlight that the protein level of CAMP decreased after PAD4-mediated citrullination, thus playing a vi- 
tal role in regulating taxonomic community structure, restricting arginine metabolism, and regulating dendritic cell–Th17 immune 
responses in IBD. 
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Graphical Abstract 

Absence of CAMP contributes to imbalance of intestinal flora with elevated arginase, whose metabolites promote dendritic cell mat- 
uration and Th17 polarization. 
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ntroduction 

nflammatory bowel disease (IBD) is a digestive disorder includ-
ng ulcerative colitis (UC) and Crohn’s disease (CD) [ 1 ]. In recent
ears, new biologics and targeted therapies for IBD have continu-
lly emerged, such as anti-tumor necrosis factor (TNF) drugs, in-
egrin antagonists, and interleukin (IL) inhibitors [ 2 , 3 ]. Although
hese new medications have shown better efficacy than tradi-
ional treatments and offer patients more treatment options, the
linical relief is still limited. 

While the mechanisms and pathogenesis of IBD remain un-
lear, it is widely accepted that IBD manifests in genetically sus-
eptible individuals when environmental factors trigger an exag-
erated immune response in the intestinal mucosal and immune
ystem, reacting to gut microbial antigens. Gut flora has been rec-
gnized as another significant contributor to the maintenance of
n intact gut hemostasis which comprises billions of bacteria pos-
essing metabolic, trophic, and immune functions crucial to the
ody’s well-being [ 4 , 5 ]. During the development of IBD, decreased
arrier integrity causes the increased permeability that leads to
he overload of microflora [ 6 ], which are proposed to provoke ab-
ormal immune responses in the colon and aggravated inflam-
ation [ 7 ]. 
Under such an imbalance of micro-ecology, endogenous an-

imicrobial peptides (AMPs), including defensins and the cathe-
icidin family, play crucial roles in regulating the innate immune
esponse. Defensins are small cationic peptides that exert their
ntimicrobial activity by disrupting the microbial cell membrane,
eading to cell lysis. Cathelicidins not only protect against micro-
iome invasion but also modulate the immune response by inter-
cting with host cells. About 30 cathelicidin family members have
een identified in mammalian species. Among them, LL-37 (also
nown as murine CAMP) is the sole human member, which plays
ssential roles including antimicrobial activity against pathogens,
eutralization of endotoxins, and anti-inflammatory effects [ 8 ].
AMP is stored in immune cells and released upon their activa-
ion, or alternatively released by epithelial cells and pancreatic β-
ells [ 9 , 10 ]. Previous research indicates that CAMP not only fights
nfections caused by bacteria, fungi, and viruses but also regulates
mmunity, and facilitates tissue repair and angiogenesis [ 11 , 12 ].
n dextran sodium sulfate (DSS)-induced colitis, administration of
AMP preserved the mucus-secreting layer and significantly re-
ersed the reduction of the mucus layer [ 13 ]. Furthermore, CAMP
orks as a protective mediator in regulating the process of vita-
in D in relieving UC [ 14 ]. Recent study shows that CAMP can in-

uce neutrophil extracellular traps (NETs) formation and inhibit
nflammation in a mouse sepsis model [ 15 ]. However, some re-
earch found that CAMP contributed to smoking-related airway
nflammation by mediating the epithelial–mesenchymal transi-
ion [ 16 ]. In addition, elevated CAMP forming a complex with DNA
as found in plasma and lesions of patients with UC, which re-
ealed that CAMP promoted inflammation by inducing T cell dif-
erentiation and activating the toll-like receptor signaling path-
ay [ 17 ]. Considering the dual role of CAMP in inflammation and

he immune system, it is important to investigate the mecha-
isms of action of CAMP thoroughly. 

Post-translational modification (PTM) of proteins, involves en-
ymatic catalysis targeting specific sequences to regulate protein
ctivity, localization, and folding, thus dramatically expanding
he functional repertoire of proteins [ 18 ]. The immunomodulatory
unction and activity of CAMP can be influenced by PTM. Lande et
l . reported that carbamylated-CAMP can maintain both innate
nd adaptive immune-cells’ stimulatory abilities during the de-
elopment of autoimmune disease, compared with citrullinated-
AMP [ 19 ]. 

The primary structure of LL-37, a member of the CAMP family,
ontains five arginine residues that are potential targets for citrul-
ination by peptidyl arginine deiminases (PADs), specifically PAD2
nd PAD4 [ 20 ]. Citrullination refers to the process in which PADs
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convert arginine residues in protein peptide chains into citrulline 
[ 21 ]. PADs are calcium-dependent hydrolases that have five differ- 
ent isoforms: PADs 1–4 and PAD6 [ 22 ]. Previous findings highlight 
how PAD2 and PAD4, especially PAD4, as the only isoenzyme of 
its family that can enter the nucleus, lessen interactions between 

histones and DNA [ 23 ]. Our previous study has revealed the piv- 
otal role of PAD4 in mediating the formation of NETs by citrulli- 
nation in IBD [ 24 ]. Recent study shows that CAMP can take part 
in NETs formation and inhibit inflammation in a mouse sepsis 
model [ 15 ]. 

Research conducted in recent years revealed that citrullina- 
tion impairs LL-37’s ability to form complexes with DNA, subse- 
quently damaging its capacity to activate plasmacytoid dendritic 
cells (DCs) [ 25 ]. Furthermore, this modification results in a sig- 
nificant reduction in the peptide’s affinity for endotoxins, render- 
ing it unable to prevent endotoxin shock [ 26 ]. However, the levels 
of citrullinated CAMP and its specific role in IBD have not been 

extensively investigated. Our research utilizes citrullination se- 
quencing and proteomics to investigate the role of PAD4 in the 
citrullination of CAMP, aiming to elucidate how this modifica- 
tion exacerbates IBD through regulating the microbiota signaling 
pathway. 

Method 

Induction of colitis 

Male C57BL/6J mice (7–8 weeks old) and Camp−/ − mice on 

C57BL/6J background were purchased from Cyagen. They were al- 
lowed free access to standard laboratory chow (Ralston Purina,
Chicago, IL, USA) and tap water. All animals were housed in an air- 
conditioned room with controlled temperature (25◦C), humidity 
(65%–70%), and day/night cycle (12:12 h light : dark). The present 
study was approved by the University of Hong Kong Committee on 

the Use of Live Animals for Teaching and Research. Mice were in- 
duced with acute colitis by being given 3% DSS (molecular weight,
36–50 kDa; ICN Pharmaceuticals, Costa Mesa, CA, USA) according 
to the method described by Nakamura et al . [ 8 ]. The 3% DSS was 
given in their drinking water for 7 days (from day 0 to day 7). Nor- 
mal control mice received tap water throughout the experiment. 

CAMP treatment 
To evaluate the preventive and healing effects of CAMP in UC in 

mice, CAMP was given either as a parallel treatment, starting to- 
gether with DSS feeding, or as a posttreatment, starting 7 days 
after 3% DSS feeding. The full length of the mature CAMP pep- 
tide was purchased from Innovagen (Lund, China), and the pep- 
tide was dissolved in phosphate-buffered saline (PBS) for rectal 
administration. 

Isolation and induced maturation of 
bone-marrow-derived dendritic cells 

Bone marrow-derived dendritic cells (BMDCs) were isolated from 

femur and tibia and resuspend with BMDC medium (containing 
20 ng/mL GM-CSF and 5–10 ng/mL IL-4) for 5–7 days. To further 
test the maturation, stimulants such as lipopolysaccharide (LPS, 
1 μg/mL) or polyamin (1 μg/mL) can be added on days 6–7, fol- 
lowed by continued culture for 24–48 h. Mature BMDCs will ex- 
hibit obvious dendritic protrusions, with increased expression of 
surface co-stimulatory molecules (CD80, CD86, MHC-II). 
 cell isolation from murine spleen and 

o-culture with BMDCs 

urine splenic T cells were enriched through the use of a com-
ercial magnetic bead-based negative selection kit specifically 

esigned for T cell isolation (EasySep™ Mouse CD4+ T Cell Iso- 
ation Kit, STEMCELL Technologies). The selected T cells were 
eeded in anti-CD3e-coated wells, with the addition of 5 μg/mL 
nti-CD28 to provide activation and 10 U/mL IL-2 to provide
roliferation. CD4+ T cells were identified with CD3 and CD4 
ntibodies. 

The T cells were then carefully pipetted out of wells into pre-
armed T cell medium. The cells were collected and centrifuged
t 300 g for 10 min and resuspended in 2 mL of pre-warmed T cell
edium and the appropriate concentration was titrated for cell–

ell interaction. The stimulation medium was then carefully re- 
oved from the BMDCs and they were immediately washed once
ith serum-free RPMI 1640 complete medium. The T cells were 

hen added to the BMDCs. 

mmunohistochemistry of colonic tissues 

 Rabbit Immunohistochemistry Application Solutions Kit (Bey- 
time) was used for immunohistochemistry. To remove the paraf- 
n, paraffin pieces of colon were roasted at 60◦C before being sub-
erged in dimethylbenzene, ethyl alcohol concentrations, and ul- 

rapure water. Following blocking with 10% bovine serum albu- 
in, the sections were incubated overnight at a 1 : 200 dilution
ith rabbit anti-citrullination antibody (1 : 200; Abcam) or rab-
it anti-CAMP monoclonal antibody (mAb, 1 : 200; Proteintech),
ollowed by a 1 h incubation with secondary antibody. After be-
ng treated with DAB working solution, the tissues were inspected
nder a microscope at a magnification of 200 × . A laser scanning
onfocal microscope (LSM 800 Zeiss) was used to examine all sam-
le preparations. 

mmunofluorescence of colonic tissues 

he tight junction protein was tested with the fluorescence 
ystem and visualized using immunofluorescence microscopy.
riefly, the colon tissue was stained with rabbit anti-occludin 

Ab (1 : 200 dilution; Proteintech) and rabbit anti-E-cadherin 

Ab (1 : 200 dilution; CST), and goat anti-rabbit-FITC and
Y3 (1 : 500; Beyotime) were used as secondary Abs for
-cadherin and occludin investigation. After using Hoech- 
st (ThermoFisher) to counterstain the DNA, fluorescence 
icroscopy was used to examine all sample preparations 

Zeiss). 

estern blots 

o get the complete protein, the colons were mashed using a
ixer and cleaved by RIPA lysate. Denatured proteins were then

solated using SDS-PAGE. Following that, protein samples were 
ransferred from the polyacrylamide gel to a PVDF membrane at
00 mA for 1.5 h. After 1 h of sealing with 5% nonfat powdered
ilk, the membranes were incubated overnight at room temper- 

ture with primary Abs (1 : 1000 dilution), followed by a 1 h in-
ubation with secondary Abs (1 : 8000 dilution). Finally, using a
illipore ECL Chemiluminescence kit, the blots were created and 

he integrated density of pixels in each membrane was calculated
ith Image J software. 
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uantitative real-time PCR 

NA was isolated using TRIzol (Life Technologies). RNA was re-
erse transcribed using iScript (Accurate Biology). Predesigned
rimers were used to quantify Il6, Tnf, Il12a, and Camp
RNA using SYBR Green SupTaq and a Real-Time PCR Sys-

em (Applied Biosystems), according to the manufacturer’s in-
tructions. Fold-change, normalized to tested cell GAPDH lev-
ls relative to the control, was calculated using the ��CT
ethod. 

tatistical analysis 

ll the statistics shown above are expressed as mean ± SD. The
tatistical analysis was done with the GraphPad Prism 8.0 pro-
ram. One-way analysis of variance, followed by the Bonferroni
ost hoc test for multiple comparisons multiple comparison tests
as utilized. For comparing the differences in protein/mRNA ex-
ression level between two independent groups, an unpaired Stu-
ent’s t -test was applied. Statistical significance was established
y a P value < 0.05. 

esults 

itrullination of CAMP participates in the 

evelopment of IBD 

o investigate the mechanisms underlying the occurrence and de-
elopment of IBD, we constructed a DSS-induced mouse model of
nteritis. Through proteomic analysis of intestinal tissues from
oth control and DSS-treated groups, we identified several dif-
erentially expressed candidate proteins, which were categorized
ased on their functions and associated KEGG pathways (Fig. 1A
nd B). Excluding proteins with unconfirmed functions, the ma-
ority were involved in inorganic ion transport and metabolism,
iosynthesis, transport and catabolism of secondary metabolites,
nd defense mechanisms. Considering that dysbiosis of the gut
ommensal microbiota contributes to the pathogenesis of IBD, we
urther analysed the expression of antimicrobial peptide-related
amilies by liquid chromatography mass spectrometery (LC-MS)
nd found that > 50% were up-regulated in DSS-induced inflamed
olon. Then, we identified eight differential proteins that were
losely related to defense mechanisms, chronic inflammation re-
ponse and regulation of inflammation response, wound healing,
nd peptidase activity (Fig. 1C ) through enrichment analysis and
iterature review. 

The role of CAMP in the regulation of bacterial flora has aroused
ur attention. As the sole member of the cathelicidin family
n humans, CAMP exhibits protective effects against pathogenic

icroorganisms and neutralizes endotoxins. It is stored in im-
une cells and released upon activation or secreted by epithe-

ial cells and pancreatic beta cells. Previous studies have found
hat high sugar can lead to an increase of mucus-inhibiting bac-
eria and damage the intestinal barrier. At the same time, it has
een proved that CAMP non-specific knockout (KO) can aggravate
SS-induced colitis through microecological changes [ 27 ]. How-
ver, the effects of PTMs on CAMP’s immune function, includ-
ng changes in activity or protein levels in the context of IBD,
emain unexplored. Moreover, prior investigations into CAMP’s
ntibacterial function have primarily focused on in vitro valida-
ion against single pathogenic strains, and there is a lack of in
ivo models and broad-spectrum screening relevant to IBD. To ad-
ress these gaps and further elucidate CAMP’s role in maintain-

ng intestinal barriers, we assessed the protein levels of CAMP
nd occludin, a marker of intestinal epithelial integrity. We ob-
erved a significant increase in CAMP levels and a decrease in
ccludin, E-cadherin, and claudin-1 levels in the intestinal tis-
ues of DSS-treated mice compared to controls (Fig. 1D ). Im-
unofluorescence staining confirmed that this secreted protein

s highly expressed in colonic tissue (Fig. 1E ). To further elucidate
hether CAMP undergoes citrullination during IBD progress, im-
unohistochemical staining and immunoprecipitation was per-

ormed in vivo . In colonic tissue, the expression level of citrullina-
ion is higher in DSS-induced colitis compared to a healthy control
Fig. 1F ). Immunoprecipitation confirmed that DSS-induced coli-
is significantly increased CAMP citrullination in wild-type (WT)

ice but to a lesser extent in the healthy control group (Fig. 1G ).
herefore, the level of CAMP as well as its citrullination is in-
reased in the colonic tissue of DSS-induced mice during IBD
evelopment. 

itrullination of CAMP contributes to its 

pregulation at the protein level 
AD4 plays a significant role in facilitating the citrullination of im-
unomodulatory proteins, including histones and extracellular

roteins, such as NF- κB, p65, and CKMT1, involved in various dis-
ases as highlighted in our research. To explore whether PAD4 is
lso responsible for the citrullination of CAMP, we generated PAD4
O mice and found an improvement in intestinal barrier function

s upplementary Fig. 1 A–G, see online supplementary material )
ith an alleviation of colonic inflammation in DSS-treated mice

 supplementary Fig. 1 H–J). Consistently, the citrullination level
as decreased in the intestinal tissue of mice after PAD4 KO

Fig. 2A and B ). Then, we performed immunofluorescence and
ound the co-localization of PAD4 and CAMP in colon tissues of
SS-induced mice (Fig. 2C ). To further elucidate PAD4 regula-

ory influence on CAMP, we conducted immunoprecipitation as-
ays, confirming PAD4 binding affinity with CAMP and indicat-
ng a notable decrease in CAMP citrullination levels in colitis tis-
ues upon PAD4 KO (Fig. 2D ). Given that citrullination has an
mpact on protein abundance or activity [ 28–30 , 31 ], we investi-
ated the impact of PAD4-mediated citrullination on CAMP behav-
or. Interestingly, the protein level of CAMP shows significant up-
egulation after blocking citrullination modification by PAD4 defi-
iency (Fig. 2E ). Additionally, we also examined the mRNA levels of
AMP in mouse colon tissue and found no differences among the
roups (Fig. 2F ). Taken together, these findings suggest that citrul-
ination of CAMP, mediated by PAD4, contributes to a decrease in
ts protein abundance, primarily through the regulation of degra-
ation pathways. 

AMP prevents colitis development in mice 

iven that PAD4 mediates the citrullination of CAMP, leading to a
ecrease in its protein level in colon tissues, we generated mice
ith CAMP-KO to fully elucidate the role of CAMP in the de-

elopment of IBD. In line with previous literature descriptions,
 low concentration of DSS (2.5%) was sufficient to cause dra-
atic weight loss in CAMP-KO mice, while it only slightly affected
T mice (Fig. 3A ). CAMP-KO mice exhibited more severe colitis

han did WT mice, as evidenced by shorter colon length (Fig. 3B ),
nd more severe histopathological damage and loss of mucus to
he colon (Fig. 3C ). Additionally, we evaluated intestinal barrier
unction by western blotting and immunofluorescence. The ex-
ression of E-cadherin and occludin in inflamed colonic tissue by

mmunofluorescence is lower in CAMP-KO mice (Fig. 3D and E ).

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
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Figure 1. Citrullination of CAMP participates in DSS-induced colitis. ( A , B ) GO pathways and KEGG analysis enriched by differentially expressed 
proteins in LC-MS analysis between DSS-induced colitis and healthy control. ( C ) Expression level of CAMP by LC-MS analysis. ( D ) Representative 
protein bands of CAMP and occludin in colon tissue ( n = 6). ( E ) Representative immunofluorescence of CAMP in colon tissue. ( F ) Representative colonic 
immunohistochemistry of citrullination. ( G ) Immunoprecipitation showing the citrullination of CAMP ( n = 3). Compared to the healthy control, 
unpaired Student’s t -test: ∗ P < 0.05; ∗∗ P < 0.01. 
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Similarly, following DSS treatment, expression levels of E- 
cadherin, occludin, and claudin-1 were significantly lower in the 
colon tissues of CAMP-KO mice compared with WT mice (Fig. 3F ).
Furthermore, the absence of CAMP led to an increase in proin- 
flammatory cytokine gene expression, indicated by the higher ex- 
pression levels of IL-6, IL-1B and TNF-a (Fig. 3G ). All these data 
indicate that CAMP deficiency renders mice more susceptible to 
DSS-induced colitis. 
h  
xogenous supplementation of CAMP reverses 

olitis 

o elucidate the protective effect and efficacy of cathelicidin in
BD, we synthesized a peptide based on our experimental design.
arious concentrations of a mouse cathelin-related antimicrobial 
eptide were administered intrarectally to target tissues in mice 
ith DSS-induced colitis. We assessed both the preventive and 

ealing effects of CAMP, focusing on alterations in gut microbiota
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Figure 2. Citrullination of CAMP results in decreased protein level of CAMP. ( A , B ) Representative immunohistochemistry and protein bands of 
citrullination in DSS-induced colitis. ( C ) Representative immunofluorescence of colocalization of PAD4 and CAMP. ( D ) Immunoprecipitation showing 
the citrullination of CAMP ( n = 3). ( E ) Representative protein bands of PAD4 and CAMP and their grayscale analysis ( n = 6). ( F ) Relative mRNA 

expression of CAMP ( n = 6). Compared to the WT group, unpaired Student’s t -test: ∗ P < 0.05; ∗∗ P < 0.01; ns, not significant. 
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nd mucosal mucus during colitis. Mice without CAMP supple-
entation exhibited more severe colitis, whereas those receiving

he synthetic CAMP peptide, particularly at higher doses, showed
egligible symptoms. Throughout the modeling period, mice ex-
erienced varying degrees of symptoms based on the supple-
entation conditions. Mice treated with CAMP demonstrated in-

reased body weights, reduced disease symptoms, and less colonic
ucosal damage compared to colitis mice treated with PBS. No-

ably, clinical features indicative of colonic inflammation and tis-
ue destruction were alleviated in a dose-dependent manner with
ncreasing concentrations of CAMP peptide (Fig. 4A and B ). These

ice displayed accumulation of epithelial erosion, a loss of crypt
rchitecture, and reduced mucus barrier (Fig. 4C ). 
To further detect the intestinal barrier function, the represen-
ative molecules of tight junctions (claudin and occludin fam-
ly) and adherent junctions (E-cadherin) were further confirmed
t the protein level. The colonic tissues were analyzed by west-
rn blot, which indicated the remission of barrier function in the
AMP treatment group (Fig. 4D and E ). To evaluate the levels of

nflammatory factor in colonic tissue, real time-PCR was con-
ucted. Transcriptome analysis indicated decreased levels of in-
ammatory cytokines with the treatment of CAMP (Fig. 4F ). Al-
hough there was no statistical difference when comparing the
ifferent treatment doses, the expression level of the PBS group

s obviously lower than that of the CAMP-treated group, and the
xpression level is dose dependent. Furthermore, the intestinal
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Figure 3. Deletion of CAMP increases the severity of DSS-induced colitis in mice. ( A ) Body weight changes ( n = 6). ( B ) Representative photographs of the 
colon and changes in colon length ( n = 6). ( C ) Representative micrographs of HE and AB-PAS staining. ( D , E ) Representative immunofluorescence of 
E-cadherin and occludin in colon tissue. ( F ) Representative protein bands and grayscale analysis ( n = 5). ( G ) Relative mRNA expression of 
pro-inflammation and barrier indicators ( n = 6). Unpaired Student’s t -test: ∗ P < 0.05; ∗∗ P < 0.01. 
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Figure 4. Effect of CAMP administration on the symptoms of DSS-induced colitis in mice. ( A ) Body weight changes ( n = 6). ( B ) Representative 
photographs of the colon and changes in colon length ( n = 6). Colors represent different groups. ( C ) Representative micrographs of HE and AB-PAS 
staining. ( D ) Representative protein bands of colonic E-cadherin, JAM-1, claudin, and occludin in colon tissue. ( E ) Relative greyscale analysis of the 
bands ( n = 3). ( F ) Relative mRNA expression of inflammation indicators. ( G ) Representative micrographs of barrier structure in the intestinal 
epithelium by TEM. Scale bar: 500 nm. Data are expressed as mean ± SEM. Compared to the control group: ∗ P < 0.05; ∗∗ P < 0.01. 
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structure morphology of the samples, such as tight junctions 
and epithelium microvilli arrangements, were observed by SEM. 
In the CAMP-treated group, the microvilli of the small intestine 
epithelium were more neatly arranged, tight junction structures 
appeared more normal, and epithelial cells maintained their in- 
tegrity compared to the PBS group (Fig. 4G ). 

Collectively, these data demonstrate that CAMP administration 

prevents DSS-induced disruption of the intestinal barrier in mice.

CAMP greatly alters the taxonomic community 

structure and Arg metabolism in the intestine 

CAMP acts as a critical human antimicrobial peptide through vari- 
ous mechanisms. We employed MS-based metaproteomics to an- 
alyze bacterial proteins present in the colons of both CAMP-KO 

and littermate WT mice. A total of 2962 bacterial protein pep- 
tides from 20 species genera were identified by MS. Metaproteomic 
data were assessed on multiple taxonomic levels. At the phyla 
level, Firmicutes and Bacteroidetes were observed as the most 
dominant phyla, with Acetatifactor muris , Paramuribaculum intesti- 
nale , Muribaculum intestinale , Mucispirillum schaedleri , Akkermansia 
muciniphila , and Acutalibacter muris species making up substantial 
smaller fractions at the species level (Fig. 5A and B ). The rela- 
tive number of A. muris and Bacteroides caecimuris protein groups 
was higher for CAMP-KO than WT mice. The lower LFQ values 
for the quantifiable protein of M. intestinale and Bifidobacterium 

pseudolongum were noted in the colon contents of CAMP-KO mice 
(Fig. 5B ). Notably, three metabolites involved in arginine biosyn- 
thesis were identified, generated from M . intestinale , Megasphaera 
hexanoica , and Sporidiobolus salmonicolor . Furthermore, M. hexanoica 
and S. salmonicolor were found to be highly expressed in CAMP- 
KO colitis mice (Fig. 5C ). These altered gut microbiota exacerbate 
disease progression during IBD. Mice were gavaged with the bac- 
terial solution derived from CAMP-KO mice to mimic the clini- 
cal fecal microbiota transplantation (FMT) pattern in germ-free 
mice, which led to more severe weight loss, shortened intestine,
and increased pathological severity ( supplementary Fig. 2 A–D, see 
online supplementary material ). Fecal microbiota transplantation 

(FMT) has shown promising therapeutic potential for IBD, partic- 
ularly in ulcerative colitis. However, in CAMP-deficient mice, fecal 
microbiota transplantation involving the ten-strain bacterial con- 
sortium resulted in exacerbated intestinal inflammation. 

Protein domains are usually independently folded regions of a 
polypeptide chain and serve specific functions. Functional path- 
way analysis was performed using the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database. And 220 different expres- 
sion bacterial proteins mapped to 32 KEGG Orthology-level path- 
ways (Fig. 5C and D ). The complete proteome of the gut microbiota 
in CAMP-deficient mice with IBD shows high expression of bacte- 
rial extracellular solute-binding protein domains (Fig. 5E ), which 

implies that bacterial metabolites play a crucial role in mod- 
ulating host–microbiota immune interactions through adhesion 

and antigen presentation. The most abundant functions were ly- 
sine degradation, arginine biosynthesis, and nitrogen metabolism 

(Fig. 5F ). In GO analysis, the up-regulated proteins in CAMP-KO 

mice were mainly enriched in amino acid metabolic processes 
and extracellular regions with cell surface antigens (Fig. 5G and 

H ). These findings suggest that amino acid metabolism and its 
enzymes are critical regulators of autoimmune disease, espe- 
cially Arg metabolism. Moreover, the microbiota metabolism me- 
diated by CAMP may regulate the protein recognition of microbial 
antigens. 
rginine/polyamine-mediated DCs/Th17 axis in 

AMP-KO IBD mice 

ecent advances in research have increasingly highlighted the 
ivotal role of metabolic pathways in modulating epithelial func- 
ion and immune responses in a range of autoimmune disease.
Cs are sentinels of immunity. The expression of a particular set
f recognition receptors or the metabolites of a pathogen allows
Cs to initiate and trigger T cell-dependent immune responses.
rginine (Arg) has been well investigated as an anti-inflammatory 

actor related to macrophages and the effect of its metabolites 
such as urea and polyamines) on immune cells in psoriasis have
een discussed recently. However, relevant studies in the context 
f IBD are still limited. 

To explore the association between Arg1 and CAMP, immuno- 
istochemical analysis was performed to assess Arg1 expres- 
ion in intestinal tissue sections from WT IBD mice and CAMP-
eficient mice (Fig. 5I ). Immunofluorescence has been used for
esting Arg as the self-antigens presented by DCs initiating the
ctivation of further inflammation (Fig. 5J ). These results indi-
ate that CAMP deficiency leads to upregulated Arg expression 

nd increased infiltration of DCs, suggesting that CAMP deficiency 
ay influence the local immune microenvironment by modu- 

ating arginine metabolites (such as urea and polyamines) and 

romoting antigen-presenting cell recruitment, potentially con- 
ributing to the exacerbation of intestinal inflammation in the 
ontext of IBD. 

To investigate the impact of decreasing self-antigens on BMDC 

aturation, BMDCs were induced with low/mid/high polyamine 
eptide before the assessment of the relative markers. At the
ame time, primary T cells isolated from mouse spleens were 
nduced and co-cultured with induced DCs (Fig. 6A ). Before co-
ulturing, primary cells were identified by flow cytometric stain- 
ng for CD3 and CD4. The high proportion of CD3+ CD4+ cells
 ≥85%) validated the efficiency and reliability of the magnetic
ead-based isolation method (Fig. 6B ). 

Bright microscopic observation demonstrated an elevated level 
f cell–cell communication accompanied by an increase in 

olyamine peptides (Fig. 6C ), as well as the maturation mark-
rs of DCs. To further evaluate the immunomodulatory poten- 
ial of the polyamine peptides, we analyzed the expression of

aturation markers in BMDCs following stimulation. Compared 

o the low-stimulatory conditions, this complex elicited a signif- 
cantly higher expression of key maturation markers, including 
D80, CD86, and MHC class II (Fig. 6D –G ). Flow cytometry anal-
sis also indicated an increase in IL17A+ CD4+ T cells percent- 
ge when co-cultured with BMDCs pre-treated with medium and 

igh levels of polyamine peptide, 2.63% and 4.63%, respectively 
Fig. 6H and I ). In in vivo experiments, the benefits of CAMP sup-
lementation in alleviating IBD were reduced by high concen- 
rations of Arg metabolites ( supplementary Fig. 3 A and B, see
nline supplementary material ), accompanied by significant ex- 
ression of CD4+ T cells ( supplementary Fig. 3 C). 

These findings suggest that the polyamine peptide plays a crit-
cal role in promoting BMDC maturation, thereby contributing to 
he modulation of the DCs/Th17 axis in the context of immuno-
ogical disorders. 

iscussion 

s the sole cathelicidin gene within the antimicrobial pep- 
ides family, CAMP (referred to as LL-37 in humans) consti-
utes a class of positively charged polypeptides known for their

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
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Figure 5. CAMP alters the taxonomic community structure in the intestine. ( A ) Taxonomic distribution of species between WT and CAMP-KO mice. ( B ) 
Species with the most significant difference by LEfSe analysis. ( C ) Cluster analysis of the relative expression levels of differentially expressed proteins. 
( D ) Regulated classification of the different expression proteins. ( E ) Protein domain, ( F ) KGEE pathway analysis, ( G ) molecular functions, and ( H ) 
biological processes enriched by different proteins between WT and CAMP-KO mice. ( I ) Expression of Arg and ( J ) co-localization analysis in DCs. 
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Figure 6. Evaluation of polyamine peptide-induced modulation of BMDC maturation and subsequent CD4+ T cell activation. ( A ) Schematic 
representation of the experimental workflow. ( B ) Identification of primary CD4+ T cells with cytometry. ( C ) Bright-field microscopy showing enhanced 
cell–cell interactions with increasing levels of polyamine peptides, suggesting improved immunological synapse formation. ( D –G ) Flow cytometry 
analysis demonstrating upregulated expression of DC maturation markers (CD80, CD86, and MHC class II) in response to increasing concentrations of 
polyamine peptides. ( H , I ) Co-culture with BMDCs pre-treated with medium or high concentrations of polyamine peptides led to a marked increase in 
IL-17A+ CD4+ T cells. Data are representative of at least three independent experiments. 
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road-spectrum antimicrobial activity [ 32 , 33 ]. These positively
harged AMPs adhere to negatively charged bacterial cell mem-
ranes, leading to interactions that may alter bacterial cell mor-
hology and, ultimately, result in cell death [ 34 ]. Although some
linical trials have shown that CD patients who take oral vitamin
 supplements experience an increase in CAMP levels, accompa-
ied by a decrease in the Crohn’s Disease Activity Index and in-
estinal permeability [ 35 ], the underlying mechanisms whereby
AMP is upregulated and takes part in IBD have not yet been com-
letely elucidated. This work has shown that in DSS-induced coli-
is mice, increased production of the antimicrobial peptide CAMP
s concomitant with activation of PAD4 in colonic tissue. Further-

ore, we observed that citrullination of CAMP mediated by PAD4
eads to a significant decrease in its protein levels, an effect that
an be reversed by knocking out PAD4. These findings suggest
hat PAD4 plays a crucial role in regulating CAMP abundance in
he context of IBD. Importantly, our results reveal that elevated
evels of CAMP serve a protective role against the progression of
BD. Additionally, we propose that the maintenance of microbiome
omeostasis by CAMP may be achieved through the modulation
f the taxonomic community structure within the intestine. Our
ndings provide the first evidence linking CAMP signaling to im-
une regulation in IBD through a comprehensive analysis of its

pstream and downstream pathways in association with gut mi-
robiota and metabolic remodeling. 

A growing body of evidence suggests that inflammation
s strongly regulated by posttranslational modification of im-

unomodulators [ 36 ], especially by citrullination, that are
resent at inflammatory foci [ 37 , 38 ]. Indeed, citrullination mod-
lated by PAD4 has been implicated in various chronic and au-
oimmune diseases, such as rheumatoid arthritis, interstitial lung
iseases, multiple sclerosis, and specific cancer types, among oth-
rs [ 38 ]. In addition, CAMP is highly susceptible to citrullination by
AD4 due to the presence of five arginine residues [ 20 ]. However,
here is a lack of direct proof to show that the function and ex-
ression level of CAMP is connected with the citrullination medi-
ted by PAD4 in IBD. In this study, we demonstrate that citrullina-
ion is markedly elevated in mice with DSS-induced colitis. Non-
istone protein modification was regulated by PAD4 and involved
AMP. This post-translational modification substantially reduced
rotein abundance, leading to alterations in gut microbiota com-
osition and exacerbation of disease progression. Notably, supple-
entation with CAMP peptides was able to modulate the disease

ourse. 
As mentioned previously, LL-37 is the only member of cathe-

icidin family in humans, and the same protein is named CAMP
n mice. It has been reported to exhibit widespread distribu-
ion across various tissues and cell types, such as epithelial
nd immune cells. In the single-cell data we examined, it was
ound that the expression of CAMP in colitis mice is primar-
ly localized in neutrophils ( supplementary Fig. 4 , see online
upplementary material ), which is consistent with previous lit-
rature. The role of CAMP in regulating intestinal microecology is
ignificant, with no changes in the digestive tract under the basic
tate ( supplementary Fig. 5 , see online supplementary material ).
onsidering the gut microbiota plays a central role in modulating

he host immune system, metabolism, and development, CAMP
s essential for influencing the onset and progression of several
iseases, including IBD. Previous studies focus on the function-

ng of a single virus or bacterial infection, however metabolic reg-
lation of downstream flora is worth further discussion. Recent
tudies have demonstrated that metaproteomics, which involves
he high-throughput characterization of the complete profile of
icrobial proteins, offers promising insights into the functional
spects of microbiome research. In this study we used MS-based
etaproteomics to detect bacterial proteins present in CAMP-

O and WT mice, both with DSS-induced colitis. Our analysis
dentified a total of 2 926 unique bacterial proteins from 20 gen-
ra. However, although we completed an FMT experiment with
AMP-KO mice with no obvious improvement, human valida-
ion, such as with the use of FMT from IBD patients to CAMP-
O mice, will help clarify whether the observed microbial dysbio-
is alone is sufficient to exacerbate colitis, independent of other
ost-related factors mediated by CAMP. This ongoing research
ill provide further insight into the specific mechanistic roles

hat FMT plays and the specific bacteria involved in alleviating
C, and may provide a sound scientific basis for future related

tudies. 
Notably, we found that M. hexanoica and S. salmonicolor were

ighly expressed in CAMP-KO mice, particularly in relation to
he arginine biosynthesis pathway. M.egasphaera hexnaoica is
n anaerobic bacterium that has an efficient reverse β-oxidation
athway. In a previous study, the strain showed excellent pro-
uction of medium chain carboxylic acids using fructose as an
lectron donor [ 39 ]. Some research has reported that M. hexanoica
xhibited production of various short- and medium-chain car-
oxylic acids (acetic acid, butyric acid, pentanoic acid, isobutyric
cid, isovaleric acid, hexanoic acid, heptanoic acid and octanoic
cid) [ 40 , 41 ]. In IBD, these two strains have not been reported,
hich deserves further research in the future. 
Interestingly, the arginine biosynthesis pathway in the micro-

iota was altered, as indicated by the changes in the abundance
f upstream metabolites and enzymes, resulting in lower lev-
ls of arginine and higher levels of aspartate in the colon af-
er CAMP deletion. Many researchers demonstrated that arginine

etabolism plays a crucial role in the pathophysiology of IBD [ 42 ].
ts components, the arginine–creatine and arginine–polyamine
xes, primarily exert protective effects against inflammation, in
ontrast to the pro-inflammatory arginine–nitric oxide (iNOS) axis
 43 ]. Arginine biosynthesis and metabolism serves as an essen-
ial substrate in bacterial metabolism and host–pathogen interac-
ions. In Escherichia coli and Salmonella , arginine metabolism con-
ributes to energy production, acid resistance, and the regula-
ion of virulence gene expression [ 44 , 45 ]. Many other bacteria
nd fungi use the more widespread and energetically more fa-
orable non-linear or cyclic pathway for arginine biosynthesis.
eanwhile, targeting the microbiota–arginine metabolism axis
as been revealed as a cure to alleviate DSS-induced IBD in mice
 46 ]. Arginine is a semi-essential amino acid essential for protein
ynthesis and closely linked to gut pathophysiology [ 47 ]. Much IBD
ork regarding Arg metabolic pathways has been summarized

 43 , 46 ]. The roles of the Arg–nitric oxide and Arg–urea pathways
n IBD remain controversial, while the Arg–polyamine and Arg–
reatine pathways appear to be protective [ 43 ]. Supplementation
ith Arg shows promise as a therapeutic approach for IBD; how-

ver, the optimal dosage may vary among individuals and disease
tages [ 43 , 48 ]. 

Furthermore, exploring the inhibitors of Arg metabolic path-
ays and other treatment modalities warrants further investiga-

ion. In various immunopathological conditions, the upregulation
f arginase and its downstream metabolites has been implicated
n the amplification of immune responses as antigen presentation
 49 , 50 ]. Accumulating evidence has highlighted the pivotal role of
ntigen presentation in the initiation and progression of IBD [ 51 –
2 ]. In particular, peptides derived from microbial or host sources
an serve as self-antigens when presented by antigen-presenting

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf023#supplementary-data
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Figure 7. Schematic model illustrating the protective role of CAMP in regulating the DC–Th17 axis during intestinal inflammation. 
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cells (APCs), triggering aberrant T cell activation [ 53 , 54 ]. Lou et 
al . revealed that the RNA + polyamine + Hnrnpa1226-237 com- 
plex is considered as a self-antigen [ 49 ], with aberrant polyamine 
metabolism driven by the overexpression of arginase-1 in psori- 
atic keratinocytes, enhancing the sensing of this complex by DCs,
and uncovering that arginase1 (Arg1)/polyamine is overexpressed 

in psoriasis patients and mice, inducing the in situ accumulation 

of self-antigens. Targeting the reduction of peptide levels and their 
associated antigen presentation in the intestinal environment has 
increasingly been recognized as a promising therapeutic strategy 
for autoimmune disorders [ 55 ]. 

This study highlights upstream modification and regulation of 
CAMP as well as the downstream influence of microbiota. Further- 
more, in conjunction with analysis of intestinal metabolic alter- 
ations, we examined the influence of arginine-derived metabo- 
lites (polyamines) on DC maturation and their antigen presen- 
tation capacity. The results indicate that arginine metabolism 

plays a pivotal role in shaping the DC/Th17 axis, thereby con- 
tributing to immune modulation in the gut microenvironment. 
Within the intestinal microenvironment, the abundance of such 

peptides and their presentation via MHC class II molecules have 
been linked to heightened immune responses [ 56 ]. Recent stud- 
es have demonstrated that reducing peptide levels and limiting 
heir antigen presentation can attenuate immune activation, es- 
ecially along the DC–Th17 axis [ 55 ]. Consequently, modulation
f peptide abundance and presentation in the gut has emerged as
 promising therapeutic target for the treatment of autoimmune 
iseases. 

In summary, in addition to our strong suggestion that CAMP is a
rotective mediator by regulating the DC/Th17 axis in IBD (Fig. 7 ),
e demonstrate that CAMP can be citrullinated by PAD4 which

esults in a degradation in protein level. However, the lack of val-
dation for other antimicrobial peptides regulated by PAD4 limits 
he ability to fully establish the unique role of CAMP in citrulli-
ation during IBD development. Moreover, due to a lack of im-
unoprecipitating antibody, the specific site of citrullination in 

AMP has not been well documented in this study. As we faced
hallenges in identifying specific bacterial species within the flora,
dditional macroprotein samples are necessary to achieve high- 
recision screening and verification. Our data provide substan- 
ial evidence for the novel hypothesis that CAMP, beyond being
ffected by PAD4-mediated citrullination, can also regulate the 
icrobiota and influence downstream metabolic processes in im- 
une cells of IBD. 
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