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ABSTRACT 

Cathelicidin has been reported to be multifunctional. The current study aimed to investigate the influences of exogenous 

cathelicidin-related antimicrobial peptide (CRAMP) on inflammatory responses in different disease models. In OVA-induced allergic 

airway inflammation, CRAMP significantly enhanced the infiltration of inflammatory cells and accumulation of proinflammatory Th2 

cytokine IL-13 and IL-33 in bronchial alveolar lavage fluid (BALF), exacerbated lung tissue inflammation and airway goblet cell 
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hyperplasia, and elevated OVA-specific IgE level in serum. In oxazolone-induced intestinal colitis, the expression levels of CRAMP 

and its receptor FPR2 significantly increased in comparison with those of TNBS-induced mice, vesicle and normal controls. 

Exogenous CRAMP significantly prevented the development of ulcerative colitis, evidenced by improved body weight regain, 

decreased colons weight/length ratio, elevated epithelial integrity, and ameliorated colon tissue inflammation. In addition, 

pro-inflammatory cytokines TNF-α, IL-1β, IL-4 and IL-13, as well as chemokines CXCL2 and CXCL5 for neutrophils recruitment were 

significantly decreased in CRAMP-treated mice, and epithelial repair-related factors MUC2 and Claudin1 were increased, determined 

by real time-PCR and ELISAs. The results indicated that although CRAMP has pro-inflammatory effects in airway, local application of 

exogenous CRAMP might be a potential approach for the treatment of ulcerative colitis. 

Key words 

allergic airway inflammation; CRAMP; colitis; oxazolone; mouse model 
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INTRODUCTION 

Cathelicidin is a class of host defense peptides. LL-37 is the only cathelicidin identified in human to date, and CRAMP 

(cathelin-related antimicrobial peptide) is its orthologue found in mouse 
(1, 2)

. Cathelicidin has broad antimicrobial spectrum, and early 

studies focused on their protective effects against bacteria, fungi, viruses and parasites. In recent years, more studies were interested 

in their effects of immune regulation. Cathelicidin enhances dendritic cell maturation and its recruitment through the formylpeptide 

receptor 2 (FPR2) 
(3, 4)

, facilitates macrophage activation and differentiation toward proinflammatory form 
(5, 6)

, intervenes dendritic 

cell-induced T cell polarization (7)
, and modulates neutrophil effector functions (8)

. It has been reported that cathelicidin modulated 

autoimmune and inflammatory diseases (9)
, participated in wound healing (10)

, and had critical roles in the growth of malignant tumor 

(11)
. Furthermore, cathelicidin was found to show varied roles under specific pathological conditions. In contrast to its proinflammatory 

effects, it is considered as an anti-inflammatory role when it downregulates TLR4 signaling via binding LPS 
(12)

. In addition, while it 

suppresses colon cancer and prostate cancer, cathelicidin is required for lung tumor growth (13-15). 

It was reported that LL-37 level was dysregulated in asthmatic patients 
(16)

. However, the role of LL-37 in asthma is largely 

unknown, except that there are indirect evidences showing that LL-37 may be involved into the pathogenesis of asthma. LL-37 has 

chemotactic effects on effector cells in asthma including eosinophils 
(17)

, neutrophils 
(18)

, T cells 
(18)

, monocyte-derived dendritic cells 

(4)
, and mast cells via FPR2 

(19)
. And, LL-37 triggers release of histamine and PGD2 from mast cells 

(19)
, induces MUC5AC mucin (a 

major mucin component of mucus) production by airway epithelial cells via TACE-TGF-α-EGFR pathway 
(20)

, activates neutrophils, 

and promotes release of LTB4 
(21)

 which is a potent chemoattractant for many effector cells in the development of asthma 
(22)

. In 

addition, a direct evidence was presented by Sun and colleagues’ study 
(23)

. They demonstrated that LL-37 was an eosinophil 

activator and triggered intracellular trafficking and activation of cys-LT-synthesizing enzymes and subsequent release of 

proinflammatory mediators of importance in asthma. Further, by comparing samples from asthmatic patients and healthy controls, 
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they showed that eosinophils isolated from asthmatics expressed and released significantly higher levels of LL-37, suggesting that the 

peptide and its signaling pathway represent potential therapeutic targets for this disease 

It has also been reported that cathelicidin mediated immune responses in intestinal colitis 
(24)

. The expression of LL-37 was 

elevated in colon mucosa from ulcerative colitis (UC) patients but not in those from Crohn’s disease (CD) patients 
(25)

; and, LL-37 can 

directly stimulate mucus synthesis through activation of MUC1 and MUC2 expression and MAP kinase pathway in human colonic cells 

(26)
, indicating the possible relevance of CRAMP in the pathogenesis of ulcerative colitis. Intrarectal administration of CRAMP 

ameliorated DSS-induced colitis, significantly reduced the increased number of fecal microflora, reversed the decline of colonic mucus 

thickness through upregulation of the expression of mucin genes, and prevented colitis development by suppressing the induction of 

apoptosis by DSS (27). Similar results were obtained by the administration with CRAMP-transformed Lactococcus lactis in murine 

DSS-induced UC (28). And more, intrarectal administration with cathelicidin-BF, a cathelicidin peptide found in reptiles, improved the 

morphology of the colon epithelium, significantly attenuated apoptosis and infiltration of inflammatory cells in colonic epithelium, 

effectively inhibited phosphorylation of NF-κB (p65), and indicating cathelicidin-BF effectively attenuated inflammation and improved 

disrupted barrier function in DSS-induced colitis 
(29). On the other hand, cathelicidin-knockout mice had more severe symptoms and 

mucosal disruption than the wild-type mice in response to DSS challenge, including increased colonic levels of IL-1β and TNF-α, 

myeloperoxidase activity and the number of apoptotic cells, as well as impaired mucus secretion and mucin gene expression, all of 

which were reversed by the intrarectal administration of CRAMP or CRAMP-encoding plasmid 
(27, 30). Interestingly, in TNBS-exposed 

mice, intrarectal CRAMP administration or intravenous delivery of lentivirus-overexpressing CRAMP gene significantly reduced 

colonic col1α mRNA expression; and, LL-37 reduced TGF-β1 and/or IGF-1 induced collagen protein and mRNA expression in human 

primary intestinal fibroblasts and human colonic CCD-18Co fibroblasts, indicating that LL-37 can reverse intestinal fibrosis by directly 

inhibiting collagen synthesis in colonic fibroblasts (31). Increased expression of cathelicidin in monocytes and experimental models of 

colitis involves activation of TLR9-ERK signaling by bacterial DNA
(32)

. Recently, Yi et al. reported Cathelicidin-WA, which is derived 

from the endemic genera Bungarus fascia, can improves intestinal epithelial barrier function in enterohemorrhagic Escherichia 
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coli- induced colitis 
(33)

. The results indicated that CRAMP might be a potential new drug for the clinical treatment of intestinal colitis. 

However, considering CRAMP has potent pro-inflammatory effects, its potential application need to be carefully assessed under 

different disease conditions and mechanisms. 

In the current study, mouse models of ovalbumin (OVA)-induced allergic airway inflammation and hapten oxazolone-induced 

murine colitis in which the immuno-pathogensis is dominated by Th2 responses and resembles clinical UC, were employed to 

investigate the possible effects of exogenous CRAMP on the diseases process. 

(34)(35)(36)(34)(37)(38) 

RESULTS 

Exogenous CRAMP promotes the recruitment of monocytes and neutrophils and the expression of pro-inflammatory 

cytokines in airway 

To identify the activity of synthetic CRAMP peptides, RAW264.7 cells were cultured and incubated with CRAMP alone or in 

combination with LPS, and the level of TNF-α in medium was measured with ELISA. As a positive control, LPS significantly induced 

the expression of TNF-α by RAW264.7 cells, and CRAMP significantly suppressed LPS-induced TNF-α expression. There was no 

change found in CRAMP alone – treated cells as compared to the control receiving medium only (Figure 1A). The results were well 

consistent with what reported elsewhere, indicating synthesized peptides have the activity of CRAMP. To evaluate the activity of 

synthetic CRAMP in vivo, mice were administered with CRAMP intranasally for four consecutive days. Total immune cells number in 

BALF was profoundly increased in the mice receiving CRAMP as compared to the mice administrated by PBS (Figure 1B). The 

recruited cells in BALF were mainly neutrophils and monocytes. In addition, the levels of pro-inflammatory cytokines IL-4, IL-5, IL-6, 

IL-13, IL-33, TNF-α and TGF-β in BALF were elevated significantly in CRAMP-administrated mice (Figure 1C). 

Exogenous CRAMP significantly exacerbates Ovalbumin-induced airway inflammation 
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To clarify the possible effects of CRAMP on allergen-induced airway inflammatory responses, an acute mouse model induced by 

OVA was employed. In the OVA-challenged mice, exogenous CRAMP significantly enhanced the accumulation of inflammatory cells 

in BALF (Fig 2A), which was dominated by eosinophils, neutrophils and monocytes. OVA-specific IgE in serum was elevated 

significantly by CRAMP administration (Fig 2B). The levels of Th2 associated cytokines IL-33 and IL-13 in mice receiving CRAMP 

administration were significantly higher than those in mice receiving only OVA-challenge (Fig 2C). Histology analyses showed that 

OVA challenges significantly induced the peribronchial and perivascular infiltration of inflammatory cells as well as airway goblet cell 

hyperplasia, comparing mice subjected to OVA challenge and those receiving PBS; and, the administration with CRAMP significantly 

exacerbated airway goblet cell hyperplasia and lung tissue inflammation, as compared to challenge only with OVA. The representative 

pictures were shown (Figure 2D, left), and goblet cells with overproduced mucus were stained in purplish red by PAS staining. 

Semi-quantitative analyses based on scoring systems were performed (Figure 2D, right). 

The expression levels of CRAMP and its receptor FPR2 significantly increase in oxazolone-induced colitis model 

The colon tissues were collected from mice challenged with TNBS or oxazolone. The mRNA and protein expression levels of 

CRAMP and its reported receptor FPR2 were quantitatively detected by real-time PCR and immunoblot. The results showed that 

CRAMP and FPR2 were significantly increased at both the mRNA and protein levels in oxazolone-challenged mice in comparison with 

those in normal mice and the mice receiving ethanol as a vehicle control. In TNBS-challenged mice, the expressions of CRAMP and 

FPR2 were also elevated as compared to those of the controls, but significantly lower than those in oxazolone-challenged mice 

(Figure 3A and 3B). The results were basically consistent with the finding in clinic that the level of human LL-37 was elevated in UC 

patients but not in CD patients 
(25)

. 

Exogenous CRAMP improves the regain of bodyweight loss caused by oxazolone challenge 

CRAMP was administered intrarectally for six consecutive days at doses of 5 mg/kg and 20 mg/kg respectively in 

oxazolone-challenged mice (Figure 3C). At day 7 from the intrarectal challenge with oxazolone, there were 5 of 10, 2 of 9, and 4 of 11 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
L

iv
er

po
ol

] 
at

 0
6:

33
 3

1 
O

ct
ob

er
 2

01
7 



 

7 

 

mice died in the groups receiving the doses of 5 mg/kg, 20 mg/kg or 0 mg/kg CRAMP respectively (Figure 3D). In the results of 

bodyweight change, mice receiving 20 mg/kg of CRAMP showed significant regain of bodyweight loss as compared to those receiving 

0 or 5 mg/kg of CRAMP (Figure 3E). Further, the analyses on the ratios of colon weight to length were performed to indicate the 

severity of colon colitis and inflammation. The representative pictures of colons were shown (Figure 3F). The results showed that the 

ratio of 20 mg/kg group was similar to those of ethanol control and normal control, while 0 and 5 mg/kg groups had dramatically higher 

ratio of colon weight to length than 20 mg/kg group and the negative controls (Figure 3G). 

Exogenous CRAMP reduces the expression of proinflammatory cytokines and enhances the expression of mediators 

promoting epithelial integrity in oxazolone-induced colitis 

The mRNA expression levels of proinflammatory cytokines in colon tissues were quantified by real-time PCR. Two of the most 

typical proinflammatory cytokines TNF-α and IL-1β as well as a dominant Th2 cytokine IL-4 which is a critical driver of intestinal 

inflammation in UC 
(39)

, were increased in oxazolone-challenged mice receiving no CRAMP as compared to those in the negative 

controls receiving the vehicle ethanol or PBS. And the increases were suppressed significantly in mice receiving 20 mg/kg of CRAMP 

but not in those receiving 5 mg/kg of CRAMP. There were no significant differences found between the groups receiving no CRAMP 

and 5 mg/kg of CRAMP (Figure 4A-C). Interestingly, the mRNA level of CRAMP receptor FPR2 in 20 mg/kg of CRAMP group 

decreased also nearly to those of the controls at the checkpoint (Figure 4D). MUC2 and Claudin1 were detected as key markers 

indicating epithelial integrity and tissue repairs. Oxazolone challenged mice showed significantly reduced expression of MUC2 and 

Claudin1, as compared to those receiving the vehicle or the normal mice. It was found that the reduction of MUC2 and Claudin1 levels 

were suppressed in mice receiving 20 mg/kg or 5 mg/kg dose of CRAMP as compared with those in model mice receiving no CRAMP 

(Figure 4E-F). CXCL2 and CXCL5 were important chemokines for neutrophils recruitment 
(40)

, and their levels were significantly 

increased in oxazolone-challenged mice, however, the treatment with 20 mg/kg or 5 mg/kg dose of CRAMP significantly suppressed 

the increases of CXCL2 and CXCL5 induced by oxazolone (Figure 4G and H). 
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The significantly reduced expression of TNF-α and Th2 cytokines IL-4 and IL-13 was found in mice receiving 20 mg/kg but not 5 

mg/kg of CRAMP at a protein level measured with ELISAs (Figure 5A-C). Th1 cytokine IFN-γ in 20 mg/kg CRAMP group had a 

marked increased level as compared to the other groups (Figure 5D). Th2 responses-associated cytokine IL-33 was elevated in 

oxazolone-challenged model mice but there was no significant effects produced by CRAMP treatment (Figure 5E). 

Exogenous CRAMP ameliorates colonic epithelial damage and tissue inflammation in mice receiving oxazolone challenge 

Histological analyses on H&E staining sections of colon tissues showed that oxazolone challenge in mice induced clear symptoms 

resembling human ulcerative colitis, including distortion of crypt architecture, inflammation of crypts, crypt abscesses, and 

hemorrhage or inflammatory cells in the lamina propria. Administration with exogenous CRAMP at a dose of 20 mg/kg but not 5 mg/kg 

significantly increased the integrity of the colonic epithelium and decreased tissue inflammation. The representative microphotographs 

of H&E staining sections of colons were shown (Figure 6A-E). The conclusions were further supported by a semiquantitaive analysis 

according to a histological scoring system (Figure 6F). To further demonstrate whether CRAMP facilitated the preservation of gut 

barrier integrity, an experiment with FITC-dextran was performed. The results indicated that the increase of intestinal permeability 

caused by oxazolone challenge was reduced significantly by exogenous CRAMP administration at both 5 mg/kg and 20 mg/kg doses 

(Figure 6G). 

DISCUSSION 

The etiology of inflammatory bowel diseases (IBD) is still not quite clear till now. However, accumulated data indicated that 

intestinal flora were associated with the development and maintenance of IBD. The speculation is based on the findings like that, 

adherent bacteria and increased bacterial number were found in intestinal specimens clinically collected from IBD patients, germ-free 

condition suppressed the development of experimental colitis in animal model, and antibiotic application also reduced DSS-induced 

colitis 
(41, 42)

. Therefore, a deduced possible mechanism of IBD pathogenesis is that bacteria invade into damaged intestinal 

epithelium in genetically susceptible individuals, and caused inflammatory responses. Considering cathelicidin is a wide-spectrum 
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antimicrobial agent and resistance to cathelicidin is not easy to develop, employing exogenous cathelicidin or cathelicidin-related 

peptides to suppress intestinal flora and thus intervene in IBD development is becoming an attractive therapeutic strategy. This idea 

was supported by studies of concept approval in a DSS-induced animal model of IBD 
(27)

. Intrarectal administration with either 

exogenous CRAMP, or CRAMP expressing recombinant Lactococcus lactis, or plasmid encoding CRAMP successfully ameliorated 

DSS-induced colitis 
(27, 28, 30)

. The likely mechanisms were attributed to reduced intestinal flora, promoted epithelial integrity, and 

suppressed LPS-elicited inflammatory responses, which were caused by increased local concentration of exogenous CRAMP. 

However, cathelicidin has also proven to have significant pro-inflammatory effects through chemoattractant immune cells such as 

eosinophils, neutrophils, monocytes, and lymphocytes, and promoting the release of inflammatory mediators 
(9)

. In previous studies, 

the potential therapeutic application of exogenous cathelicidin was investigated mainly in DSS-induced colitis. In the model, DSS is 

believed to cause intestinal epithelial damage and allow bacteria to invade epithelium and then cause inflammation. Although the 

model resembles some clinical symptoms of UC, the development of colitis is fast and isn’t dependent on adaptive immune, making it 

be used mainly for studying epithelial repair and innate immune 
(43, 44)

. As known, clinical UC was considered as a Th2-type 

responses-driven chronic intestinal inflammatory disease. Therefore, in this current study, an oxazolone-induced colitis model, in 

which adaptive Th2-dominant immune was considered the main pathogenesis mechanism 
(45, 46)

, was employed to further investigate 

the therapeutic potentials of exogenous CRAMP. The importance of Th2 responses in the model was demonstrated by the finding that 

a monoclonal antibody against the key Th2 cytokine IL-4 significantly suppressed oxazolone-induced intestinal inflammation 
(39, 47)

. 

By using macrophage cell line RAW264.7, TNF-α production is induced by LPS whereas CRAMP suppresses the induction by 

binding to LPS, we confirmed at first the activity of synthesized CRAMP peptides in vitro to ensure the appropriate interpretation of the 

results using CRAMP to intervene in disease processes in vivo. Our results were consistent to that previously reported, CRAMP at a 

concentration of 10 μg/mL suppressed significantly LPS-stimulated expression of TNF-α. Further, considering CRAMP is a potent 

chemoattractant for granulocytes and monocytes, we deduced that exogenous CRAMP alone might have the capability of initiating 

and exacerbating inflammation responses. In the current study, intranasal administration with CRAMP did cause inflammatory cells 
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accumulation in BALF, accompanied by increased pro-inflammatory cytokines. Considering the development of asthma may 

associate with bacterial, fungi, and virus infections, which also elicited CRAMP expression by epithelial cells, we speculated that 

CRAMP might be involved in airway allergic inflammation, especially in chronic asthma and airway remodeling. Briefly, in an 

ovalbumin-induced allergic airway inflammation model, simultaneous intranasal instillation of CRAMP significantly enhanced 

accumulation of inflammatory cells and expression of pro-inflammatory cytokines in BALF. Further, histology analyses showed 

exogenous CRAMP stimulate lung tissue inflammation and airway goblet cells hyperplasia. The data of these studies strongly 

indicated the pro-inflammation effects of exogenous CRAMP, and were presented in this study to put an emphasis on that, when 

administration with exogenous CRAMP or targeting CRAMP signaling is considered as a possible therapeutic approach for diseases 

such as in colitis, the actual outcome might be related to the disease condition and treatment manipulation. 

CRAMP has proven to be effective in DSS-induced colitis, however, whether it is still effective or not in adaptive immune-driven 

oxazolone-induced colitis hasn’t been demonstrated. CRAMP and its possible receptor FPR2 were found to be highly elevated in 

oxazolone-induced colitis. Although they were elevated in TNBS-induced colitis which is driven by Th1/Th17 responses, the extent 

was significantly lower than that of oxazolone colitis. The result is sort of consistent with what found in clinic that CRAMP elevated in 

UC patients but not CD patients 
(25)

. Accordingly, we deduced at first that CRAMP associated with T cell immune responses, and 

might have different roles in oxazolone or TNBS-induced colitis, which are Th2 or Th1 responses-driven respectively. However, it was 

reported that CRAMP suppressed inflammation and fibrosis in a TNBS-induced chronic model 
(31)

, implying distinct T cell immune 

pathogenesis may not affect exogenous CRAMP’s protective effects on intestinal colitis. Considering that CRAMP is not found 

elevated in clinical CD, in this current study we focus on oxazolone-induced colitis. We employed a sensitization/challenge protocol to 

induce intestinal colitis, allowing adaptive immune to be well developed, and, 24h after oxazolone challenge, CRAMP was 

administrated once a day for continuous 6 days to provide a persistent intervention. Well consistent with the findings from DSS model, 

20 mg/kg dose of CRAMP protected mice from oxazolone-induced colitis, which were evidenced by improved regain of body weight, 

increased ratio of colon length/weight, and ameliorated epithelial damage and inflammatory cell infiltration. The results in the current 
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study support the therapeutic application of exogenous CRAMP in intestinal colitis. The effects of exogenous CRAMP in this study 

might be mainly attributed to the preservation of gut epithelial integrity and /or the modulation of inflammation. Intrarectal 

administration with exogenous CRAMP may have directly reduced intestinal flora and promoted epithelial integrity, and thus 

prevented bacterial invasion. In the other hand, CRAMP may bind to endotoxin and suppress LPS-elicited inflammatory responses, or 

directly modulate the functions of inflammatory cells. Further analyses showed that 20mg/kg dose of CRAMP administration 

suppressed significantly pro-inflammatory cytokines at mRNA and protein levels. In contrary, the expression of MUC2 and Claudin1, 

which were key mediators reflecting epithelium integrity 
(48, 49)

, were significantly elevated. Furthermore, the expression of important 

chemokines CXCL2 and CXCL5 for the recruitment of neutrophils were significantly reduced in mice receiving CRAMP. In 

comparison, 5 mg/kg dose of CRAMP failed to reduce bodyweight loss, weight/length ration of colon, and tissue pathology scores. We 

found that 20mg/kg but not 5mg/kg dose significantly reduced TNF-α, IL-1, and IL-4, and increased INF-γ levels; and interestingly, 

both 5 mg/kg and 20 mg/kg groups showed decreased chemokines and increased MUC2 and Claudin1 levels. In a recent review, 

Piktel et al. summarized the pleiotropic properties of LL-37 in relation to the different cells and tissues, and presented the different 

doses requirement for a specific function. The required dose of cathelicidin is 1--5 μg/ml for tissue repairing, 0.1-70 μg/ml for 

antimicrobial activity, and 0.5-50 μg/ml for immunomodulation, respectively 
(11)

. It indicates that the effective mechanisms are tissue 

specific, complex, and depend mostly on the ability of LL-37 to act as a ligand for different membrane receptors whose expression 

varies on different cells. The results might imply that administration with high dose of CRAMP produced more effective suppression of 

inflammatory responses than the low dose, which contributed to the significantly ameliorated oxazolone-induced colitis symptoms. 

In a summary, exogenous CRAMP exacerbated allergen-induced airway inflammation, but significantly protected mice from 

oxazolone-induced colitis probably through both promoting the process of epithelial repairs and suppressing inflammation responses. 

The results strongly indicated that, although CRAMP has pro-inflammation functions, application of exogenous CRAMP might be a 

potential approach for the treatment of ulcerative colitis. 
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MATERIALS AND METHODS 

Animals and induction of allergic airway inflammation and intestinal colitis 

Female BALB/c mice (6-8 weeks of age) were purchased from Vital River Company (Beijing, China), and maintained under specific 

pathogen-free conditions in the Central Animal Care Services of Institute of Medical Biology, CAMS & PUMC (Kunming, China). 

Induction of allergic airway inflammation with Ovalbumin (OVA) (grade IV; Sigma-Aldrich) was performed as previously described 

(34)
. Mice were subjected to one intraperitoneal sensitization with 10 μg OVA and 2 mg Alum adjuvant mixed in 500 μL PBS and 14 

days later 3 continuous everyday intranasal (i.n.) challenges with 50 μg OVA in 40 μL PBS. One day after OVA challenge, mice were 

anaesthetized and euthanized by Isoflurane inhaled anesthesia and cardiac puncture for blood collection. 

Induction of colitis with oxazolone (Sigma-Aldrich) was performed as previously described 
(35)

. Briefly, mice were first sensitized 

with 100 μL of 3% (w/v) oxazolone in 100% ethanol on shaved abdominal skin, and five days later, mice were anesthetized with 

isoflurane inhalation and then administrated intrarectally with 100 μL of 1% oxazolone in 50% ethanol using a 3.5 F catheter equipped 

with a 1 mL syringe. The catheter was advanced into the rectum until the tip was 4 cm proximal to the anal verge. To ensure 

distribution of oxazolone within the entire colon and cecum, mice were held in a vertical position for 50 seconds after the intrarectal 

administration. TNBS-induced colitis was induced as preciously described 
(36)

. Briefly, mice were administered intrarectally 2.0 mg of 

TNBS (Sigma-Aldrich) in 50% ethanol (100 μL). 

CRAMP identification and mouse treatment 

Synthesized peptide CRAMP was provided by GL Biotech, Co., Ltd. (ShangHai, China. Purification: 97.15%). Murine macrophage 

cell line RAW264.7 cells were cultured in DMEM/HIGH glucose (HyClone) with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin. To identify the activity of synthesized peptide CRAMP, the cells at 1 × 10
5
/well were incubated with CRAMP 
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(10 μg/mL) alone, CRAMP plus LPS, or LPS (100 ng/mL) as a positive control. After 24 h of incubation, TNF concentration in the 

cultured medium was determined by sandwich enzyme-linked immunosorbent assay (ELISA) 
(34)

. 

To display the possible pathophysiological functions of CRAMP, mice were administered intranasally with 20 mg/kg of CRAMP in 40 

μL phosphate buffered saline (PBS, pH 7.2) for four consecutive days after isoflurane anaesthetization. Cytokines and total cell 

numbers in bronchial alveolar lavage fluid (BALF) were evaluated. 

To investigate the possible effects of CRAMP on OVA-induced airway inflammation, 5 mg/kg CRAMP was combined with OVA 

when the intranasal challenges were performed. The total volume is 40 μL. 

To investigate the possible effects of CRAMP on oxazolone-induced intestinal colitis and inflammation, 24 hour after the intrarectal 

challenge of oxazolone, mice were administered intrarectally with CRAMP in 100 μL PBS at a dose of 20 mg/kg/day or 5 mg/kg/day 

for six consecutive days. Mice received only PBS served as controls. There were 4 independent partially or completely repeated 

experiments were conducted, and the data presented in this manuscript was obtained from one of these experiments. 

BALF collection and cytospinning 

BALF samples were collected after three repeated washing of the excised lungs using 1 mL PBS. After cytospinning, the slides 

were stained with HEMA 3 (Fisher Diagnostics, Pittsburg, PA, USA), and the cell types in BALF were analyzed. 

Quantization of mRNA expression by real-time PCR 

Total RNA was isolated from colon tissues with RNAiso Plus reagent (Takara) according to the manufacturer’s instruction, and used 

as templates to synthesize cDNA by using RT reagent kit with gDNA eraser (Takara). Obtained cDNA was amplified and quantitatively 

analyzed using SYBR select Master Mix (Invitrogen) on the CFX Connect Real-Time System (Bio-Rad). The mRNA levels of target 

molecules were standardized with that of a housekeeping gene GAPDH. 
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Cytokine measurement by ELISA 

Colon tissues were suspended in ice-cold PBS (at 10 mL per gram of tissue) containing protease inhibitor cocktail (Sigma-Aldrich) 

and then homogenized briefly. After the homogenates were centrifuged at 12000 rpm for 10 min at 4℃, the supernatants were 

collected. The cytokine levels in colon and BALF samples were measured by sandwich ELISAs. ELISAs were performed by using 

paired capture and biotinylated detection antibodies purchased from eBioscience and following the supplier’s instruction. 

Avidin-alkaline phosphatase and substrate system (Sigma-Aldrich) was used to develop the reactions. The protein standards were 

purchased from Peprotech, Inc. The cytokine levels for colonic samples were normalized by the concentration of total protein detected 

by Bradford’s method (Bio-Rad). 

Immunobloting assays 

For immunoblotting assays, mice were sacrificed 3 days after Oxazolone or TNBS administration. Mice colons were collected and 

homogenate were prepared. Protein sample was separated by using 12% SDS-PAGE and transferred onto PVDF membranes. After 

5% non-fatty milk blocking 1h, membranes were incubated with primary Abs overnight at 4℃. Secondary Abs incubated 1h at room 

temperature. Primary Abs goat anti-CRAMP, mouse anti-Tublin were purchased from SantaCruz. Primary Ab rabbit anti-FPR2 were 

purchased from proteintech. 

Histology analysis 

The left lung was fixed in formalin, and then embedded in paraffin and sectioned. Specimens were stained either with hematoxylin 

and eosin (H&E) or with periodic acid Schiff (PAS). As previously described 
(37)

, peribronchiolar and perivascular inflammation in the 

H&E-stained slides were assessed using an indexed scale according to rings of inflammatory cells. Goblet-cell abundance was 

measured as the percentage of PAS-positive cells in the total airway epithelia of medium-sized airways. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
L

iv
er

po
ol

] 
at

 0
6:

33
 3

1 
O

ct
ob

er
 2

01
7 



 

15 

 

Colons fixed in formalin were embedded in paraffin, cut, and stained with hematoxylin and eosin (H&E). For inflammation 

assessment, histological scoring was based on severity of inflammation (based on inflammatory cells infiltration, 0--3: none, slight, 

moderate, severe), depth of injury (0-3: none, mucosal, mucosal and submucosal, transmural), crypt damage (none, basal one-third 

damaged, basal two-third damaged, only surface epithelium intact, entire crypt and epithelium lost). Histological examination was 

performed by a pathologist blinded to the source of treatment. 

Fluorescein isothiocyanate-dextran 4000 (FITC-D4000) test 

Intestinal permeability assay with FITC-dextran was performed as previously described 
(38)

.Briefly, 24 hour after the intrarectal 

challenge of oxazolone, mice were administered intrarectally with CRAMP in PBS at a dose of 20 mg/kg or 5 mg/kg once a day for two 

days. 24 hour after the last CRAMP administration, FITC-D4000 (Sigma-Aldrich) was administered to the mice by gavage (600 mg/kg, 

300 μL). And then, mice were fasting for 1--4 hours until they were sacrificed. Blood was collected by heart puncture under isoflurane 

inhalation and centrifuged at 12,000 g for 10 min at 4℃. Isolated plasma was diluted with equal volume of PBS and analyzed with 

multi-detection microplate reader (Synergy 4, BioTek), with excitation at 485 nm and emission at 528 nm. 

Statistical analyses 

Differences between experimental groups were assessed by one-way analysis of variance (ANOVA), followed by the 

Newman-Keuls multiple-comparison test. Unpaired Student’s t test was used to compare the effects of 5 mg/kg and 20 mg/kg doses 

of CRAMP. Repeated-measures two-way ANOVA with Bonferroni correction was used to compare measurements of mouse body 

weight. The values are reported as the mean ± standard error of the mean. (GraphPad Prism 5.01, GraphPad Software, Inc., San 

Diego, CA, USA) 
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The animal experimental procedures were approved by the Ethics Committee of Animal Care and Welfare, Institute of Medical 
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Figure 1. Exogenous CRAMP promotes the recruitments of monocytes and neutrophils and the expression of 

pro-inflammatory cytokines. (A) Synthetic CRAMP significantly suppressed the expression of TNF-α in LPS-stimulated Raw264.7 

cells. (B) Intranasal administration with CRAMP induced immune cell accumulation in airway (majored by neutrophils and monocytes) 

and (C) promoted the expression of pro-inflammatory cytokines. Statistical significance was analyzed by one-way ANOVA followed by 

Newman-keuls multiple comparisons test, ***p < 0.001, n = 4 (A), and by unpaired Student’s t-test, 
###

p < 0.001, 
#
p < 0.05, n = 4 (B 

and C). 
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Figure 2. Exogenous CRAMP significantly exacerbates the ovalbumin-induced allergic airway inflammation. In 

OVA-challenged mice, administration with 5 mg/kg CRAMP increased (A) inflammatory cells accumulation, (B) OVA-specific IgE 

levels in serum, (C) Th2 cytokine levels in BALF and (D) peribronchial and perivascular inflammatory cells infiltration and airway 
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goblet cells hyperplasia (original magnification is 200X), with the results of semi-quantitative analyses according to a scoring system 

shown at the right panel. Statistical significance was analyzed by one-way ANOVA followed by Newman-keuls multiple comparisons 

test, ***p < 0.001, **p < 0.01, *p < 0.05, n = 4. 
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Figure 3. Treatment with CRAMP suppresses the development of oxazolone-induced colitis in mice. (A) The RNA and (B) 

protein levels of CRAMP and its receptor FPR2 increased more significantly in oxazolone-induced ulcerative colitis than those in 
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TNBS-induced colitis. Gene expression levels in colon tissue were determined by real-time PCR and normalized with GAPDH. Mice 

were sensitized and administrated intrarectally with 1% oxazolone or 2.0 mg TNBS in 100 μL 50% Ethanol. Colon samples were 

collected 3 days later. (C) In a treatment experiment, mice were sensitized and challenged intrarectally with oxazolone, and CRAMP 

was administered intrarectally for six consecutive days. (D) The survival rate of mice, and (E) body weight regain were improved in the 

mice receiving 20 mg/kg CRAMP. (F) Representative pictures of colon were presented, and (G) reduced ratios of colon weight to 

length were obtained in 20 mg/kg of CRAMP-treated mice. Statistical significance was analyzed by one-way ANOVA followed by 

Newman-keuls multiple comparisons test, ***p < 0.001, **p < 0.01; n = 4 (A and B) and n = 5--6 (F); 
###

p < 0.001, comparing 20 mg/kg 

(n = 6) with 5 mg/kg (n = 5) of CRAMP by unpaired Student’s t-test, (F); n = 6--11 (D). Repeated-measures two-way ANOVA with 

Bonferroni correction was used to compare measurements of mouse bodyweight, **p < 0.01, n = 12 – 22, comparing the mice 

receiving 20 mg/kg CRAMP and the mice receiving 0 mg/kg CRAMP (E). 
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Figure 4. Exogenous CRAMP reduces the expression of proinflammatory cytokines and chemokines, and increased those of 

epithelial repair-related genes. (A) The expression of TNF-α, (B) IL-1β, (C) IL-4, (D) FPR2, and chemokines (G) CXCL2 and (H) 

CXCL5 were reduced in mice receiving CRAMP treatment at a dose of 20 mg/kg bodyweight, and the levels of tissue repair-related 
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genes (E) MUC2 and (F) Claudin1 were increased, as compared to those in oxazolone challenged control mice. Gene expression 

levels in colon tissue were determined by real-time PCR and standardized with GAPDH. Statistical significance was analyzed by 

one-way ANOVA followed by Newman-keuls multiple comparisons test, ***p < 0.001, **p < 0.01, *p < 0.05, n = 6; 
##

p < 0.01, 
#
p < 0.05, 

comparing 20 mg/kg (n = 6) with 5 mg/kg CRAMP (n = 5) by unpaired Student’s t-test. 
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Figure 5. Treatment with CRAMP reduces protein levels of pro-inflammatory cytokines in colon tissues. (A) TNF-α, (B) IL-4, 

and (C) IL-13 were reduced and (D) IFN-γ level was increased by CRAMP administration at a dose of 20 mg/kg bodyweight. (E) The 

level of IL-33 was elevated by oxazolone challenge but wasn’t affected by CRAMP administration. Cytokines levels in the 

homogenates of colon tissues were measured by ELISA and standardized with total protein concentrations. Statistical significance 

was analyzed by one-way ANOVA followed by Newman-keuls multiple comparisons test, ***p < 0.001, **p < 0.01, *p < 0.05, n = 5 – 6; 

#
p < 0.05, comparing 20 mg/kg (n = 6) with 5 mg/kg CRAMP (n = 5) by unpaired Student’s t-test. 
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Figure 6. Treatment with exogenous CRAMP reduces colonic epithelial damage and tissue inflammation. Representative 

pictures of H&E stained colon tissue sections were presented (original magnification is 100X)：(A) 5 mg/kg CRAMP, (B) 20 mg/kg 

CRAMP, (C) 0 mg/kg CRAMP, (D) Normal control, (E) Ethanol control. (F) Semiquantitative analyses based on a histological scoring 

system were performed. Colonic tissues were fixed in formalin, embedded in wax, and sliced at a thickness of 4 µm, and then stained 

with H&E solution. Statistical significance was analyzed by one-way ANOVA followed by Newman-keuls multiple comparisons test, 

***p < 0.001, **p < 0.01, *p < 0.05, n = 6. 
##

p < 0.01, comparing 20 mg/kg (n = 6) with 5 mg/kg CRAMP (n = 5) by unpaired Student’s 
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t-test. (G) Intestinal permeability through quantitative analysis of FITC-dextran in serum (n = 5 – 7). Statistical significance was 

analyzed by one-way ANOVA followed by Newman-keuls multiple comparisons test, **p < 0.01, *p < 0.05, n = 4. 
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