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Abstract

Mouse cathelin-related antimicrobial peptide (CRAMP) and its homologue human cathelicidin 

(LL-37) play active roles in innate immune responses, angiogenesis, and wound healing. In 

addition, LL-37/CRAMP fends off microbes and protects against infections in the colon, where 

the epithelium is exposed to myriad of enteric pathogens. It is increasingly recognized that LL-37/

CRAMP maintains colon mucosal barrier integrity, shapes the composition of microbiota, and 

protects the host from tumorigenesis. In this review, we discuss the importance of LL-37/CRAMP 

in the homeostasis of the host, with novel findings derived from mice deficient in CRAMP that 

support the proposition for this natural antimicrobial peptide and an immune modulator as a drug 

lead for therapeutic development.
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I. INTRODUCTION

LL-37 and CRAMP are cathelicidin-related antimicrobial peptides, which belong to a family 

of host-derived antibacterial polypeptides. The first cathelicidin, cecropin, was isolated in 

1980 from tissues of the Hyalophora cecropia moth.1 The first mammalian cathelicidins 

(bactenecins) were isolated in the late 1980s from bovine neutrophils and were named Bac5 

and 7.2 However, some investigators considered that the first mammalian cathelicidin should 

be rabbit CAP18.3 Until now, cathelicidins have been identified in a range of animals, 

including cattle, buffalo, horse, pig, sheep, goat, deer, chicken, fish, snake, rhesus monkey, 

guinea pig, mouse, rat, and human.2,4–17

One cathelicidin gene has been identified in humans which encodes LL-37 of 37 aa 

residues with a molecular weight of 18 kDa,18,19 also known as hCAP-18, FALL-39, or 

CAMP—human cationic antimicrobial peptide.18,19 In mice, the gene Cramp was mapped 

to chromosome 9 in a region of conserved synteny, homologous to the map locations of 

cathelicidins in human.15

LL-37 is expressed by various cells and tissues such as bone marrow (BM) myeloid cells, 

neutrophils, macrophages and epithelial cells. In human tissues, the expression of LL-37 

is detected in the skin and gastrointestinal tract, including mouth, tongue, esophagus, and 

colon, as well as in the urinary tract and the lung (Table 1).20–23 CRAMP was expressed 

abundantly by mouse granulocytes and bone marrow cells of the myeloid lineage, which 

agrees with the sites of expression of cathelicidins in humans and during embryogenesis 

as early as E12, the earliest stage of blood development.15,18,24,25 CRAMP is detectable in 

adult mouse testis, spleen, stomach, and intestine but not in brain, liver, heart, or skeletal 

muscle.15 Both LL-37 in human and mouse CRAMP possess intrinsic antimicrobial activity 

to act as “natural antibiotics” in the host. However, they are also able to activate host cells by 

interacting with cellular receptors.

II. RECEPTOR FOR LL-37/CRAMP

It has been demonstrated that LL-37 uses human formyl peptide receptor 2 (FPR2), a 

G-protein–coupled, seven-transmembrane domain receptor,26 as the receptor to mediate its 

chemotactic and angiogenic effects on myeloid cells.27,28 Fpr2 is the mouse homologue of 

FPR2. Mouse CRAMP utilizes Fpr2 to induce leukocyte chemotaxis and activation.29 There 

is a significantly reduced recruitment of Ly6C+ inflammatory dendritic cells (DC) into the 

bronchiolar area in the allergic inflammatory airway of Fpr2- or CRAMP-deficient mice.30 

Injection of mouse CRAMP into skin air pouches results in the accumulation of neutrophils 

and monocytes, confirming the capacity of CRAMP to act as a chemoattractant in vivo via 

Fpr2.29

Interestingly, LL-37 is also reported to interact with a P2X7 receptor and epidermal growth 

factor receptor (EGFR).31 P2X7 receptors have been implicated in ATP-mediated cell 

death, in the regulation of receptor trafficking and inflammation.32–34 LL-37 promotes 

high glucose–attenuated epithelial wound healing in cultured corneas35 and activates innate 

immunity on airway epithelial surfaces by EGFR transactivation.36 Furthermore, LL-37 is 
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able to activate insulin-like growth factor-1 receptor (IGF-1R) on cancer cells, which results 

in increased cell proliferation and the manifestation of a metastatic phenotype.37 Therefore, 

LL-37 appears to activate multiple cellular receptors to exert biological effects.

III. LL-37/CRAMP IS REQUIRED FOR COLON EPITHELIAL BARRIER 

INTEGRITY

The colon mucosal barrier consists of epithelial and immune cells with participation of a 

balanced microbiota. LL-37/CRAMP as a natural antimicrobial peptide, produced by colon 

epithelial cells and macrophages, plays an important role in maintaining colon microbiota 

balance and supports mucosal homeostasis.

A. Contribution of CRAMP to Intact Colon Crypt Structure

In the colon, LL-37/CRAMP is detectable in epithelial cells located on the luminal surface 

and in upper crypts with little or no expression in deeper crypts.38 The peptide is likely 

associated with the differentiation of colon epithelial cells because LL-37 mRNA and 

protein were upregulated in spontaneously differentiating Caco-2 human colon epithelial 

cells as well as in HCA-7 human colon epithelial cells treated with a differentiation-inducing 

agent, sodium butyrate.38 In CRAMP−/− mice, the length of colonic crypts was significantly 

shortened, implying a consequence of reduced proliferation of epithelial cells due to lack of 

CRAMP as a possible differentiation stimulant.39

B. Contribution of CRAMP to Colon Mucus Integrity

Human normally live in symbiosis with ~ 1013 bacteria present in the colon.40 Normal 

intestinal microbiota inhabits the colon mucus layer without penetrating an inner layer 

to trigger undesirable inflammatory responses.41 The inner layer of the mucus is densely 

packed and firmly attached to the epithelium normally “free” of bacteria. The outer 

layer of the mucus is movable with an expanded volume and colonized by bacteria.42 

In a human colonic cell line, HT-29, LL-37/CRAMP directly stimulates mucus synthesis 

through MAP kinase activation and up-regulation of MUC gene transcription.43 In the 

colon of mice deficient in CRAMP, the mucus layer is thinner and discontinuous with 

severe disruptions,44,45 and therefore more easily colonized and penetrated by E. coli strain 

O157:H7.44 CRAMP−/− mice exhibit defects in re-epithelialization of injured colon tissues 

due to lack of CRAMP stimulation.46

C. Contribution of CRAMP to Microbicidal Function of Macrophages

Macrophages represent the first line of defense against invading bacterial pathogens. 

Tissueresident macrophages patrol the colon epithelial layer of barrier, putative entry, and 

colonization sites for pathogens, to control invaders in addition to their functions in removal 

of dying cells by efferocytosis.47,48 Our recent study revealed that myeloid cell–specific 

CRAMP−/− (LysMCre-CRAMPF/F KO) mice were more sensitive to DSS-induced colitis as 

compared with intestinal epithelial cell–specific CRAMP−/− (VillinMCre-CRAMPF/F KO) 

mice,39 indicating that macrophage-derived CRAMP plays an important role in maintaining 

microbicidal function in colon mucosa. CRAMP expression in mouse macrophages was 
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increased after infection by an intracellular pathogen, Salmonella typhimur.49 Mouse 

macrophage cell line J774A.1 and bone marrow–derived macrophages (BMMs) infected 

by M. smegmatis showed increased Camp (CRAMP gene) mRNA levels, coinciding with 

increases in their killing activity.50 Macrophages infected with S. typhimur exhibited 

a punctate-patterned, yet increased, expression of CRAMP in the perinuclear region. 

CRAMP reduced Salmonella division in Wild type (WT) macrophages, but the bacteria 

showed enhanced survival within macrophages derived from CRAMP-deficient mice. 

Mechanistically, intracellular reactive oxygen intermediates and proteases in macrophages 

may be associated with CRAMP production and activity.49 Some studies also showed that 

human LL-37 is not only directly bactericidal but serves also as a mediator of vitamin D3-

induced autophagy in macrophages which activates the transcription of autophagy-related 

genes Beclin-1 and Atg5, in association with killing of intracellular bacteria.51 Therefore, 

CRAMP/LL37 is critical for protecting the integrity of the colon mucosa, as illustrated in 

Fig. 1.

IV. CONTRIBUTION OF LL-37/CRAMP–COLON MICROBIOTA BALANCE

In the human gut, there are estimated to be > 1,000 species-level phylotypes of bacteria.52 

Most of these phylotypes belong to only a few phyla. In general, Bacteroidetes and 

Firmicutes are dominant, whereas Actinobacteria, Proteobacteria, and Verrucomicrobia are 

frequent but generally minor constituents.53 A multitude of species of bacteria in the gut are 

in equilibrium because of control by many factors. Antimicrobial peptides (AMPs) are major 

players in maintaining microbiota balance in the gut.54 LL-37/CRAMP, as one of the AMPs, 

plays an important role in intestinal microbe ecosystems.

In vitro, synthetic CRAMP exhibits antimicrobial activity against the murine enteric 

pathogen Citrobacter rodentium, which, like the clinically related human pathogens 

enteropathogenic Escherichia coli and enterohemorrhagic E. coli, adheres to the apical 

membrane of intestinal epithelial cells.55 Synthetic CRAMP and LL-37 also kill E. coli 
O157:H7 in vitro.44 CRAMP−/− mice infected with C. rodentium by oral inoculation 

suffer from increased bacterial colonization in the colon and developed significantly higher 

fecal counts of C. rodentium.55 Those inoculated with E. coli O157:H7 also exhibited 

higher fecal counts of this strain, and the bacteria penetrated the mucus layer, forming 

a higher number of attaching and effacing lesions.44 Therefore, LL-37/CRAMP mediates 

innate intestinal defense against colonization by epithelium-adherent bacteria to maintain 

gut microbiota balance. Recent studies revealed that CRAMP acts as a limiting factor 

on dysbiosis to maintain ecologic balance in the colon.39 Single-housed CRAMP−/− 

mice showed a significantly different microbiota composition in feces as compared to 

single-housed WT mice. However, after 4-wk cohousing, microbiota composition in the 

feces of WT mice shifted markedly toward that of CRAMP−/− mice. Meanwhile, WT 

mice cohoused with CRAMP−/− mice exhibited a phenotype similar to CRAMP−/− mice, 

indicating that the phenotype of CRAMP−/− mice is transferable to WT mice by cohousing, 

presumably through the transfer of pathogenic bacteria species that overgrow in the absence 

of CRAMP.39 Sequencing of microbiota DNA in fecal pellets of mice revealed significantly 

different microbiota composition in non-cohoused WT and CRAMP−/− mice, in particular 

after DSS treatment, with increased Mucispirillum schaedleri, Clostridium populeti, and 
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Acetivibrio cellulosolvens in WT mice, but increased Odoribacter laneus, Ruminococcus 
lactaris, Desulfovibrio piger, Desulfomicrobium orale, Mogibacterium neglectum, and 

Bacteroides acidifaciens in CRAMP−/− mice. It is notable that some species, such as 

M. neglectum, D. piger, and D. orale, which are typically found in oral microbiota, 

were detected in CRAMP−/− mice after DSS treatment. The frequencies of O. laneus, D. 
piger, and D. orale were significantly increased in WT mouse feces after cohousing with 

CRAMP−/− mice.39 Therefore, CRAMP deficiency was associated with severe dysbiosis in 

mice, in particular in chemically induced colitis. The role of CRAMP in colon microbiota 

balance is depicted in Fig. 2.

V. ANTI-INFLAMMATORY EFFECT OF LL-37/CRAMP IN COLITIS

Disturbance in colon homeostasis results in altered composition of the colon microbiota, or 

dysbiosis. Crohn’s disease (CD) and ulcerative colitis (UC), the two major forms of IBD, 

are characterized by chronic relapsing inflammation of the digestive tract. IBD is caused 

by complex interaction of genetic, microbial, and immunological factors. Several risk genes 

identified for IBD are linked to innate immune recognition of bacteria such as NOD2 and 

NLRP3 or processing and elimination of bacteria.

Colon bacteria have a potentially pathogenic role in intestinal inflammation,56 as shown 

by evidence that germ-free animals do not develop intestinal inflammation. It is well-

established that interaction between the intestinal microbiome and colon mucosa initiates 

inflammatory bowel disease and impaired healing. Our recent investigation revealed 

that CRAMP−/− mice are highly sensitive to DSS-induced colitis associated with more 

extensive mucosal injury, higher-level production of proinflammatory cytokines, and 

increased infiltration of inflammatory cells in the gut, culminating in decreased mouse 

survival. As stated earlier, CRAMP deficiency also alters the composition of microbiota 

in the colon, as shown by the observation that antibiotics alleviated the severity of DSS-

induced colitis in CRAMP−/− mice. In addition, the colon phenotype found in CRAMP−/− 

mice was transferable to WT mice after cohousing (Fig. 2). Furthermore, administration 

of synthetic CRAMP significantly reduced the development of DSS-induced ulcerative 

colitis in mice with a reduction in the number of fecal bacteria.57 Administration of 

plasmid58 or Lactococcus lactis encoding CRAMP gene59 alleviated DSS-induced colitis 

in mice, emphasizing the protective role of CRAMP in chemically induced colitis via its 

antimicrobial activity.

Interestingly, LL-37/CRAMP also has antifibrogenic effects on murine colitis-associated 

fibrosis by directly inhibiting collagen synthesis in colonic fibroblasts. Chronic colitis 

induced by trinitrobenzene sulphonic acid (TNBS) was associated with increased colonic 

collagen (col1a2) mRNA expression. Intracolonic CRAMP administration or intravenous 

delivery of the lentivirus-overexpressing CRAMP gene significantly reduced colonic 

collagen (col1a2) mRNA expression in TNBS-exposed mice. Cecal inflammation associated 

with increased collagen (col1a2) mRNA expression is also caused by Salmonella infection, 

which was prevented by intravenous delivery of the Camp (CRAMP-) –expressing 

lentivirus. A mechanism study revealed that LL-37/CRAMP inhibited TGF-β1– and/or 
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IGF-1–induced collagen synthesis in colon fibroblasts.60 Thus, LL-37/CRAMP attenuates 

colitis associated with acute and chronic inflammation.

VI. PROTECTION AGAINST COLON TUMORIGENESIS BY LL-37/CRAMP

LL-37/CRAMP is a double-edged sword in promoting and inhibiting tumor growth. On 

the one hand, LL-37/CRAMP acts as a ligand for different cell membrane receptors whose 

expression on cancer cells varies. Overexpression of LL-37/CRAMP was found to promote 

the development and progression of ovarian,28,61–64 lung,31,65,66 and breast cancers67,68 but 

to suppress gastric69 and colon cancer.70

On the other hand, LL-37 is highly expressed in normal colon mucosa but is down-regulated 

in colon cancer tissues.70,71 Therefore, some investigators suggest that low levels of 

LL-37 may serve as a biomarker for colon cancer. In mice, CRAMP protects the animals 

from carcinogenesis with AOM-DSS–induced colitis, which may be caused by increased 

epithelial cell turnover and leukocyte infiltration in colon mucosa following more severe 

damage and slower recovery.39

The mechanisms by which LL-37/CRAMP suppresses the development of colon cancer 

is not completely clear. But lines of evidence suggest that (1) LL-37 induces the death 

of colon cancer cells by activation of caspase-independent apoptosis and autophagy72; 

(2) LL-37 induces apoptotic death of colon cancer cells by regulating metabolic profile, 

especially purine metabolism, glycolysis, and the tricarboxylic acid cycle73; (3) LL-37/

CRAMP inhibits colon cancer development by interfering with epithelial mesenchymal 

transition (EMT) and fibroblast-supported cancer cell proliferation.74 These observations 

support the notion that CRAMP deficiency confers on mice increased susceptibility to 

chemically induced colitis and cancer. Therefore, LL-37/CRAMP may constitute a plausible 

candidate of therapeutics agent(s).

VII. PERSPECTIVES

LL-37/CRAMP as important host defense peptides are multifunctional, exhibiting broad-

range antimicrobial and immune regulatory activity. Currently, the possibility of applying 

LL-37/CRAMP as therapeutic agents has been explored. For example, CRAMP encoded 

by plasmid and Lactococcus lactis have been used for treating colitis.58,59 PG-1 (pig 

peptide protegrin) offers 100% protection of rats against infections caused by intraperitoneal 

injection of P. aeruginosa, S. aureus, and methicillin-resistant S. aureusin.75 Ovine 

cathelicidins SMAP29 and SMAP34 are potential candidates for human therapy against 

bacterial infection and immune suppression.76 However, the significance of LL-37/CAMP 

and related peptides in human immune responses and cancer development remains to be 

fully recognized. Further understanding of the biological activity of LL-37 and CRAMP as 

well as other related host-derived microbicidal peptides will be beneficial for development 

of novel therapeutic agents combating infectious, inflammatory, and cancerous diseases.
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ABBREVIATIONS:

AMPs antimicrobial peptides

BM bone marrow

CRAMP cathelin-related antimicrobial peptide

DC dendritic cells

EGFR epidermal growth factor receptor

EMT epithelial mesenchymal transition

FPR2 formyl peptide receptor 2

Fpr2 mouse FPR2

hCAP human cathelicidin protein

IGF-1R insulin-like growth factor-1 receptor

Ly6C lymphocyte antigen 6 complex

TNF-α tumor necrosis factor-α

UC ulcerative colitis

WT wild type
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FIG. 1: 
Contribution of CRAMP to colon epithelial barrier integrity. A. The contribution of CRAMP 

to colon crypt structure and mucus layer integrity–Colon mucosal barrier consists of 

epithelial and immune cells, which partner with resident microbiota to form a barrier 

fending off harmful substances. Epithelial cell–derived CRAMP is detectable in cells located 

on the mucosal surface and in upper crypts, with little or no expression seen within 

the deeper colon crypts. CRAMP stimulates the proliferation and differentiation of colon 

epithelial cells through Fpr2 espressed by epithelial cells. CRAMP also directly stimulates 

mucus synthesis through up-regulation of MUC1 and MUC2 and MAP kinase activation in 

colon epithelial cells. B. The contribution of CRAMP to the antimicrobicidal function of 

macrophages–resident macrophages in colon mucosa patrol and moniter pathogen invaders 

in the mucosal barrier. Upon stimulation by bacteria and their products, macrophages 

increase CRAMP production, which directly or in cooperation with autophagy kill and clear 

intracellular bacteria.
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FIG. 2: 
Contribution of CRAMP to colon microbiota balance. CRAMP-deficient mice show severe 

dysbiosis in the colon. This is verified by cohousing and single housing of WT mice (A) 

and CRAMP−/− mice (B). Single-housed CRAMP−/− mice show a significantly altered 

phenotype, including shortened colon crypts, thinner mucus layer, and dysbiosis with a 

different microbiota composition in the feces from that of single housed WT mice. WT mice 

cohoused with CRAMP−/− mice adopted a similar phenotype and microbiota composition 

from CRAMP−/− mice (C).
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TABLE 1:

Distribution of LL-37/CRAMP in cells and tissues

Leukocytes Neutrophils

Macrophages

B cells

γδ T cells

Epithelial cells Mast cells

Lung

Stomach

Colon

Urinary tract

Cervix

Body fluids Inflamed skin

Bronchoalveolar lavage fluid

Seminal plasma

Cervicovaginal secretion

Saliva

Plasma
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