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LL-37, also called cathelicidin, is an important part of the human immune system, which can resist various pathogens. A plethora of
experiments have demonstrated that it has the multifunctional effects of immune regulation, in addition to antimicrobial activity.
Recently, there have been increasing interest in its immune function. It was found that LL-37 can have two distinct functions in
different tissues and different microenvironments. Thus, it is necessary to investigate LL-37 immune functions from the two
sides of the same coin. On the one side, LL-37 promotes inflammation and immune response and exerts its anti-infective and
antitumor effects; on the other side, it has the ability to inhibit inflammation and promote carcinogenesis. This review presents a
brief summary of its expression, structure, and immunomodulatory effects as well as brief discussions on the role of this small
peptide as a key factor in the development and treatment of various inflammation-related diseases and cancers.

1. Introduction

Antimicrobial peptides (AMPs) are important elements of
the immune system which are capable of combating a broad
spectrum of organisms and transformed or cancerous cells
[1, 2]. Mammalian AMPs belong to the defensin and cathe-
licidin families. So far, there is a unique cathelicidin peptide
found in 1995 and called human cationic antimicrobial
peptide (hCAP18) [2]. Its active part starts with double leu-
cine and consists of 37-amino acids at the C-terminus, so
which is called LL-37. Not only human but also only one
cathelicidin the analogue of human cathelicidin was found
in mice named cathelicidin-related antimicrobial protein
(CRAMP).

This small number of AMPs is expressed in some cell
types that may encounter pathogens. Cathelicidin is involved
in the innate immune system; after infection, LL-37 bridges
the innate and acquired immunity through recruiting immune
cells to the infected site and stimulates and/or modulates
adaptive immunity through specific activation of the receptors
of the immune cells as well [3]. Moreover, LL-37 regulates the
production of chemokines and pro- and anti-inflammatory
cytokines, in order to maintain the fine balances between
pro- and anti-inflammatory responses. This ability to main-
tain equilibrium plays a very important role in resisting
pathogens while maintaining the stability of the immune
system. If defects in the expression or processing of LL-37
break this balance, it will result in abnormalities of the body.
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The purpose of this review is to offer a concise general
view of the expression, structure, and immunomodulatory
effects of antimicrobial peptides LL-37 on immunocompe-
tent cells and briefly discuss the role of this small peptide as
a key factor in the development and treatment of various
inflammation-related diseases and cancers.

2. Structure

The human cathelicidin preprotein hCAP18, which is
encoded on chromosome 3p21.3 [2], the genes that consist
of 4 exons and 3 introns, is cleaved into active type LL-37
by protease-3 extracellularly under specific conditions [4].
The sequence of LL-37 is LLGDFFRKSKEKIGKEFKRIVQ-
RIKDFLRNLVPRTES. At neutral pH, this peptide is amphi-
pathic and cationic which net charge is +6 [5]. Although a
state of random coil in pure water, in solutions with millimo-
lar concentrations of salts or membrane-like environment,
little cathelicidin peptide forms a α-helical structure with cat-
ionic amphipathic [1]. Conditions encouraging tend to favor
α-helical structure rely on the solution condition including
NaCl concentration and pH, membrane-like environment,
or higher peptide concentrations [5].

There are three parts of the linear cationic α-helix of LL-37
structure, two α-helices of N-terminus and C-terminus which
are from residues 2~30 of peptide and one unstructured
C-terminal tail that consists of the C-terminal residues 31 to
37 [6]. The cationic hydrophobic surface of LL-37 enables to
interact with negatively charged elements, like bacterial cell
walls, lipopolysaccharide (LPS), and nucleotide, because of
being formed by four aromatic phenylalanine side chains
and the border by predominately positively charged residues
[7]. The N-terminal helix is responsible for peptide oligomer-
ization, proteolytic resistance, chemotaxis, and hemolytic
activity, while the C-terminal helix is involved in antipathogen
effect [8]. Above these two structures are needed in peptide
aggregation [9]. The C-terminal tail is the critical structure
to form a tetramer of peptide, which facilitates its ability to
activate effect cells and favors to interact with components of
serum and the bacterial outer wall that result peptide seques-
tration and decrease its antipathogen potential [9].

3. Expression

LL-37 is expressed in many types of tissue cells such as kera-
tinocytes, differentiated epithelial cells in the colon, airway,
ocular surface, genitals, in eccrine glands, Brunner glands in
the duodenum [10], myelocytes [11], mesenchymal stromal
cells (MSCs) [12, 13], and cells of testes [11]. Expression in
most epithelia is constitutive, while injury can induce peptide
expression in keratinocytes, where the precursor localizes in
granules of the superficial epidermis and partially resides in
lamellar bodies [14]. Chakraborty et al. indicated that the
constitutive expression in epithelial cells is regulated through
cAMP-signaling pathways, and some complexes are required
which are formed by cAMP-responsive element-binding
protein (CREB) and activator protein 1 (AP-1) to bind to
the cathelicidin peptide promoter sequence and induce tran-
scription [15].

As an important part of the immune system, cathelicidin
protein constitutive expression is produced in natural killer
(NK) cells, neutrophils, T cells, and mast cells [10, 16]. As
the first line cells confront the pathogens, neutrophils are
the main source of this peptide. The neutrophil synthesizes
inactive hCAP18 precursor and store in secondary particles.
Active toll-like receptors (TLRs) by damage-associated
molecular pattern molecules (DAMPs) or pathogen-
associated molecular pattern molecules (PAMPs), and/or
changes in cytokine types and levels, can promote cell to
degranulate. Upon stimulation, the cathelicidin protein pre-
cursor will be degranulated and released extracellularly,
where the active cathelicidin proteolytically processed by
specific proteases 3 was unleashed [4]. Furthermore, mono-
cytes, dendritic cells (DCs), and macrophages of the immune
system are proved to express LL-37 [10]. Peripheral blood-
derived cells are proved to express a gradient dose: high levels
in neutrophils; low levels in lymphocytes, while different
types of lymphocytes of low level produce the same amount,
and the expression of monocytes is moderate [17].

Different factors by different incentives from the body
and outside can influence this peptide expression, for exam-
ple, interferon γ (IFN-γ), interleukin 6 (IL-6), glucocorti-
coids, transmigration across activated endothelium,
bacterial exotoxins, certain bacteria, entitystat, and calcipo-
triol are found to be the downregulated factors [10], while
the upregulation of expression was found to be tumor necro-
sis factor α (TNF-α), IL-17A, toll-like receptor agonists,
insulin-like growth factor 1 (IGF-1), vitamin D receptor ago-
nists, hormonal 1,25dihydroxyvitamin D, phenyl butyrate,
sodium butyrate, MUC2 mucin, simvastatin, injury and
wounding, and endoplasmic reticulum stress [10, 18, 19].

As this small peptide plays an important role involved in
the innate immune system and adaptive immune system, over-
expression or low expression will break the immune balance to
cause some diseases. In the inflamed mucosa of ulcerative coli-
tis (UC) and Crohn’s disease (CD), the expression of LL-37
mRNA was reported that has increased significantly [20, 21].
These researches display that the TLR3 ligand, double-
stranded RNA (mimicked by polyinosinic-polycytidylic acid
(poly(I:C))), and induced LL-37 mRNA overexpress in
colonic subepithelial myofibroblasts (SEMFs) that proved
self-nucleic acids break innate tolerance [20, 21], while over-
expressed LL-37 found in psoriatic epidermis activates DCs
to produce cytokines like TNF-α, IL-23, and IL-17 and
become an autoantigen which can trigger the T cell and
adaptive immune system [22–24]. In autoimmune diseases,
overexpression of LL-37 excessively exerts its immune regula-
tion, thus destroying the homeostasis of the immune system.
On the other hand, lower expression also causes more severe
infections, for instance, periodontitis caused by bacteria [25],
tuberculosis [26, 27], oral squamous cell carcinoma (OSCC),
and so on. Interestingly, because of functions of LL-37 in dif-
ferent tissue are pleiotropic, some changes in the expression
of LL-37 appear in different tumors. Overexpression is found
in ovarian cancer, lung cancer, breast cancer, malignant mel-
anoma, and prostate cancer, but gastrointestinal cancer
(colon cancer and gastric cancer) and hematological malig-
nancies were reported lower than normal [28].
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4. Chemotaxis

As previously stated, the infected epithelial cells expressed
LL-37 which can directly recruit immunocompetent cells,
including neutrophils, monocytes, and DCs. While the neu-
trophils are attracted, that is the first line dealing with
microbes, as a main source of cathelicidin neutrophils that
continue to be released at the infected sites. Furthermore,
LL-37 induce monocyte [29], fibroblasts [30], epithelial cells
[29], and human airway smooth muscle (HASM) cells [31]
to secrete IL-8, which further indirectly attracts immune
cells, then these cells together with LL-37 against the infec-
tion. In addition, other chemokines which have the ability
to attract more immunocompetent cells like neutrophils,
monocytes, DCs, and T cells, that are released by the cells
encounter infections upon treatment with LL-37, for
instance, CCL4, CCL20, and C-X-C motif ligand (CXCL) 1
proved to be produced by primary monocytes [32], C-C
motif ligand (CCL) 2 released by endothelial cells [33],
CCL3 and CCL2 by mast cells [34], and a synergistic increase
in CCL20, CXCL1, CXCL8 (IL-8), and CCL2 secretion upon
LL-37 exposure to keratinocyte-fibroblast cocultures [35].
After the activation of the innate immunity system,
antigen-presenting cells carry the antigen to the specific T
cells. Then, the cells of the adaptive immune system are
directly attracted [1]. Current researches show that LL-37
plays a chemotactic role from the initial stage of infection
to the adaptive immune response, promotes the anti-
infective inflammatory response, and plays a bridging role
from innate immunity to adaptive immunity. Not only che-
motactic to immune cells, previous studies have shown that
LL-37 recruit multipotent mesenchymal stromal cell (MSC)
migration to tumor through formyl peptide receptor (FPR)
2 [36]. Using anti-LL-37 antibody to neutralize LL-37
in vivo can notably partly decrease the implantation of MSCs
into ovarian cancer modeled by OVCAR-3 ovarian cancer
cells, causing suppression of tumor growth and breakdown
of the fibrovascular network. These findings consistent with
that LL-37 treatment enhanced the proliferation and migra-
tion of human adipose-derived stromal/stem cells (ASCs)
[37]. It is indicated that the LL-37-mediated recruiting MSCs
could promote tumor progression.

5. Immunomodulation

5.1. Neutrophils. Neutrophil constitutes an important part of
the innate immune system and is the front line to resist bac-
terial infection. Pathogen identification and subsequent
recruitment of granulocytes into the infected site are key fac-
tors for host defense against bacterial diseases. This process
includes the recognition of PAMPs by host pattern recogni-
tion receptors (PRRS), and the production of a variety of pro-
inflammatory cytokines and chemokines at the site of
infection. These chemical attractants promote the recruit-
ment of neutrophils to infection and inflammation sites and
produce variable potent mediators, including chemokines,
cytokines, colony-stimulating factors, fibrous factors, and
angiogenic factors, and then ingest and kill invading micro-
organisms. The effective antibacterial activity of neutrophils

is the synergistic action between high protein hydrolase and
degrading enzyme, cation molecule and active oxygen, which
enables the immune system to successfully protect the host
from various bacterial pathogens [38]. Under steady-state
conditions, neutrophils undergo structural (spontaneous)
apoptosis to end their short life (about 4-5 days). After neu-
trophil necrosis or apoptosis, neutrophil extractor traps
(NETs) will be formed in the inflammatory site, which can
provide high concentration of antibacterial molecules in the
local area and quickly control the infection of bacteria
in vivo. However, in abnormal circumstances, such as the
induction of abnormal somatic cells, pathogens, or cancer
cells, the secondary necrosis of apoptotic neutrophils hap-
pened, and the release of active molecules is continuously
produced, forming an abnormal number of NETs, damaging
healthy host cells, causing inflammation expansion and tis-
sue damage [39–41].

As the main source of LL-37, neutrophils, stimulated by
TLR ligands, not only can release antimicrobial peptides
but also influenced by antimicrobial peptides and change
physiological functions. It was reported that LL-37 induces
neutrophil migration and chemotaxis mediated via FPR mol-
ecules in vitro [42, 43]. But neutrophil chemotaxis induced
by serum amyloid A (SAA) almost competes inhibited by
LL-37 [44]. SAA is an acute phase response protein produced
by the body, which can be used to determine the severity of
infection and inflammation. When SAA rises, it indicates
that the body has produced a wide range of inflammation.
We think that LL-37 may play an important role in immune
regulation, limit the further expansion of SAA-induced
inflammation, and maintain the stability of the immune sys-
tem. The same condition happened in sepsis-induced acute
lung injury, LL-37 and its analogy sLL-37 through the focal
adhesion kinase (FAK), extracellular signal-regulated kinase
(ERK), and P38 pathways which inhibit neutrophil infiltra-
tion and migration after the severe infection [45]. Interest-
ingly, the cathelicidin can depress the expression of C-X-C
chemokine receptor type 2 (CXCR2), which is a neutrophil
surface receptor that mediates neutrophil migration to the
sites of inflammation [46, 47].

These two sides function as well as reflect regulation of
LL-37 for neutrophil releasing active substances. Some data
indicated that cathelicidins directly activate neutrophils to
mediator release. Human cathelicidin, at a concentration of
20μg/ml, stimulates neutrophils to the synthesis of proin-
flammatory CXCL8 under the control of p38 mitogen-
activated protein kinase (MAPK) and ERK [47, 48]. It is well
known that this chemokine, acting via CXCR2, induces che-
motaxis of not only neutrophils but also other granulocytes
and stimulates neutrophils to phagocytosis. On the other
hand, interesting data suggest that LL-37 inhibits SAA-
induced CXCL8 production and causes dramatic inhibition
of ERK and p38 MAPK activities [44].

LL-37 is not only involved in regulating the physiological
function of neutrophils when they are alive but also can influ-
ence neutrophil apoptosis and the physiological function of
forming nets after death. LL-37 induces secondary necrosis
of apoptotic neutrophils through the increased expression
of antiapoptotic protein Bcl-XL and by blocking the
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activation of caspase-3 [49, 50] via the activation of FPR and
purinergic receptor P2X ligand-gated ion channel 7 (P2X7
receptor) on these cells [46]. NETs which are involved in a
variety of chronic inflammatory pathologies can release
LL-37 in vivo and ex vivo, and LL-37 also promoted
peripheral neutrophils to form NETs in a dose-dependent
manner ex vivo [51]. And NETs via C1q/LL-37 specifically
inhibited interleukin IL-6 secretion by LPS-activated mac-
rophages [52].

5.2. Monocytes/Macrophages/Dendritic Cells. Monocytes and
macrophages are the immediate arm of the immune system
and play an important role in immunomodulatory and
tumor immunity via producing both inflammatory media-
tors and antigen processing. Monocytes are called adult stem
cells; it can be differentiated into different cell types: macro-
phages, DCs, monoosteophils, osteoclast, endothelial cells,
etc. For example, monocyte can differentiate into inflamma-
tory macrophages or DCs during inflammation effected by
the inflammatory milieu and pathogen-associated pattern-
recognition receptors. Macrophages may be characterized
as M1- and M2-polarized subtypes; M1 macrophages exhibit
inflammatory and antitumor functions via the release of sol-
uble enzyme and cytokines, whereas M2 macrophages have
anti-inflammatory functions, may promote tumor cell prolif-
eration, and participate in tissue remodelling. DCs are the
most powerful antigen-processing and antigen-presenting
cells which can efficiently uptake, process, and present anti-
gens and stimulate the proliferation of nonsensitized cells,
be equipped with high phagocytic activity as immature cells
and high cytokine-producing capacity as mature cells. It
can stimulate the proliferation and activation of non-
sensitized T cells, and is the central link to initiate, regulate,
and maintain specific antigen induction in vivo. Tumor-
specific DC can stimulate specific long-lasting tumor immu-
nity induction.

5.2.1. Monocytes. LL-37 has been shown to be involved in
monocyte/macrophage differentiation. It was reported that
LL-37 enhances the GM-CSF/IL-4-driven differentiation of
blood monocytes into immature DCs [53]. LL-37-derived
DCs preserve the basic DC phenotype; LL-37 appropriately
promotes maturation of DC and changes the expression of
chemokine receptors that facilitate mDC migration to T cell
areas. LL-37 in synergy with Peptidoglycan (PGN) can
induce monocytes from the peripheral blood of healthy indi-
viduals polarized toward the CD14high CD16+ subset, and
LL-37 further induced PGN-driven differentiated monocytes
into immature dendritic cells (iDC), as evident by the
increased expression of CD1a, CD86, and HLA-DR markers,
resulting in the induction of T cell proliferation and Th17
polarization [54]. It displayed that LL-37 can influence
monocyte differentiation, induce PGN-driven monocytes
polarized to DCs, and promote proinflammation and adap-
tive immune response. Other than this, monocytes from the
blood sample can differentiate into the population of
monocyte-derived bone-forming cells (monosteophils) and
accelerate bone repair treating with an effective dose of LL-

37 which are uptaken via CXCR2-specific endocytosis of
monocytes [55–57].

Monocytes are stimulated by LL-37 to upregulate the
release of proinflammatory chemokines (CXCL1, CCL2,
and CCL7) and cytokines (IL-8 and IL-6) with IL-1β syner-
gistically or not and transcript the genes encoding anti-
inflammatory cytokines (IL-10 and IL-19) [58, 59]. Not only
upregulate pro- or anti-inflammatory cytokines, LL-37 which
inhibit monocytes express some cytokines CXCR2, TNF-α,
and IL-6 with IL-1β synergistically or not. In addition, LL-
37 strongly inhibits the synthesis of TNF-α and IL-12 by
monocytes stimulated with IFN-γ [60].

5.2.2. Macrophages. Meantime, LL-37 can regulate the activ-
ity of macrophages of the immune system. In macrophages,
LL-37 upregulates or downregulates different genes to influ-
ence cell functions; the genes predicted to be upregulated
by LL-37 were including those encoding chemokines che-
mokine receptor (CCR) 2, CCL7, IL-8, anti-inflammatory
cytokine IL-10, and M-CSF [29]. Contrariwise, this peptide
can downregulate another 20 genes, including gene encod-
ing proinflammatory IL-12 [29]. In line with this, catheli-
cidin and its derivative wildly restrain the production of
TNF-α and IL-1β by IL-32-driven macrophage, promoting
to produce the anti-inflammatory cytokine interleukin-1
receptor antagonist (IL-1RA) without changes in chemo-
kine production [61].

While some studies focus on LL-37 regulation of the
active macrophages by bacterial components, LL-37 obvi-
ously decreases Neisseria meningitides endotoxin lipooligo-
saccharide (LOS), LPS, or lipoteichoic acid (LTA) which
induced both TNF-α and nitric oxide (NO) release from
macrophages [62–65]. Among them, LOS, LPS, and LTA
are bacterial endotoxin. In addition, it was reported that
cathelicidin causes significant suppression of producing
TNF-α by macrophages inducing with arabinosylated lipoar-
abinomannan (AraLAM). LAM is an important component
of the cell wall of Mycobacterium tuberculosis [66]. What is
more, Hu et al. showed that cathelicidin inhibits pyroptosis
of macrophages and proinflammatory cytokine synthesis
(IL-1β, IL-6, and TNF-α) by activated macrophages induced
by LPS/ATP in vitro or cecal ligation puncture (CLP) in CLP
septic mice; thus, the peptide not only neutralizes the action
of LPS but also inhibits the response of P2X7 [67, 68]. Consist
with this, exogenous LL-37 decreased TNF-α and IL-17 while
inducing IL-10 and transforming growth factor β (TGF-β)
production that was also independent of the P2X7 receptor
and did not reduce antimycobacterial activity during infec-
tion [69]. Thus, LL-37 has a more comprehensive immune
regulation function without affecting anti-infection. Interest-
ingly, Ruan et al. uncovered that LTA upregulated the con-
centration of peptide located mostly in the cytoplasm of
macrophages [63]. It indicated that pathogens stimulate body
release LL-37 firstly and then exert their anti-infection and
immunomodulatory function.

Unlike the proinflammatory and anti-infective functions
in an inflammatory environment, LL-37 can overexpress in
certain tumors and promote the differentiation of macro-
phages to M2, which in turn promotes tumorigenesis. As
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cathelicidin of mice, CRAMPs are proved to promote tumor-
igenesis via macrophage. With prostate cancer CRAMP(+),
more immature myeloid progenitors (IMPs) polarize into
protumorigenic M2 macrophages than CRAMP(−) TME.
Meanwhile, in vitro experiments confirmed that CRAMP
can mediate autocrine signaling to promote M-CSF and
monocyte chemotactic protein (MCP) 1 overexpressing in
TRAMP-C1 cells (prostate cancer cell lines without CRAMP
expression) to regulate macrophage differentiation to M2 by
activating STAT3 [70]. Furthermore, the human cathelicidin
is proudly expressed by tumor-associated macrophages
(TAMs) present within the pancreatic ductal adenocarci-
noma (PDAC) stroma and induced by CSC-secreted tumor
growth factor-β (TGF-β) family members Nodal and Acti-
vinA. The synthesis human cathelicidin enhances the ability
of pancreatic cancer stem cell (CSC) to invasion, self-
renewal, and tumorigenesis, via the G protein-coupled recep-
tor (GPCR), FPR2 and P2X7 receptor [71]. Thus, LL-37 as a
tumor microenvironment factor plays a critical role in
tumorigenesis. Similarly, human macrophages were cocul-
tured with colorectal cancer cells SW480 or HCT116 to mimic
the tumor microenvironment; the mimic TAMs enhance the
production and release of antimicrobial peptides LL-37 to
promote the proliferation of colorectal cancer cells via the
Wnt/β-catenin pathway [72].

Different environments or stimuli can affect the function
and differentiation of monocytes/macrophages. And LL-37
plays two opposite roles in it. In an inflammatory or infective
environment, LL-37 can promote the proinflammatory and
anti-infective functions of monocytes/macrophages, while
also carefully monitoring the trend of inflammation, promot-
ing the synthesis of anti-inflammatory factors, preventing the
situation from expanding, and maintaining the overall
immune balance of the body. Tumor-derived LL-37, an over-
expressed peptide in the tumor environment, helps tumor
cells to polarize macrophages into M2 type of TAMs, inhibit
immune function, and promote tumorigenesis.

5.2.3. Dendritic Cells. As a potent modifier of DC differentia-
tion, LL-37 is bridging innate and adaptive immune
responses at sites of inflammation, where high levels of LL-
37 secreted by recruited neutrophils and resident epithelial
cells chemoattract pre-DC. The addition of peptide sup-
pressed mature DC (stimulated by LPS) release of IL-6 and
TNF-α; the expression of HLA-DR, CD80, CD83, and
CD86; and the chemokine receptor CCR7. This suppression
is a concentration-dependent manner; up to 20μg/ml of
LL-37 will result in a total inhibition of secretion [73]. Not
only for DCs but also influence for T cells via DCs, DC expo-
sure with LL-37 and LPS resulted in a prominently reduced
capacity of DCs to stimulate CD4+ T cells, as decreased
IFN-γ and IL-2 secrete and their proliferation [73]. On the
contrary, another study using LPS stimulate DCs derived
from monocytes by incubation with IL-4, GM-CSF, and
LL-37; the results displayed upregulated endocytic capacity,
modified phagocytotic receptor expression and function,
upregulated costimulatory molecule expression, enhanced
the secretion of T helper cell (Th) 1 cytokines, and then pro-
moted Th1 responses in vitro [53]. In like manner, it is dem-

onstrated that the addition of LL-37 (without LPS or other
antigen) is internalized by immature dendritic cells derived
from human peripheral blood monocytes (MDDC) with sub-
sequent localization primarily in the cytoplasmic compart-
ment and then could also be transported into the nucleus of
MDDC, caused phenotypic changes, and characterized by
an increased expression of the antigen-presenting molecule
HLA-DR and the costimulatory molecule CD86 [74]. Above
data look like in contradiction, but the sequence of stimula-
tion between LL-37 and LPS is different. LL-37 can restrict
the proinflammation of LPS and control immunity develop-
ment. Addition to this, LL-37 can influence the function of
DCs by internalization and manipulate T cell polarization
by DC. Taken together, these findings suggest that, after trig-
gering of the innate immunity, LL-37 would be released to
affect sequent cellular adaptive immune.

Besides itself of LL-37, Hurtado and Peh suggested that
LL-37 can bind to bacterial DNA (CpG oligodeoxynucleo-
tides) which brings about a significant reduction in the time
through sensing the presence of bacterial DNA via TLR9 by
B cells and plasmacytoid DCs (pDCs) [75]. Since LL-37 is a
cationic charge, a stable LL37/nucleic acid complex is
formed. The latter enters the endosomal compartment of
pDCs and stimulates TLR9 and TLR7. LL-37 combine with
extracellular autonuclei to form an effective trigger for the
release of IFN from pDCs [76]. Furthermore, LL-37/RNA
complexes can also induce the activation of IFN-
conditioned myeloid DCs (mDCs) by TLR7/8 stimulation
[77]. Thus, these results proved that LL-37 play a crucial role
in the formation of psoriasis.

5.3. Lymphocytes. Lymphocytes include T cells (thymocytes),
B cells (bone marrow or bursa-derived cells), and NK cells. T
cells and B cells are mainly involved in the adaptive immune
system. The primary T cells migrate within the secondary
lymphoid organs where they encounter and interact with
the DCs and further differentiate into T cell subsets. For
example, some T cells (also known as CD4+ cells) called Th
cells can produce cytokines that direct immune responses,
for example, Th1, Th17, and Th2. Th1 cells are differentiated
induced by cytokines such as IL-12; secrete IL-2, IFN-γ,
TNFβ, and other cytokines; and participate in regulating cel-
lular immunity, assist in cytotoxic T cell differentiation, and
participate in delayed-type hypersensitivity reactions, while
Th17 is differentiated under the stimulation of IL-6 and IL-
23 and mainly secretes IL17, IL1, IL-6, and TNF-α. These
cytokines can collectively mobilize, recruit, and activate neu-
trophils; thus, like Th1, polarized Th17 cells have the capacity
to cause inflammation and autoimmune disease. Th2 helper
cells are mainly immune responses against extracellular mul-
ticellular parasites, which are mainly induced by IL-4, and
mainly secretes IL-4, IL-5, and IL-10. Regulatory T cell
(Tregs) was named as suppressor T cell in the 1970s. Tregs
is a key cell in the negative regulation of the body’s immune
response, playing a paramount role in maintaining self-
tolerance and immune homeostasis and participating in
tumor cells to escape the body’s immune surveillance [78].
There are many types of Tregs, such as CD4+ CD25+ T cells.
With the help of activated Th cells and antigen-presenting
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cells (APCs), B cells become activated B cells by antigen stim-
ulation and then differentiate into plasma cells to synthesize
and secrete various antibodies, mainly performing humoral
immunity of the body. NK cells are part of the innate
immune system that distinguishes between abnormal cells
(infected cells and tumor cells) and normal cells by recogniz-
ing changes of molecules known as Major Histocompatibility
Complexes (MHC) class I on the cell surface and via releasing
cytotoxicity (cells-killing) granules which then destroy the
altered cells and plays an important role in protecting the
host from tumor and viral infections.

5.3.1. T Cells. Early research shows LL-37-derived mDCmat-
uration with LPS produces a characteristic Th1-inducing
cytokine profile (significantly an increase of IL-12, IL-6,
and TNF-α and significantly a decrease of IL-4). Further-
more, significantly increased synthesis of IFN-γ by T cells
was tested which is stimulated by LL-37-derived mDC. Thus,
LL-37 appears to act as a bridge between the innate and adap-
tive immune systems [53], while LL-37 not only produces an
enhanced Th1 response but also produces an adjuvant that
enhances the Th17 response in the oral mucosa, where
mFPR2 on M cells interacts with LL-37-Ag and is recognized
by APC near the M cell, mature to CD11c+CD70+ APC,
which subsequently produces a Th17-biased environment
by increasing IL-17, and leads to an increase in the formation
of germinal centre (GC) B cells and GC; thus, LL-37 mediates
an Ag-specific immune response through regulating the
mucosal immune environment [79]. Interestingly, by
assessing the role of LL-37 in peripheral blood mononu-
clear cells (PBMC), the researchers found that LL-37 also
promotes the production of regulatory T cells, while LL-37
does not affect T cell activation; in the context of inflamma-
tion (PHA activation), peptides can induce resting T cell pro-
liferation, significantly increasing Tregs production and
decreasing proinflammatory factor expression (INF-γ,
TNF-α) of PBMC; indicating that when the peptide plays
its own anti-infective property, the control proinflammatory
responses are always accompanied, in order to protect the
body against severe inflammatory response [80]. These
results show the two sidedness of antimicrobial peptides. In
the face of different immune cell populations and different
microenvironments, antibacterial peptides will exhibit differ-
ent states, even diametrically opposite immune responses, so
the microenvironment obviously plays a pivotal role in deter-
mining how T cells respond to LL-37.

5.3.2. NK Cells. As an important part of the innate immune
system, NK cells can be used for immune surveillance of
certain tumor and virus-infected cells. Cathelicidin was
observed to be abundant in tumor-infiltrating NK1.1+ cells
in mice. Functional in vitro analyses found that NK cells
derived from cathelicidin knockout mice (Camp−/−) versus
wild-type mice showed impaired cytotoxic activity toward
tumor targets. Moreover, Camp−/− permitted faster tumor
growth than wild-type controls in two different xenograft
tumor mouse models (murine B16 melanoma and RMA-S
lymphoma) that exclude an observed perforin deficiency
[16]. The findings indicate the significance of cathelicidin to

NK cell function and in vivo tumor defense. In addition,
LL-37 improves CpG delivery to intracellular TLR9 results
in the enhanced proliferation and activation of NK cells, to
prevent relapse in the case of ovarian cancer [81]. However,
the details of mechanism that LL-37 interact with NK cells
are needed to be clarified further.

5.4. Mast Cells. Mast cells are an important component of
host defense pathogens and can affect both innate and
acquired immune responses. Mast cells participate in the
entire process of inflammation, such as promoting inflam-
mation and limiting inflammation, through the production
of mediators, including cytokines, chemokines, and biologi-
cally active mediators. Various endogenous and exogenous
mediators can activate cells through different receptors
expressed by mast cells, and activated cells rapidly release rel-
evant mediators stored in cytoplasmic granules to participate
in inflammatory responses such as histamine, protease, and
cytokines (IL-3, IL-4, IL-6, IL-8, IL-10, TNF-α, etc.) [82,
83]. In addition, activated mast cells can release a variety of
newly produced lipid mediators including leukotriene (LT),
prostaglandin (PG), thromboxane (TX), and platelet-
activating factor (PAF) [82, 84].

In mast cells, this host-defense peptide causes degranula-
tion assessed by histamine or β-hexosaminidase release by
intracellular Ca2+ mobilization [34, 85] but also the produc-
tion and release cytokines (IL-1β, IL-2, IL-4, IL-6, IL-31,
TNF-α, and GM-CSF) and chemokines (CCL 2 and CCL3)
stimulated with 10μg/ml LL-37 for 3-24 h [34] or 5-20μg/ml
LL-37 for 6 h [86] in a dose-dependent and time-dependent
fashion [34, 86]. In addition, this peptide activates mast cells
to produce strong proinflammatory mediators (LTC4 and
PGD2) [86]. These factors play a critical role involved in
inflammatory and anti-inflammatory responses. In line with
this, LAD2 cells were treated with 1μg/ml cathelicidin which
tended to increase the level of TLR4 expression, Th1 cyto-
kines IL-2, proinflammatory cytokines TNF-α and IL-1β
and significantly induced Th2 cytokines, IL-4 and IL-5
release; however, significantly Th2 cytokines could be inhib-
ited by LPS, although IL-1β production was not diminished
[87]. Thus, these data reveal that LL-37 synergism the bacte-
rial components may skew the mast cell toward innate
immunity and adaptive immunity [87].

While studying the functional effects of LL-37 on mast
cells, some literature also explored and described its mecha-
nism of action. LL-37 may bind the negatively charged cell
surface molecules, rapidly internalize into the cells via
clathrin-mediated endocytosis, and interact with Mas-related
gene X2 (MrgX2) to activate mast cell (LAD2 cell) degranula-
tion and release of de novo synthesized mediator function pri-
marily; this effect is associated with the activation of the Gi
protein, PLC/PKC/Calcium/NFAT, PI3K/Akt, and MAPK
signaling pathways [34, 88, 89]. Notwithstanding the forego-
ing, LL-37 (10μM) enable to permeabilize both nuclear and
plasma membranes to enhance the export of nucleic acids of
mast cells, total protein, and lactate dehydrogenase (LDH)
[90]. Thus, it was proposed that LL-37-induced release of
nucleic acids from mast cells may be another mechanism of
LL-37 moderating the immune response.
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5.5. MSCs. MSCs are pluripotent stem cells that share all the
commonalities of stem cells, namely, self-renewal and multi-
directional differentiation. MSCs regulate the innate immune
system and adaptive immune system function through direct
contact between cells and secretion of mesenchymal stem
cells. MSCs can induce immunomodulatory effects on vari-
ous cells associated with carcinogenesis via producing a vari-
ety of cytokines and growth factors [91, 92].

LL-37 augments the promoting tumorigenesis properties
of MSCs by recruiting them to ovarian tumors through FPR2
[37]. Follow-up researches in vitro show MSCs, after 48 h of
LL-37 treatment, were stimulated to release significantly
more angiogenic and inflammatory molecules compared
with untreated cells, including IL-1 receptor antagonist, IL-
6, IL-10, CCL5, vascular endothelial growth factor (VEGF),
and matrix metalloproteinase-2 (MMP-2) [37, 93]. Besides
LL-37 treatment enhanced the proliferation and migration
of human adipose-derived stromal/stem cells (ASCs), it also
promotes expressing FPR2, early growth response (EGR) 1
expression, and MAPK activation, and that preconditioning
of ASCs with LL-37 has a strong potential to promote cell
proliferation, cell migration, and paracrine actions, which
may be useful in terms of implantation for tissue regenera-
tion [37]. However, research in vivo was indicated that LL-
37-mediated recruitment of MSCs can also facilitate ovarian
tumor progression through secreting proangiogenic factors
which resulted in a significant increasing number of vascular
channels in nude mice and some cytokines including IL-1β,
IL-6, IL-8, IL-10, and TNF-α (and the reduction of IL-12
expression). Consistently, in vitro endothelial cell formation
by MSCs is enhanced by LL-37 presence with a positive effect
on tumor growth [37]. Moreover, LL-37 modulates TLR3
expression, promotes higher levels of anti-inflammatory fac-
tors (indoleamine2,3-dioxygenase (IDO), IL-10, and TGF-
β), and boosts the suppressive function of pMSCs over stim-
ulated T cells; thus, LL-37 may offer protection against
opportunist microorganisms, meanwhile ensuring the main-
tenance of MSCs in their highest anti-inflammatory state
[94]. Therefore, the LL-37 boost proliferation, immunosup-
pressive, and migratory potential of MSCs to promoting
tumorigenesis or anti-inflammation.

6. Diseases

Defects in the expression or processing of immunomodulatory
peptide, resulting in abnormalities in immune regulation, lead
to inflammation-related diseases such as inflammatory bowel
disease (IBD), psoriasis, periodontal disease, or cancers. Thus,
detailed knowledge about the associated molecular mode of
action on tissues and their various cells is necessary to under-
stand the pathogenesis of these diseases.

6.1. Inflammatory Bowel Disease. IBD, including UC and CD,
is an idiopathic enteritis disease involving the ileum, rectum,
and colon. It is unclear about the etiology and pathogenesis
[83]. As far as we know, an abnormal reaction of the intesti-
nal mucosal immune system results in inflammatory
response of IBD. It is difficult to cure using current treat-
ments, and new therapies are needed. More than one docu-

ment has reported increased expression of LL-37 on the
intestinal mucosa of patients with IBD. Moreover, this high
expression occurs simultaneously in the inflammatory and
uninflamed colonic mucosa of UC patients [95]. Nowadays,
the regulatory mechanism of LL-37 induction was investi-
gated that in human colonic SEMFs, the expression of LL-
37 upregulating was probably induced by TLR-3 stimulation
via poly(I:C) [20, 96]. Then, the increasing complex of LL-37-
bacDNA may further promote more expression of LL-37 in
primary human monocytes by activating the TLR9-ERK1/2
pathway and the differentiation of T cells towards Th1,
Th2, and Th17 to huge scope inflammation [97–99]. Perhaps
precisely because of this, bacteria may make a milieu by
releasing bacDNA to utilize and resist host antimicrobial
peptides as a “trojan horse” in IBD to evade immune elimina-
tion [99]. Moreover, LL-37 levels may be a marker to reflect
intestinal stricture in CD patients, low levels presage a signif-
icant elevated risk of intestinal stricture, and high levels relate
to good prognosis [98, 100].

Although current studies show that LL-37 appears to be
an accomplice of bacterial mucosal inflammation in the etiol-
ogy of IBD, there are still many studies that show that LL-37
is a new direction for the treatment of IBD. In the inflamed
mucosa of IBD, LL-37 still might exert antibacterial and neu-
tralization of LPS activities to defend the intestine from path-
ogen invasion and superabundance inflammation [20]. This
result is consistent with other reports that administration of
cathelicidin and analog is effective in UC and CD models.
mCRAMP (an analog of LL-37) could attenuate dextran sul-
fate sodium- (DSS-) induced colitis in a murine model and
relieved neutrophil infiltration in colitis tissues [101].
Cathelicidin-BF (C-BF), a snake cathelicidin-derived antimi-
crobial peptide, which has antibacterial activity, mitigates
inflammation and ameliorates damaged barrier of DSS-
induced ulcerative colitis in vivo via inhibited phosphory-
lation of NF-κB (p65) [102, 103]. Moreover, a short-term
treatment with 2000 IU/day vitamin D significantly increased
25(OH)D levels in blood which facilitate to elevate the level
of LL-37 to exert immune-modulatory and anti-
inflammatory effects to prolong remission in CD [104].

Recently, cathelicidin gene and/or recombinant protein
therapy for UC and CD seems to be popular. The
mCRAMP-encoding plasmid may reverse increased levels
of cytokines and apoptosis, promote mucus protein expres-
sion and secretion, and prevent ulcerative colitis by regulat-
ing inflammation and mucus secretion in exacerbated
colitis cnlp−/− mice through the intrarectal administration
[105]. Another study oral administration of mCRAMP-
transformed Lactococcus lactis effectively produce mCRAMP
and alleviated the degree of inflammation reflected by the
decrease of the number of apoptotic cells, myeloperoxidase
activity, and malondialdehyde level; then, the clinical symp-
toms were improved, crypt integrity is maintained, and the
mucus content is preserved [106]. Additionally, injection of
cathelicidin-overexpressing lentiviruses induced collagen
expression to efficiently attenuate colitis-associated intestinal
fibrosis through inhibiting transforming growth factor-1
(TGF-1) and IGF-1 [107]. Therefore, cathelicidin might be
useful for patients with IBD via regulating the intestinal
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mucosal immune system. LL-37 seems to be both morbific
and treatable; as mentioned above, the reasons might be the
microenvironmental impact or the difference between
endogenous or exogenous; however, the true face of LL-37
needs further exploration.

6.2. Psoriasis. Psoriasis is a long-lasting autoimmune, chronic
inflammatory skin disease; disturbances in the innate and
adaptive cutaneous immune responses lead to uncontrolled
keratinocyte proliferation and dysfunctional differentiation,
characterized by patches of abnormal skin [108]. Many stud-
ies have shown that psoriasis is associated with abnormal
expression and activity of cathelicidin.

Even though the exact role of LL-37 in the pathogenesis
of psoriasis remains unclear, it was found LL-37 were signif-
icantly increased in psoriatic plaques and LL-37 play an
important role in psoriasis. LL-37 can affect keratinocyte,
activate innate and adaptive cutaneous immune responses,
and maintain the autoinflammatory cascade [109]. It was
indicated that cathelicidin not only induces keratinocyte
migration and proliferation [110] but also stimulates ker-
atinocytes to release different effect cytokines (including
IL-1β, IL-6, IL-18, IL-20, and GM-CSF), chemokines
(i.e., CCL2, CCL5, CCL20, CXCL8, and CXCL10), and anti-
inflammatory cytokine IL-10 via EGFR, G protein, and PLC
signaling pathways [110–112]. In addition, LL-37 enhance
UV-induced IL-1β secretion and inflammasome activation
via acting on the P2X7 receptor on keratinocytes [113].

Both LL-37 or the complex LL-37 and nucleic acid regu-
late immune responses in psoriasis. LL-37 stimulate mDCs to
secrete TNF-α and IL-6, and mDCs are able to activate naïve-
T cells and induce their polarization to Th1/Th17 cells in
psoriasis [53, 79, 114, 115]. Meanwhile, LL-37 isolated from
lesioned psoriatic skin scavenges can form complexes with
human self-nucleic acid from dying cells. The LL-37/self-
DNA complexes are sensed by dermal pDCs via endocytosis
and stimulate IFN-α response via the TLR9/MyD88/IRF7
signaling pathway [116, 117] whereas LL-37/self-RNA
complexes can activate TLR7 to release IFN-α [77]. Then,
large amounts of IFN-α and activated pDCs and mDC
activate downstream self-reactive T cells, which mediate
immune responses and result in psoriatic lesion formation
[76, 117]. Thus, LL-37 converts inert self-nucleic acid into
a potent trigger of interferon production by pDCs in pso-
riatic skin [76].

Interestingly, researcher found that two-thirds of patients
with moderate-to-severe plaque psoriasis harbor CD4+ and/or
CD8+ T cells specific for LL-37 infiltrating lesioned skin, which
produce IFN-γ (Th1 cytokines), and CD4+ T cells also produce
Th17 cytokines (IL-17, IL-21, and IL-22) [23]. The subsequent
silico docking study further predicted the high binding affini-
ties of multiple 9-mer peptides derived from LL-37 to the
HLA-C∗06:02 molecule to propose a mechanism of the inter-
action between this complex and T cells via TCRs LL-37-HLA-
C∗06:02 [118]. Thus, this study provides evidence for a role of
LL-37 in psoriasis.

Besides DCs and T cells, polymorphonuclear leukocytes
(PMNs) are abundant in psoriatic skin and are primary
sources for LL-37. The human and bacterial RNA complexed

with LL-37 not only stimulate PMNs from psoriasis
patients that respond via TLR8 by producing TNF-α, IL-
6, IL-8, and IL-1β, and NET-release; they also can be
released by PMNs. The same complex and complex RNA-
LL-37 were found to be highly abundant in PMNs from
psoriasis patients compared to PMNs from healthy donors
[119, 120]. Moreover, RNA-LL37-induced NETs propa-
gated PMN activation and could thus fuel a PMN-
mediated and self-sustaining inflammatory loop that may
represent an unexpected early initiator or amplifying event
in psoriasis. Therefore, in psoriatic lesions, RNA-LL37-
driven PMN activation may contribute to a vicious cycle
of inflammation and immune cell attraction [121].

6.3. Periodontal Diseases. Periodontal disease refers to the
disease that occurs in periodontal tissue, including gingival
disease with inflammation only involving gingival tissue
and periodontitis involving deep periodontal tissue (peri-
odontal membrane, alveolar bone, and cementum). Peri-
odontal disease is a common oral disease, which is the main
cause of tooth loss in adults. It is a refractory disease, which
cannot be cured for a long time, and is easy to develop into
chronic. The main clinical manifestations are alveolar bone
absorption, periodontal bag formation, gingival bleeding
and inflammation, tooth loosening, and so on. This kind of
lesions is caused by dysregulation of microbiota-host homeo-
stasis of oral cavity which can give rise to inflammation and
bone loss [121].

Salivary glands, oral mucosa, and immune cells in the
oral cavity can express this kind of peptide [122]. Some
studies found that some diseases (like Kostmann syndrome,
periodontal disease-associated bacteria, and chronic peri-
odontitis) in humans are related to the aberrant level of
cathelicidins [123–126]. Patients with Kostmann syndrome
often have low levels of LL-37 in serum and saliva because
of deficiency of neutrophils, with severe alveolar bone loss
or even periodontal ligament infection [124, 125]. About a
third of the aggressive periodontitis patients lack active
cathelicidin in the gingival crevicular fluid [123]. As antimi-
crobial peptides, of course, inhibiting the growth of various
periodontal bacteria (Porphyromonas gingivalis, Fusobacter-
ium nucleatum, Treponema denticola, and Aggregatibacter
actinomycetemcomitans) to keep the microbiota-host
homeostasis is just one function of LL-37 [127, 128]. In oral
cavity and the skin, as we described previously in this
review, the interaction between TLR ligands (as LPS and
flagellin), self-DNA or self-RNA, and LL-37 may be
involved in infection and inflammation [127, 128]. On the
other hand, TLR ligands induce receptor activator of
nuclear factor kappa-B ligand (RANKL) expression in oste-
oblasts and TNF-α production in BMMs. RANKL binds to
RANK expressed in osteoclast precursors and subsequently
induces osteoclast differentiation [129, 130]. Mature osteo-
clasts also express RANK and TLR4 [131] and promote
the bone-resorbing activity of osteoclasts through TRAF6
which is a common downstream molecule [131–133],
while TLR ligands also induce LL-37 expression in several
different host cells including osteoblasts and immune cells.
Thus, LL-37 can inhibit TLR ligands that induced
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inflammation and bone loss through antimicrobe and neu-
tralize LPS and flagellin.

However, beyond that, Kittaka et al. found for the first
time that LL-37 can regulate angiogenesis and the recruit-
ment of stem cells to promote bone regeneration [134]. It is
observed that morphologically fibroblastic cells with STRO-
1+ (a marker of MSCs), at an early stage of tissue regeneration
in a rat suffering from calvarial bone defect treated with
cathelicidins, accumulated in the bone defect area where
endothelial cells were also localized. Recently, Yu et al. fur-
ther proved these findings. It is found that LL-37 promoted
bone marrow stromal cell (BMSC) proliferation, migration,
and osteogenic differentiation within normal and inflamma-
tory microenvironments via P2X7 receptor and MAPK sig-
naling pathway and can inhibit inflammation, markedly
inhibiting osteoclastic bone resorption through P2X7 recep-
tor and MAPK pathway [135].

As we all know, not only limited to the oral cavity, LL-37
plays a very important role in the promotion of bone repair
in the bone-related diseases especially for inflammation-
induced bone loss, osteoporosis, bone fracture, and so on.
Zhang et al. first showed that LL-37 entered monocytes from
blood source through the endocytosis of CXCR2 and pro-
moted its differentiation into novel bone-forming cells
(monosteophils) [55, 56]. Furthermore, Zhang et al. con-
firmed by experiments in vivo that LL-37 can promote bone
repair in an animal model of bone injury by inducing mono-
cytes to human monoosteophils, characterized as CD45+α3+-

α3β+CD34−CD14−BAP (bone alkaline phosphatase)- cells
[57]. At the same time, Supanchart et al. also confirmed that
LL-37 inhibits the in vitro osteoclastogenesis via preventing
nuclear translocation of NFAT2 (the main switch of osteo-
clast differentiation and bone resorption) by inhibiting the
calcineurin activity [136].

At present, the study demonstrates that LL-37 can be a
potential candidate drug for promoting osteogenesis and
for inhibiting bacterial growth and osteoclastogenesis. Liu
et al. proved this peptide significantly promotes MSC differ-
entiation, migration, and proliferation, inhibiting LPS-
induced osteoclast formation and bacterial activity in vitro;
so, LL-37 combined with bone morphogenetic protein 2
(BMP2) can regulate MSCs to promote calvarial repair in
an osteolytic model [137]. And LL-37 had been used as mod-
ification of bone implants to optimize osteointegration abil-
ity. He et al. loaded LL-37 on Ti substrates that benefited
the cell viability, recruitment, and paracrine responses of
MSCs and macrophages in vitro and induced MSC and mac-
rophage recruitments to injury sites, and the inflammatory
response was positively regulated, facilitated bone formation,
and improved osteointegration via the regulation of physio-
logical functions of MSCs and macrophages in vivo [138,
139]. These studies provide a promising strategy in the
design of bone repair-related oral and bone-related diseases.

6.4. Cancer. Last few years, some evidence from cancer biol-
ogy studies indicates that human cathelicidin is involved in
carcinogenesis. As noted above, this peptide expression is
out of control and dysregulated in some cancer types. For
example, LL-37 is upregulated in various ovarian tumor sub-

types, compared with normal ovarian tissues [140]. In these
tumors, LL-37 has been shown to promote tumor progres-
sion through its influence on mesenchymal stromal/stem
cells [37, 94, 141] via some activated pathways, such as
FPR2 [142, 143], IGF-1receptor and ErbB2 [144, 145], and
CXCR4 [146]. At the same time, LL-37 also promotes tumor
formation by affecting immune-active cells. The interaction
of LL-37 with TAM is mentioned above. Overexpressed
LL-37 in tumors promotes the differentiation of macro-
phages to M2, which in turn promotes tumorigenesis. Fur-
thermore, the human cathelicidin is significantly expressed
by TAMs present, which promote the proliferation of
colorectal cancer cells. Thus, LL-37 as a tumor microenvi-
ronment factor plays a critical role in tumorigenesis. Sim-
ilarly, LL-37 augments the promoting tumorigenesis
properties of MSCs by recruiting them to ovarian tumors
and enhancing their proliferation and migration, facilitat-
ing tumor progression through secreting proangiogenic
factors and some cytokines resulted in a significant num-
ber of vascular channels and immunosuppressive.

The antitumor activity of LL-37 may be linked to its role
to mediated apoptosis and as an immunomodulatory agent.
In colon cancer, studies indicated that LL-37 suppressed
tumor development through different pathways. Ren et al.
suggested that LL-37 inhibited colon cancer by the activation
of a GPCR-p53-Bax/Bak/Bcl-2 signaling cascade that triggers
AIF/EndoG-mediated apoptosis, rather than caspase-
dependent apoptosis [147]. Cheng et al. found that LL-37
inhibited colon cancer development through indirect
pathways, which include interference with epithelial-
mesenchymal transition of colon cancer cells and suppres-
sion of fibroblast-supported colon cancer cell proliferation
[148]. As an immunomodulatory agent of LL-37, studies also
have shown that this peptide enhanced the sensing of CpG
oligodeoxynucleotides by immunocompetent cells (B cells,
pDCs, and NK cells), and these CpG oligodeoxynucleotides
enhance the antitumor activity through affecting TLR9
[140] and induce IFN-γ expression, proliferation, and activa-
tion of NK cells in treated tumors [81]. Furthermore, LL-37
induced an activation and expansion of OVA-antigen-
specific CD8+ T cells in draining lymph nodes and the tumor
microenvironment [149]. This process was associated with
delay in tumor growth, while preclinical studies have also
demonstrated that intratumoral injections of LL-37 stimulate
the innate immune system by the activation of pDCs [150].
These cells can induct and maintain antitumor immune
responses and mediate tumor destruction [151]. These find-
ings suggest that LL-37 could induce antitumor immunity
and provide a promising strategy for immunotherapy.

7. Conclusions

Recent work has conclusively demonstrated that human
cathelicidin LL-37 represents a chemical defense as an essen-
tial component of innate immunity that eliminates invading
pathogens and restores homeostasis. In addition to its anti-
microbial activities, accumulated evidence reveals pleiotropic
functions of LL-37 that influence immune responses (see
Figure 1). The immunomodulatory function of LL-37 has
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its two sides. On the one hand, LL-37 can chemotactically
activate cells to the infected or abnormal parts of the body
and can synergize with other active substances to promote
the differentiation of immunocompetent cells into proin-
flammatory cells that promote immune responses; for exam-
ple, monocyte can be further differentiated into macrophages
or DCs; macrophages can differentiate into M1-type cells,
and DCs can further mature to present more antigen; T cells
can differentiate into Th1, Th17 type cells, etc.; LL-37 can
stimulate immunocompetent cells to secrete proinflamma-
tory cytokines, chemokines, costimulatory factors, cellular
receptors, etc., promote immune response, exert its anti-
infective and antitumor effects, bridge innate immunity and
adaptive immunity, and promote the responses of Th by
DCs to start up the secondary immune system. On the other
hand, LL-37 also has the ability to inhibit inflammation and
promote carcinogenesis. This peptide can augment the

release of anti-inflammatory cytokines, neutralize bacterial
LPS, inhibit the release of proinflammatory factors, limit
the expansion of inflammation, maintain the body’s immune
balance, and at the same time, recruit MSCs into tumors to
enhance the immunosuppressive effect; in the tumor envi-
ronment, LL-37 facilitate macrophage differentiation to
anti-inflammatory M2-type cells, along with MSCs exerting
carcinogenesis.

Under normal circumstances, LL-37 can help the body
maintain homeostasis, but once this steady state is broken,
LL-37 can become a disease-causing factor (see Figure 2).
In IBD, psoriasis LL-37 is overexpressed. In the case, LL-37
promotes the progression of inflammation, destroying the
body’s homeostasis and causing autoimmune disease. In
tumors, overexpressed LL-37 can affect MSCs and macro-
phage to promote tumor cell growth and promote tumori-
genesis. Due to the ubiquitous expression in different
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anatomical sites, the production of LL-37 appears to be regu-
lated in a tissue- or even cell-specific manner. The insuffi-
cient expression of LL-37 may increase susceptibility to
infections and inflammation, such as periodontal diseases;
the patients with severe alveolar bone loss or even periodon-
tal ligament infection always accompany with low levels of
LL-37 in serum and saliva. Further advances in understand-
ing the biological activity of LL-37 will create an attractive
target for therapeutic intervention in infectious and inflam-
matory diseases.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (grant number 81802055) and the Nat-
ural Science Foundation of Shandong Province of China
(grant numbers ZR2016HB70 and ZR2018ZC1054).

References

[1] D. Vandamme, B. Landuyt, W. Luyten, and L. Schoofs, “A
comprehensive summary of LL-37, the factotum human
cathelicidin peptide,” Cellular Immunology, vol. 280, no. 1,
pp. 22–35, 2012.

[2] J. W. Larrick, M. Hirata, R. F. Balint, J. Lee, J. Zhong, and S. C.
Wright, “Human CAP18: a novel antimicrobial
lipopolysaccharide-binding protein,” Infection and immu-
nity, vol. 63, no. 4, pp. 1291–1297, 1995.

[3] E.-T. Verjans, S. Zels, W. Luyten, B. Landuyt, and L. Schoofs,
“Molecular mechanisms of LL-37-induced receptor activa-
tion: an overview,” Peptides, vol. 85, pp. 16–26, 2016.

[4] O. E. Sørensen, P. Follin, A. H. Johnsen et al., “Human cathe-
licidin, hCAP-18, is processed to the antimicrobial peptide
LL-37 by extracellular cleavage with proteinase 3,” Blood,
vol. 97, no. 12, pp. 3951–3959, 2001.

[5] J. Johansson, G. H. Gudmundsson, M..́ E. Rottenberg, K. D.
Berndt, and B. Agerberth, “Conformation-dependent anti-
bacterial activity of the naturally occurring human peptide
LL-37,” Journal of Biological Chemistry, vol. 273, no. 6,
pp. 3718–3724, 1998.

[6] Z. Oren, J. C. Lerman, G. H. Gudmundsson,
B. Agerberth, and Y. Shai, “Structure and organization
of the human antimicrobial peptide LL-37 in phospho-
lipid membranes: relevance to the molecular basis for its
non-cell-selective activity,” Biochemical Journal, vol. 341,
no. 3, p. 501, 1999.

[7] G. Wang, “Structures of human host defense cathelicidin LL-
37 and its smallest antimicrobial peptide KR-12 in lipid
micelles,” Journal of Biological Chemistry, vol. 283, no. 47,
pp. 32637–32643, 2008.

[8] G. Wang, “Human antimicrobial peptides and proteins,”
Pharmaceuticals, vol. 7, no. 5, pp. 545–594, 2014.

[9] D. Xhindoli, S. Pacor, F. Guida, N. Antcheva, and A. Tossi,
“Native oligomerization determines the mode of action and
biological activities of human cathelicidin LL-37,” Biochemi-
cal Journal, vol. 457, no. 2, pp. 263–275, 2014.

[10] K. Bandurska, A. Berdowska, R. Barczyńska-Felusiak, and
P. Krupa, “Unique features of human cathelicidin LL-37,”
BioFactors, vol. 41, no. 5, pp. 289–300, 2015.

[11] B. Agerberth, H. Gunne, J. Odeberg, P. Kogner, H. G. Boman,
and G. H. Gudmundsson, “FALL-39, a putative human pep-
tide antibiotic, is cysteine-free and expressed in bone marrow
and testis,” Proceedings of the National Academy of Sciences,
vol. 92, no. 1, pp. 195–199, 1995.

[12] J. Devaney, S. Horie, C. Masterson et al., “Human mesenchy-
mal stromal cells decrease the severity of acute lung injury
induced by E. coli in the rat,” Thorax, vol. 70, no. 7,
pp. 625–635, 2015.

Lower expression in oral cavity of patients

Periodontal diseases

Anti-inflammation
Inhibit TLR ligand-induced inflammation and bone
loss through antimicrobe and neutralize LPS and
flagellin 
Regulate physiological functions of MSCs and
macrophages for therapy 

Inflammatory bowel disease
Overexpression on the intestinal mucosa of patients 

Proinflammation
Promote differentiation of T cells towards inflammation
A marker to reflect prognosis

Anti-inflammation
Exert antibacterial and neutralization of LPS exert
immunomodulatory for therapy

Cancer

Expression is out of control and dysregulated
Promote tumorigenesis

Affecting immune-active cells(i)
(ii)

(iii)

(iv)

(i)

(ii)

Promote the differentiation of macrophages to M2 in
tumors 
Recruite MSCs to tumors and enhance their proliferation
and migration
Secreting mediator form vascular channels and to suppress
immunity

Inhibit tumorigenesis
Involved in mediated apoptosis and as an
immunomodulatory agent
Enhanced the sensing of CpG oligodeoxynucleotides by
immunocompetent cells that enhance the antitumor activity

Psoriasis

Significantly increased in psoriatic plaques of patients
Proinflammation

Induce keratinocyte migration and proliferation and
release mediator of inflammation to maintain the auto-
inflammatory cascade
Converts inert self-nucleic acid into a potent trigger of
interferon in psoriatic skin
RNA-LL37-driven PMN activation may contribute to 
vicious cycle of inflammation and immune cell attractiona

(i)
(ii)

(i)

(i)

(ii)

(iii)

Figure 2: The roles of LL-37 in the diseases.

11BioMed Research International



[13] Y. Zhu, L. Xu, J. J. P. Collins et al., “Human umbilical cord
mesenchymal stromal cells improve survival and bacterial
clearance in neonatal sepsis in rats,” Stem Cells and Develop-
ment, vol. 26, no. 14, pp. 1054–1064, 2017.

[14] M. H. Braff, A. Di Nardo, and R. L. Gallo, “Keratinocytes
store the antimicrobial peptide cathelicidin in lamellar bod-
ies,” Journal of Investigative Dermatology, vol. 124, no. 2,
pp. 394–400, 2005.

[15] K. Chakraborty, P. C. Maity, A. K. Sil, Y. Takeda, and S. Das,
“cAMP stringently regulates human cathelicidin antimicro-
bial peptide expression in the mucosal epithelial cells by acti-
vating cAMP-response element-binding protein, AP-1, and
inducible cAMP early repressor,” Journal of Biological Chem-
istry, vol. 284, no. 33, pp. 21810–21827, 2009.

[16] A. S. Büchau, S. Morizane, J. Trowbridge et al., “The host
defense peptide cathelicidin is required for NK cell-
mediated suppression of tumor growth,” The Journal of
Immunology, vol. 184, no. 1, pp. 369–378, 2010.

[17] M. B. Lowry, C. Guo, N. Borregaard, and A. F. Gombart,
“Regulation of the human cathelicidin antimicrobial peptide
gene by 1α,25-dihydroxyvitamin D3 in primary immune
cells,” The Journal of Steroid Biochemistry and Molecular
Biology, vol. 143, pp. 183–191, 2014.

[18] E. R. Cobo, V. Kissoon-Singh, F. Moreau, R. Holani, and
K. Chadee, “MUC2 Mucin and Butyrate Contribute to the
Synthesis of the Antimicrobial Peptide Cathelicidin in
Response to Entamoeba histolytica- and Dextran Sodium
Sulfate-Induced Colitis,” Infection and Immunity, vol. 85,
no. 3, 2017.

[19] P. Lüthje, S. Walker, W. Kamolvit, S. Mohanty, K. Pütsep,
and A. Brauner, “Statins influence epithelial expression of
the anti-microbial peptide LL-37/hCAP-18 independently
of the mevalonate pathway,” Clinical & Experimental Immu-
nology, vol. 195, no. 2, pp. 265–276, 2019.

[20] S. Kusaka, A. Nishida, K. Takahashi et al., “Expression of
human cathelicidin peptide LL-37 in inflammatory bowel
disease,” Clinical & Experimental Immunology, vol. 191,
no. 1, pp. 96–106, 2018.

[21] A. Fabisiak, N. Murawska, and J. Fichna, “LL-37:
cathelicidin-related antimicrobial peptide with pleiotropic
activity,” Pharmacological Reports, vol. 68, no. 4, pp. 802–
808, 2016.

[22] Y. Yuan, J. Qiu, Z. T. Lin et al., “Identification of novel auto-
antibodies associated with psoriatic arthritis,” Arthritis &
Rheumatology, vol. 71, no. 6, pp. 941–951, 2019.

[23] R. Lande, E. Botti, C. Jandus et al., “The antimicrobial peptide
LL37 is a T-cell autoantigen in psoriasis,” Nature Communi-
cations, vol. 5, p. 5621, 2014.

[24] J. Fuentes-Duculan, K. M. Bonifacio, J. E. Hawkes et al.,
“Autoantigens ADAMTSL5 and LL37 are significantly upreg-
ulated in active psoriasis and localized with keratinocytes,
dendritic cells and other leukocytes,” Experimental Dermatol-
ogy, vol. 26, no. 11, pp. 1075–1082, 2017.

[25] O. Türkoğlu, G. Emingil, N. Kütükçüler, and G. Atilla, “Gin-
gival crevicular fluid levels of cathelicidin LL-37 and
interleukin-18 in patients with chronic periodontitis,” Jour-
nal of Periodontology, vol. 80, no. 6, pp. 969–976, 2009.

[26] B. Rivas-Santiago, R. Hernandez-Pando, C. Carranza et al.,
“Expression of cathelicidin LL-37 during mycobacterium
tuberculosis infection in human alveolar macrophages,
monocytes, neutrophils, and epithelial cells,” Infection and
Immunity, vol. 76, no. 3, pp. 935–941, 2008.

[27] S. Gupta, K. Winglee, R. Gallo, and W. R. Bishai, “Bacterial
subversion of cAMP signalling inhibits cathelicidin expres-
sion, which is required for innate resistance to Mycobacte-
rium tuberculosis,” The Journal of Pathology, vol. 242, no. 1,
pp. 52–61, 2017.

[28] E. Piktel, K. Niemirowicz, U. Wnorowska et al., “The role of
cathelicidin LL-37 in cancer development,” Archivum Immu-
nologiae et Therapiae Experimentalis, vol. 64, no. 1, pp. 33–
46, 2016.

[29] M. G. Scott, D. J. Davidson, M. R. Gold, D. Bowdish, and R. E.
W. Hancock, “The human antimicrobial peptide LL-37 is a
multifunctional modulator of innate immune responses,”
The Journal of Immunology, vol. 169, no. 7, pp. 3883–3891,
2002.

[30] T. Into, M. Inomata, K. Shibata, and Y. Murakami, “Effect of
the antimicrobial peptide LL-37 on Toll-like receptors 2-, 3-
and 4-triggered expression of IL-6, IL-8 and CXCL10 in
human gingival fibroblasts,” Cellular Immunology, vol. 264,
no. 1, pp. 104–109, 2010.

[31] S. Zuyderduyn, D. Ninaber, P. Hiemstra, and K. Rabe, “The
antimicrobial peptide LL-37 enhances IL-8 release by human
airway smooth muscle cells,” Journal of Allergy and Clinical
Immunology, vol. 117, no. 6, pp. 1328–1335, 2006.

[32] A. Nijnik, J. Pistolic, P. Cho et al., “The role of the Src family
kinase Lyn in the immunomodulatory activities of cathelici-
din peptide LL-37 on monocytic cells,” Journal of Leukocyte
Biology, vol. 91, no. 4, pp. 599–607, 2012.

[33] M. Murakami, T. Kaneko, T. Nakatsuji et al., “Vesicular LL-
37 contributes to inflammation of the lesional skin of palmo-
plantar pustulosis,” PLoS ONE, vol. 9, no. 10, 2014.

[34] E. Bąbolewska and E. Brzezińska-Błaszczyk, “Human-derived
cathelicidin LL-37 directly activates mast cells to proinflam-
matory mediator synthesis and migratory response,” Cellular
Immunology, vol. 293, no. 2, pp. 67–73, 2015.

[35] M. A. Boink, S. Roffel, K. Nazmi, J. G. M. Bolscher, E. C. I.
Veerman, and S. Gibbs, “Saliva-derived host defense peptides
histatin1 and LL-37 increase secretion of antimicrobial skin
and oral mucosa chemokine CCL20 in an IL-1α-independent
manner,” Journal of Immunology Research, vol. 2017, 11
pages, 2017.

[36] A. B. Betancourt, LL-37 recruits immunosuppressive regula-
tory T cells to ovarian tumors, Tulane Univ New Orleans
La, 2009.

[37] S. B. Coffelt, F. C. Marini, K. Watson et al., “The pro-
inflammatory peptide LL-37 promotes ovarian tumor pro-
gression through recruitment of multipotent mesenchymal
stromal cells,” Proceedings of the National Academy of Sci-
ences, vol. 106, no. 10, pp. 3806–3811, 2009.

[38] S. D. Kobayashi, N. Malachowa, and F. R. DeLeo, “Neutro-
phils and bacterial immune evasion,” Journal of Innate
Immunity, vol. 10, no. 5-6, pp. 432–441, 2018.

[39] J. Park, R. W. Wysocki, Z. Amoozgar et al., “Cancer cells
induce metastasis-supporting neutrophil extracellular DNA
traps,” Science Translational Medicine, vol. 8, no. 361,
p. 361ra138, 2016.

[40] J. Wang, M. Hossain, A. Thanabalasuriar, M. Gunzer,
C. Meininger, and P. Kubes, “Visualizing the function and
fate of neutrophils in sterile injury and repair,” Science,
vol. 358, no. 6359, pp. 111–116, 2017.

[41] T. Hensley-McBain, M. C. Wu, J. A. Manuzak et al.,
“Increased mucosal neutrophil survival is associated with

12 BioMed Research International



altered microbiota in HIV infection,” PLOS Pathogens,
vol. 15, no. 4, 2019.

[42] G. S. Tjabringa, D. K. Ninaber, J. W. Drijfhout, K. F. Rabe,
and P. S. Hiemstra, “Human cathelicidin LL-37 is a chemoat-
tractant for eosinophils and neutrophils that acts via formyl-
peptide receptors,” International Archives of Allergy and
Immunology, vol. 140, no. 2, pp. 103–112, 2006.

[43] D. Yang, Q. Chen, A. P. Schmidt et al., “LL-37, the neutrophil
granule- and epithelial cell-derived cathelicidin, utilizes for-
myl peptide receptor-like 1 (FPRL1) as a receptor to che-
moattract human peripheral blood neutrophils, monocytes,
and T cells,” Journal of Experimental Medicine, vol. 192,
no. 7, pp. 1069–1074, 2000.

[44] H. Y. Lee, S. D. Kim, J. W. Shim, S. Y. Lee, J. Yun, and Y.-
S. Bae, “LL-37 inhibits serum amyloid A-induced IL-8 pro-
duction in human neutrophils,” Experimental and Molecular
Medicine, vol. 41, no. 5, pp. 325–333, 2009.

[45] X. Qin, G. Zhu, L. Huang, W. Zhang, Y. Huang, and X. Xi,
“LL‐37 and its analog FF/CAP18 attenuate neutrophil migra-
tion in sepsis‐induced acute lung injury,” Journal of Cellular
Biochemistry, 2018.

[46] Z. Zhang, G. Cherryholmes, F. Chang, D. M. Rose,
I. Schraufstatter, and J. E. Shively, “Evidence that cathelicidin
peptide LL-37 may act as a functional ligand for CXCR2 on
human neutrophils,” European Journal of Immunology,
vol. 39, no. 11, pp. 3181–3194, 2009.

[47] Z. Zhang, G. Cherryholmes, and J. E. Shively, “Neutrophil
secondary necrosis is induced by LL-37 derived from catheli-
cidin,” Journal of Leukocyte Biology, vol. 84, no. 3, pp. 780–
788, 2008.

[48] Y. Zheng, F. Niyonsaba, H. Ushio et al., “Cathelicidin LL-37
induces the generation of reactive oxygen species and release
of human alpha-defensins from neutrophils,” The British
Journal of Dermatology, vol. 157, no. 6, pp. 1124–1131, 2007.

[49] I. Nagaoka, H. Tamura, and M. Hirata, “An Antimicrobial
Cathelicidin Peptide, Human CAP18/LL-37, Suppresses
Neutrophil Apoptosis via the Activation of Formyl-Peptide
Receptor-Like 1 and P2X7,” The Journal of Immunology,
vol. 176, no. 5, pp. 3044–3052, 2006.

[50] I. Nagaoka, K. Suzuki, F. Niyonsaba, H. Tamura, and
M. Hirata, “Modulation of neutrophil apoptosis by antimi-
crobial peptides,” ISRN Microbiology, vol. 2012, 345791
pages, 2012.

[51] Y. Cao, F. Chen, Y. Sun et al., “LL‐37 promotes neutrophil
extracellular trap formation in chronic rhinosinusitis with
nasal polyps,” Clinical & Experimental Allergy, vol. 49,
no. 7, pp. 990–999, 2019.

[52] M. Ribon, S. Seninet, J. Mussard et al., “Neutrophil extracel-
lular traps exert both pro- and anti-inflammatory actions in
rheumatoid arthritis that are modulated by C1q and LL-
37,” Journal of Autoimmunity, vol. 98, pp. 122–131, 2019.

[53] D. J. Davidson, A. J. Currie, G. S. D. Reid et al., “The cationic
antimicrobial peptide LL-37 modulates dendritic cell differ-
entiation and dendritic cell-induced T cell polarization,”
The Journal of Immunology, vol. 172, no. 2, pp. 1146–1156,
2004.

[54] L. Qian, W. Chen, W. Sun et al., “Antimicrobial peptide LL-
37 along with peptidoglycan drive monocyte polarization
toward CD14(high)CD16(+) subset and may play a crucial
role in the pathogenesis of psoriasis guttata,” American Jour-
nal of Translational Research, vol. 7, no. 6, pp. 1081–1094,
2015.

[55] Z. Zhang, K. Le, D. La Placa, B. Armstrong, M. M. Miller, and
J. E. Shively, “CXCR2 specific endocytosis of immunomodu-
latory peptide LL-37 in human monocytes and formation of
LL-37 positive large vesicles in differentiated monoosteo-
phils,” Bone Reports, vol. 12, p. 100237, 2020.

[56] Z. Zhang and J. E. Shively, “Generation of novel bone form-
ing cells (monoosteophils) from the cathelicidin-derived pep-
tide LL-37 treated monocytes,” PLoS ONE, vol. 5, no. 11,
pp. e13985–e13985, 2010.

[57] Z. Zhang and J. E. Shively, “Acceleration of bone repair in
NOD/SCID mice by human monoosteophils, novel LL-37-
activated monocytes,” PLoS One, vol. 8, no. 7, pp. e67649–
e67649, 2013.

[58] N. Mookherjee, P. Hamill, J. Gardy et al., “Systems biology
evaluation of immune responses induced by human host
defence peptide LL-37 in mononuclear cells,” Molecular Bio-
Systems, vol. 5, no. 5, pp. 483–496, 2009.

[59] D. M. E. Bowdish, D. J. Davidson, D. P. Speert, and R. E. W.
Hancock, “The human cationic peptide LL-37 induces activa-
tion of the extracellular signal-regulated kinase and p38
kinase pathways in primary human monocytes,” The Journal
of Immunology, vol. 172, no. 6, pp. 3758–3765, 2004.

[60] A. Nijnik, J. Pistolic, A.Wyatt, S. Tam, and R. E. W. Hancock,
“Human cathelicidin peptide LL-37 modulates the effects of
IFN-γ on APCs,” The Journal of Immunology, vol. 183,
no. 9, pp. 5788–5798, 2009.

[61] K.-Y. G. Choi, S. Napper, and N.Mookherjee, “Human cathe-
licidin LL-37 and its derivative IG-19 regulate interleukin-32-
induced inflammation,” Immunology, vol. 143, no. 1, pp. 68–
80, 2014.

[62] S. M. Zughaier, W. M. Shafer, and D. S. Stephens, “Antimi-
crobial peptides and endotoxin inhibit cytokine and nitric
oxide release but amplify respiratory burst response in
human and murine macrophages,” Cellular Microbiology,
vol. 7, no. 9, pp. 1251–1262, 2005.

[63] Y. Ruan, T. Shen, Y. Wang, M. Hou, J. Li, and T. Sun,
“Antimicrobial peptide LL-37 attenuates LTA induced
inflammatory effect in macrophages,” International Immu-
nopharmacology, vol. 15, no. 3, pp. 575–580, 2013.

[64] K. L. Brown, G. F. T. Poon, D. Birkenhead et al., “Host
defense peptide LL-37 selectively reduces proinflammatory
macrophage responses,” The Journal of Immunology,
vol. 186, no. 9, pp. 5497–5505, 2011.

[65] J.-K. Kim, E. Lee, S. Shin et al., “Structure and function of
papiliocin with antimicrobial and anti-inflammatory activi-
ties isolated from the swallowtail butterfly, Papilio xuthus,”
Journal of Biological Chemistry, vol. 286, no. 48, pp. 41296–
41311, 2011.

[66] F. P. da Silva, R. L. Gallo, and V. Nizet, “Differing effects of
exogenous or endogenous cathelicidin on macrophage toll-
like receptor signaling,” Immunology & Cell Biology, vol. 87,
no. 6, pp. 496–500, 2009.

[67] Z. Hu, T. Murakami, K. Suzuki et al., “Antimicrobial
cathelicidin peptide LL-37 inhibits the pyroptosis of mac-
rophages and improves the survival of polybacterial septic
mice,” International Immunology, vol. 28, no. 5, pp. 245–
253, 2016.

[68] Z. Hu, T. Murakami, K. Suzuki et al., “Antimicrobial catheli-
cidin peptide LL-37 inhibits the LPS/ATP-induced pyropto-
sis of macrophages by dual mechanism,” PLoS One, vol. 9,
no. 1, 2014.

13BioMed Research International



[69] F. Torres-Juarez, A. Cardenas-Vargas, A. Montoya-Rosales
et al., “LL-37 immunomodulatory activity duringMycobacte-
rium tuberculosis infection in macrophages,” Infection and
Immunity, vol. 83, no. 12, pp. 4495–4503, 2015.

[70] H.-R. Cha, J. H. Lee, J. A. Hensel et al., “Prostate cancer-
derived cathelicidin-related antimicrobial peptide facilitates
macrophage differentiation and polarization of immature
myeloid progenitors to protumorigenic macrophages,” The
Prostate, vol. 76, no. 7, pp. 624–636, 2016.

[71] B. Sainz, S. Alcala, E. Garcia et al., “Microenvironmental
hCAP-18/LL-37 promotes pancreatic ductal adenocarcinoma
by activating its cancer stem cell compartment,” Gut, vol. 64,
no. 12, pp. 1921–1935, 2015.

[72] X. H. Pan, W. W. Quan, J. L. Wu, W. D. Xiao, Z. J. Sun, and
D. Li, “Antimicrobial peptide LL-37 in macrophages pro-
motes colorectal cancer growth,” Zhonghua Zhong Liu Za
Zhi, vol. 40, no. 6, pp. 412–417, 2018.

[73] K. Kandler, R. Shaykhiev, P. Kleemann et al., “The anti-
microbial peptide LL-37 inhibits the activation of dendritic
cells by TLR ligands,” International Immunology, vol. 18,
no. 12, pp. 1729–1736, 2006.

[74] L. Bandholtz, G. J. Ekman, M. Vilhelmsson et al., “Antimicro-
bial peptide LL-37 internalized by immature human dendritic
cells alters their phenotype,” Scandinavian Journal of Immu-
nology, vol. 63, no. 6, pp. 410–419, 2006.

[75] P. Hurtado and C. Au Peh, “LL-37 promotes rapid sensing of
CpG oligodeoxynucleotides by B lymphocytes and plasmacy-
toid dendritic cells,” The Journal of Immunology, vol. 184,
no. 3, pp. 1425–1435, 2010.

[76] R. Lande, J. Gregorio, V. Facchinetti et al., “Plasmacytoid
dendritic cells sense self-DNA coupled with antimicrobial
peptide,” Nature, vol. 449, no. 7162, pp. 564–569, 2007.

[77] D. Ganguly, G. Chamilos, R. Lande et al., “Self-RNA-antimi-
crobial peptide complexes activate human dendritic cells
through TLR7 and TLR8,” Journal of Experimental Medicine,
vol. 206, no. 9, pp. 1983–1994, 2009.

[78] S. Sakaguchi, M. Miyara, C. M. Costantino, and D. A. Hafler,
“FOXP3+ regulatory T cells in the human immune system,”
Nature Reviews Immunology, vol. 10, no. 7, pp. 490–500,
2010.

[79] S.-H. Kim, I.-Y. Yang, J. Kim, K.-Y. Lee, and Y.-S. Jang, “Anti-
microbial peptide LL-37 promotes antigen-specific immune
responses in mice by enhancing Th17-skewed mucosal and
systemic immunities,” European Journal of Immunology,
vol. 45, no. 5, pp. 1402–1413, 2015.

[80] D. S. Alexandre-Ramos, A. É. Silva-Carvalho, M. G. Lacerda
et al., “LL-37 treatment on human peripheral blood mononu-
clear cells modulates immune response and promotes regula-
tory T-cells generation,” Biomedicine & Pharmacotherapy,
vol. 108, pp. 1584–1590, 2018.

[81] C.-M. Chuang, A. Monie, A. Wu, C.-P. Mao, and C.-
F. Hung, “Treatment with LL-37 peptide enhances antitu-
mor effects induced by CpG oligodeoxynucleotides against
ovarian cancer,” Human Gene Therapy, vol. 20, no. 4,
pp. 303–313, 2009.

[82] K. N. Rao and M. A. Brown, “Mast cells: multifaceted
immune cells with diverse roles in health and disease,”
Annals of the New York Academy of Sciences, vol. 1143,
pp. 83–104, 2008.

[83] T. C. Theoharides, K.-D. Alysandratos, A. Angelidou et al.,
“Mast cells and inflammation,” Biochimica et Biophysica Acta

(BBA) -Molecular Basis of Disease, vol. 1822, no. 1, pp. 21–33,
2012.

[84] J. Agier, M. Efenberger, and E. Brzezińska-Błaszczyk, “Cathe-
licidin impact on inflammatory cells,” Central European Jour-
nal of Immunology, vol. 2, no. 2, pp. 225–235, 2015.

[85] F. Niyonsaba, A. Someya, M. Hirata, H. Ogawa, and
I. Nagaoka, “Evaluation of the effects of peptide antibiotics
human β-defensins-1/-2 and LL-37 on histamine release
and prostaglandin D2 production frommast cells,” European
Journal of Immunology, vol. 31, no. 4, pp. 1066–1075, 2001.

[86] F. Niyonsaba, H. Ushio, M. Hara et al., “Antimicrobial pep-
tides human β-defensins and cathelicidin LL-37 induce the
secretion of a pruritogenic cytokine IL-31 by human mast
cells,” The Journal of Immunology, vol. 184, no. 7, pp. 3526–
3534, 2010.

[87] M. Yoshioka, N. Fukuishi, Y. Kubo et al., “Human cathelici-
din CAP18/LL-37 changes mast cell function toward innate
immunity,” Biological and Pharmaceutical Bulletin, vol. 31,
no. 2, pp. 212–216, 2008.

[88] Y. Yu, Y. Zhang, Y. Zhang et al., “LL-37-induced humanmast
cell activation through G protein-coupled receptor MrgX2,”
International Immunopharmacology, vol. 49, pp. 6–12, 2017.

[89] T. Murakami, K. Suzuki, F. Niyonsaba et al., “MrgX2-medi-
ated internalization of LL-37 and degranulation of human
LAD2 mast cells,” Molecular Medicine Reports, vol. 18,
no. 6, pp. 4951–4959, 2018.

[90] S. Dahl, E. Anders, O. Gidlöf, D. Svensson, and B.-O. Nilsson,
“The host defense peptide LL-37 triggers release of nucleic
acids from human mast cells,” Peptides, vol. 109, pp. 39–45,
2018.

[91] P.-M. Chen, M.-L. Yen, K.-J. Liu, H.-K. Sytwu, and B. L. Yen,
“Immunomodulatory properties of human adult and fetal
multipotent mesenchymal stem cells,” Journal of Biomedical
Science, vol. 18, pp. 49–49, 2011.

[92] C. Touboul, F. Vidal, J. Pasquier, R. Lis, and A. Rafii, “Role of
mesenchymal cells in the natural history of ovarian cancer: a
review,” Journal of Translational Medicine, vol. 12, no. 1,
p. 271, 2014.

[93] Y. Yang, H. Choi, M. Seon, D. Cho, and S. I. Bang, “LL-37
stimulates the functions of adipose-derived stromal/stem
cells via early growth response 1 and the MAPK pathway,”
Stem Cell Research & Therapy, vol. 7, no. 1, pp. 58–58, 2016.

[94] M. Oliveira-Bravo, B. B. Sangiorgi, J. L. d. S. Schiavinato et al.,
“LL-37 boosts immunosuppressive function of placenta-
derived mesenchymal stromal cells,” Stem Cell Research &
Therapy, vol. 7, no. 1, pp. 189–189, 2016.

[95] J. Schauber, D. Rieger, F. Weiler et al., “Heterogeneous
expression of human cathelicidin hCAP18/LL-37 in inflam-
matory bowel diseases,” European Journal of Gastroenterol-
ogy & Hepatology, vol. 18, no. 6, pp. 615–621, 2006.

[96] A. Nishida, M. Ohno, K. Nishino, S. Sakai, H. Imaeda, and
A. Andoh, “Poly(I:C) regulates the intestinal barrier function
by the induction of antimicrobial peptide, LL-37 from human
colonic myofibroblats,” Gastroenterology, vol. 152, no. 5,
p. S739, 2017.

[97] L. Sun, W. Wang, W. Xiao, and H. Yang, “The roles of cathe-
licidin LL-37 in inflammatory bowel disease,” Inflammatory
Bowel Diseases, vol. 22, no. 8, pp. 1986–1991, 2016.

[98] D. H.-N. Tran, C. Ha, W. Ho et al., “Mo1317 circulating LL-
37 levels accurately indicate IBD disease activity and presence
of strictures,” Gastroenterology, vol. 150, no. 4, p. S696, 2016.

14 BioMed Research International



[99] Z. Duan, Y. Fang, Y. Sun et al., “Antimicrobial peptide LL-37
forms complex with bacterial DNA to facilitate blood translo-
cation of bacterial DNA and aggravate ulcerative colitis,” Sci-
ence Bulletin, vol. 63, no. 20, pp. 1364–1375, 2018.

[100] D. H.-N. Tran, J. Wang, C. Ha et al., “Circulating cathelicidin
levels correlate with mucosal disease activity in ulcerative
colitis, risk of intestinal stricture in Crohn's disease, and clin-
ical prognosis in inflammatory bowel disease,” BMC Gastro-
enterology, vol. 17, no. 1, 2017.

[101] E. K. K. Tai, W. K. K. Wu, H. P. S. Wong, E. K. Y. Lam, L. Yu,
and C. H. Cho, “A new role for cathelicidin in ulcerative coli-
tis in mice,” Experimental Biology and Medicine, vol. 232,
no. 6, pp. 799–808, 2007.

[102] Y. Wang, Z. Zhang, L. Chen et al., “Cathelicidin-BF, a snake
cathelicidin-derived antimicrobial peptide, could be an excel-
lent therapeutic agent for acne vulgaris,” PLoS ONE, vol. 6,
no. 7, 2011.

[103] H. Zhang, X. Xia, F. Han et al., “Cathelicidin-BF, a novel anti-
microbial peptide from Bungarus fasciatus, attenuates disease
in a dextran sulfate sodiummodel of colitis,”Molecular Phar-
maceutics, vol. 12, no. 5, pp. 1648–1661, 2015.

[104] T. Raftery, A. R. Martineau, C. L. Greiller et al., “Effects of
vitamin D supplementation on intestinal permeability, cathe-
licidin and disease markers in Crohn’s disease: results from a
randomised double-blind placebo-controlled study,” United
European Gastroenterology Journal, vol. 3, no. 3, pp. 294–
302, 2015.

[105] E. K. K. Tai, W. K. K. Wu, X. J. Wang et al., “Intrarectal
administration of mCRAMP-encoding plasmid reverses
exacerbated colitis in _Cnlp_ −/− mice,” Gene Therapy,
vol. 20, no. 2, pp. 187–193, 2013.

[106] C. C. M. Wong, L. Zhang, Z. J. Li et al., “Protective effects of
cathelicidin-encoding Lactococcus lactis in murine ulcerative
colitis,” Journal of Gastroenterology and Hepatology, vol. 27,
no. 7, pp. 1205–1212, 2012.

[107] J. H. Yoo, S. Ho, D. H.-Y. Tran et al., “Antifibrogenic Effects
of the Antimicrobial Peptide Cathelicidin in Murine Colitis-
Associated Fibrosis,” Cellular and Molecular Gastroenterol-
ogy and Hepatology, vol. 1, no. 1, pp. 55–74.e1, 2015.

[108] A. Rendon and K. Schäkel, “Psoriasis pathogenesis and treat-
ment,” International Journal of Molecular Sciences, vol. 20,
no. 6, p. 1475, 2019.

[109] M. Reinholz, T. Ruzicka, and J. Schauber, “Cathelicidin LL-
37: an antimicrobial peptide with a role in inflammatory skin
disease,” Annals of Dermatology, vol. 24, no. 2, pp. 126–135,
2012.

[110] F. Niyonsaba, H. Ushio, N. Nakano et al., “Antimicrobial
peptides human β-defensins stimulate epidermal keratino-
cyte migration, proliferation and production of proinflam-
matory cytokines and chemokines,” Journal of Investigative
Dermatology, vol. 127, no. 3, pp. 594–604, 2007.

[111] M. H. Braff, M.‘i. A. Hawkins, A. D. Nardo et al., “Structure-
function relationships among human cathelicidin peptides:
dissociation of antimicrobial properties from host immunos-
timulatory activities,” The Journal of Immunology, vol. 174,
no. 7, pp. 4271–4278, 2005.

[112] F. Niyonsaba, H. Ushio, I. Nagaoka, K. Okumura, and
H. Ogawa, “The human β-defensins (-1, -2, -3, -4) and cathe-
licidin LL-37 induce IL-18 secretion through p38 and ERK
MAPK activation in primary human keratinocytes,” The
Journal of Immunology, vol. 175, no. 3, pp. 1776–1784, 2005.

[113] S. Salzer, S. Kresse, Y. Hirai et al., “Cathelicidin peptide LL-37
increases UVB-triggered inflammasome activation: possible
implications for rosacea,” Journal of Dermatological Science,
vol. 76, no. 3, pp. 173–179, 2014.

[114] R. Thomi, C. Schlapbach, N. Yawalkar, D. Simon, D. Yerly,
and R. E. Hunger, “Elevated levels of the antimicrobial pep-
tide LL-37 in hidradenitis suppurativa are associated with a
Th1/Th17 immune response,” Experimental Dermatology,
vol. 27, no. 2, pp. 172–177, 2018.

[115] E. Ogawa, Y. Sato, A. Minagawa, and R. Okuyama, “Patho-
genesis of psoriasis and development of treatment,” The Jour-
nal of Dermatology, vol. 45, no. 3, pp. 264–272, 2018.

[116] M. Gilliet and R. Lande, “Antimicrobial peptides and self-
DNA in autoimmune skin inflammation,” Current Opinion
in Immunology, vol. 20, no. 4, pp. 401–407, 2008.

[117] F. Herster, Z. Bittner, S. Dickhöfer et al., “Complexes of
RNA and the antimicrobial peptide, LL37, trigger TLR-
mediated cytokine release from psoriasis neutrophils,”
bioRxiv, 2018.

[118] T. Mabuchi and N. Hirayama, “Binding Affinity and Interac-
tion of LL-37 with HLA-C*06:02 in Psoriasis,” Journal of
Investigative Dermatology, vol. 136, no. 9, pp. 1901–1903,
2016.

[119] F. Herster, Z. Bittner, S. Dickhoefer et al., “RNA-antimicro-
bial peptide LL-37 complexes activate a self-sustaining TLR-
and NET-mediated cycle of neutrophil activation,” bioRxiv,
2019.

[120] L. E. Tovar-Castillo, J. C. Cancino-Díaz, F. García-Vázquez
et al., “Under-expression of VHL and over-expression of
HDAC-1, HIF-1?, LL-37, and IAP-2 in affected skin biopsies
of patients with psoriasis,” International Journal of Dermatol-
ogy, vol. 46, no. 3, pp. 239–246, 2007.

[121] Y. Nakamichi, K. Horibe, N. Takahashi, and N. Udagawa,
“Roles of cathelicidins in inflammation and bone loss,”Odon-
tology, vol. 102, no. 2, pp. 137–146, 2014.

[122] M. Murakami, T. Ohtake, R. A. Dorschner, and R. L. Gallo,
“Cathelicidin antimicrobial peptides are expressed in salivary
glands and saliva,” Journal of Dental Research, vol. 81, no. 12,
pp. 845–850, 2016.

[123] M. Puklo, A. Guentsch, P. S. Hiemstra, S. Eick, and
J. Potempa, “Analysis of neutrophil-derived antimicrobial
peptides in gingival crevicular fluid suggests importance of
cathelicidin LL-37 in the innate immune response against
periodontogenic bacteria,” Oral Microbiology and Immunol-
ogy, vol. 23, no. 4, pp. 328–335, 2008.

[124] G. Carlsson, Y. B. Wahlin, A. Johansson et al., “Periodontal
disease in patients from the original Kostmann family with
severe congenital neutropenia,” Journal of Periodontology,
vol. 77, no. 4, pp. 744–751, 2006.

[125] K. Putsep, G. Carlsson, H. G. Boman, and M. Andersson,
“Deficiency of antibacterial peptides in patients with morbus
Kostmann: an observation study,” The Lancet, vol. 360,
no. 9340, pp. 1144–1149, 2002.

[126] I. Hosokawa, Y. Hosokawa, H. Komatsuzawa et al., “Innate
immune peptide LL-37 displays distinct expression pattern
from beta-defensins in inflamed gingival tissue,” Clinical
and Experimental Immunology, vol. 146, no. 2, pp. 218–225,
2006.

[127] G. Rosen, M. N. Sela, and G. Bachrach, “The antibacterial
activity of LL-37 against Treponema denticola is dentilisin
protease independent and facilitated by the major outer

15BioMed Research International



sheath protein virulence factor,” Infection and Immunity,
vol. 80, no. 3, pp. 1107–1114, 2012.

[128] B. A. Dale and L. P. Fredericks, “Antimicrobial peptides in
the oral environment: expression and function in health
and disease,” Current Issues in Molecular Biology, 2005.

[129] T. Suda, N. Takahashi, N. Udagawa, E. Jimi, M. T. Gillespie,
and T. J. Martin, “Modulation of osteoclast differentiation
and function by the new members of the tumor necrosis fac-
tor receptor and ligand families,” Endocrine Reviews, vol. 20,
no. 3, pp. 345–357, 1999.

[130] W. J. Boyle, W. S. Simonet, and D. L. Lacey, “Osteoclast dif-
ferentiation and activation,” Nature, vol. 423, no. 6937,
pp. 337–342, 2003.

[131] N. Sato, N. Takahashi, K. Suda et al., “MyD88 but not TRIF is
essential for osteoclastogenesis induced by lipopolysaccha-
ride, diacyl lipopeptide, and IL-1alpha,” Journal of Experi-
mental Medicine, vol. 200, no. 5, pp. 601–611, 2004.

[132] K. Horibe, Y. Nakamichi, S. Uehara et al., “Roles of
cathelicidin-related antimicrobial peptide in murine osteo-
clastogenesis,” Immunology, vol. 140, no. 3, pp. 344–351,
2013.

[133] M. A. Lomaga, W. C. Yeh, I. Sarosi et al., “TRAF6 deficiency
results in osteopetrosis and defective interleukin-1, CD40,
and LPS signaling,” Genes & Development, vol. 13, no. 8,
pp. 1015–1024, 1999.

[134] M. Kittaka, H. Shiba, M. Kajiya et al., “The antimicrobial pep-
tide LL37 promotes bone regeneration in a rat calvarial bone
defect,” Peptides, vol. 46, pp. 136–142, 2013.

[135] X. Yu, J. Quan, W. Long et al., “LL-37 inhibits LPS-induced
inflammation and stimulates the osteogenic differentiation
of BMSCs via P2X7 receptor and MAPK signaling pathway,”
Experimental Cell Research, vol. 372, no. 2, pp. 178–187,
2018.

[136] C. Supanchart, S. Thawanaphong, A. Makeudom et al., “The
Antimicrobial Peptide, LL-37, Inhibits in vitro Osteoclasto-
genesis,” Journal of Dental Research, vol. 91, no. 11,
pp. 1071–1077, 2012.

[137] Z. Liu, X. Yuan, M. Liu et al., “Antimicrobial peptide com-
bined with BMP2-modified mesenchymal stem cells pro-
motes calvarial repair in an osteolytic model,” Molecular
Therapy, vol. 26, no. 1, pp. 199–207, 2018.

[138] Y. He, C. Mu, X. Shen et al., “Peptide LL-37 coating onmicro-
structured titanium implants to facilitate bone formation
in vivo via mesenchymal stem cell recruitment,” Acta Bioma-
terialia, vol. 80, pp. 412–424, 2018.

[139] Y. He, X. Yang, Z. Yuan et al., “Regulation of MSC and mac-
rophage functions in bone healing by peptide LL-37-loaded
silk fibroin nanoparticles on a titanium surface,” Biomaterials
Science, vol. 7, no. 12, pp. 5492–5505, 2019.

[140] W. K. K. Wu, G. Wang, S. B. Coffelt et al., “Emerging roles of
the host defense peptide LL-37 in human cancer and its
potential therapeutic applications,” International Journal of
Cancer, vol. 127, no. 8, pp. 1741–1747, 2010.

[141] S. Shigdar, Y. Li, S. Bhattacharya et al., “Inflammation and
cancer stem cells,” Cancer Letters, vol. 345, no. 2, pp. 271–
278, 2014.

[142] Y. Xiang, X. Yao, K. Chen et al., “The G-protein coupled che-
moattractant receptor FPR2 promotes malignant phenotype
of human colon cancer cells,” American Journal of Cancer
Research, vol. 6, no. 11, pp. 2599–2610, 2016.

[143] D. Li, W. Liu, X. Wang et al., “Cathelicidin, an antimicrobial
peptide produced by macrophages, promotes colon cancer by
activating the Wnt/β-catenin pathway,” Oncotarget, vol. 6,
no. 5, pp. 2939–2950, 2015.

[144] A. Girnita, H. Zheng, A. Grönberg, L. Girnita, and M. Ståhle,
“Identification of the cathelicidin peptide LL-37 as agonist for
the type I insulin-like growth factor receptor,” Oncogene,
vol. 31, no. 3, pp. 352–365, 2012.

[145] G. Weber, C. I. Chamorro, F. Granath et al., “Human antimi-
crobial protein hCAP18/LL-37 promotes a metastatic pheno-
type in breast cancer,” Breast Cancer Research, vol. 11, no. 1,
p. R6, 2009.

[146] W. L. Pan, Y.Wang, Y. Hao et al., “Overexpression of CXCR4
synergizes with LL-37 in the metastasis of breast cancer cells,”
Biochimica et Biophysica Acta (BBA) - Molecular Basis of Dis-
ease, vol. 1864, no. 11, pp. 3837–3846, 2018.

[147] S. X. Ren, J. Shen, A. S. L. Cheng et al., “FK-16 derived from
the anticancer peptide LL-37 induces caspase-independent
apoptosis and autophagic cell death in colon cancer cells,”
PLoS ONE, vol. 8, no. 5, 2013.

[148] H. W. Koon, M. Cheng, S. Ho et al., “Cathelicidin suppresses
colon cancer development by inhibition of cancer associated
fibroblasts,” Clinical and Experimental Gastroenterology,
vol. 8, 2014.

[149] M. Singh, C. Liu, Y. Lou et al., “Abstract 1580: LL-37-
mediates tumor antigen-specific-T cell expansion and tumor
regression,” Immunology, vol. 72, pp. 1580–1580, 2012.

[150] T. Dolkar, C. M. Trinidad, K. C. Nelson et al., “Dermatologic
toxicity from novel therapy using antimicrobial peptide LL-
37 in melanoma: a detailed examination of the clinicopatho-
logic features,” Journal of Cutaneous Pathology, vol. 45, no. 7,
pp. 539–544, 2018.

[151] K. M. Hargadon, “Strategies to improve the efficacy of den-
dritic cell-based immunotherapy for melanoma,” Frontiers
in Immunology, vol. 8, 2017.

16 BioMed Research International


	Significance of LL-37 on Immunomodulation and Disease Outcome
	1. Introduction
	2. Structure
	3. Expression
	4. Chemotaxis
	5. Immunomodulation
	5.1. Neutrophils
	5.2. Monocytes/Macrophages/Dendritic Cells
	5.2.1. Monocytes
	5.2.2. Macrophages
	5.2.3. Dendritic Cells

	5.3. Lymphocytes
	5.3.1. T Cells
	5.3.2. NK Cells

	5.4. Mast Cells
	5.5. MSCs

	6. Diseases
	6.1. Inflammatory Bowel Disease
	6.2. Psoriasis
	6.3. Periodontal Diseases
	6.4. Cancer

	7. Conclusions
	Conflicts of Interest
	Acknowledgments

