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Abstract

Cathelicidins, like other antimicrobial peptides, exhibit direct antimicrobial activities against 
a broad spectrum of microbes, including both Gram-positive and Gram-negative bacteria, enveloped 
viruses, and fungi. These host-derived peptides kill the invaded pathogens by perturbing their cell mem-
branes and can neutralize biological activities of endotoxin. Nowadays, more and more data indicate 
that these peptides, in addition to their antimicrobial properties, possess various immunomodulatory 
activities. Cathelicidins have the potential to influence and modulate, both directly and indirectly, the 
activity of various cell populations involved in inflammatory processes and in host defense against 
invading pathogens. They induce migration of neutrophils, monocytes/macrophages, eosinophils, and 
mast cells and prolong the lifespan of neutrophils. These peptides directly activate inflammatory cells 
to production and release of different pro-inflammatory and immunoregulatory mediators, cytokines, 
and chemokines, however cathelicidins might mediate the generation of anti-inflammatory cytokines as 
well. Cathelicidins also modulate epithelial cell/keratinocyte responses to infecting pathogens. What is 
more, they affect activity of monocytes, dendritic cells, keratinocytes, or epithelial cells acting in synergy 
with cytokines or β-defensins. In addition, these peptides indirectly balance TLR-mediated responses of 
monocytes, macrophages, dendritic cells, epithelial cells, and keratinocytes. This review discusses the 
role and significance of cathelicidins in inflammation and innate immunity against pathogens. 
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Introduction
The primary function of the immune system is effec-

tive protection against various types of infectious agents 
from the external environment. In the course of evolution 
three lines of defense against invading pathogens devel-
oped. The first line includes anatomical and physiological 
barriers that protect the inner layers of the body. Crucial 
natural barriers are epithelial surfaces composed of tightly 
joined cells and mucous membranes. Most epithelial sur-
faces are associated with physiological microflora. This 
natural microbial population competes with pathogens for 
nutrients and produces antibacterial substances to inhibit 
pathogen growth. The protective role for the respiratory 
system is played by cough and sneeze reflexes, movement 
of cilia and pulmonary surfactant. In turn, the digestive 
system is protected by intestinal motility, presence of 
glycocalyx on the surface of epithelial cells, including 
enterocytes, and the low pH of the stomach. The gastric 
juice, vaginal secretions and urine, which are acidic fluids, 
have an additional protective function. Equally important 
are humoral factors present in secretions and body fluids. 
This group includes proteolytic enzymes, acute phase pro-

teins, interferons, immunoglobulins and also antimicrobial 
peptides.

Defense mechanisms are mainly focused on the fast 
identification and efficient elimination of pathogens. The 
early immune response is associated with activation of the 
innate immunity mechanisms. Innate immunity is mediat-
ed by several humoral components (complement proteins, 
some cytokines) and cellular mechanisms involving neu-
trophils, monocytes, macrophages, mast cells, eosinophils, 
dendritic cells, and NK cells. Finally, the third line of de-
fense against pathogenic invasion is the adaptive immune 
response which involves expansion of the lymphocyte sub-
populations and production of antibodies.

In the first steps of host defense against pathogens, 
antimicrobial peptides (AMPs) play an important role. 
These peptides, also called natural antibiotics or cationic 
host defense peptides (CHDPs), constitute a group of rela-
tively small (12-50 amino acid residues) molecules. AMPs 
are found in both prokaryotes and eukaryotes and are pro-
duced by bacteria, plants, invertebrates, and vertebrates. 
To date, 2544 AMPs have been reported (based on the 
Antimicrobial Peptide Database). These small molecules 
have a positive charge due to the presence of arginine and 
lysine residues and amphipathic structure. Amino acids 
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with hydrophobic side chain constitute about 40-50% of 
the structure. AMPs are able to inactivate infectious agents 
by forming pores in the cell membrane. This is possible 
due to reaction with negatively charged phospholipids of 
microbial membrane. CHDPs are able to kill microbes 
such as bacteria, viruses, fungi or protozoa in a very short 
time [1-3]. 

Various groups of organisms produce AMPs with dif-
ferent profiles. In mammals, two major groups of AMPs 
are defensins and cathelicidins. Defensins are classified 
into three subgroups: α, β and θ. The α-defensin family 
has been identified in humans, monkeys, pigs, and several 
rodent species. So far, six distinct α-defensins have been 
found in humans. Four of these were initially isolated from 
neutrophils, and therefore they are called human neutrophil 
peptides (HNP-1, HNP-2, HNP-3, and HNP-4). These pep-
tides are also abundant in certain macrophage populations 
and NK cells. The human α-defensins HD-5 and HD-6 
are expressed mainly in Paneth cells of the small intestine. 
The β-defensin family is widely expressed in mammals 
and birds. Moreover, close β-defensin homologs were 
found in snakes, platypus and sea anemones. In humans, 
β-defensins (HBD-1, HBD-2, HBD-3) are produced main-
ly by epithelial cells and keratinocytes. θ-defensin family 
is found in the leukocytes of rhesus macaques [3, 4]. 

Cathelicidins have been isolated from many mamma-
lian species including rabbits, horses, pigs, rats, monkeys, 
cattle and humans. These peptides are characterized by 
a great variety of structure and molecular weight. The 
genes responsible for synthesis of cathelicidins are approx-
imately 2 kb and show four-exon/three-intron organization. 
Cathelicidins are synthesized as inactive precursors. The 
structure of precursor includes a highly conserved N-ter-
minal segment, cathelin domain and a C-terminal domain 
with a varied sequence and length. The N-terminal domain 
is composed of 29-30 amino acid residues and supports 
the release of biologically active peptides. The cathelin 
domain is composed of 98-114 amino acid residues but 
its function has not been thoroughly examined. The C-ter-
minal peptide (12-100 amino acid residues), as a mature 
peptide, exhibits broad antimicrobial activity against both 
Gram-positive and Gram-negative bacteria, viruses and 
fungi. These peptides are produced by neutrophils, epithe-
lial cells, keratinocytes, macrophages, mast cells, NK cells, 
dendritic cells, and lymphocytes [5, 6].

The only known member of the cathelicidin family 
expressed in humans is LL-37 (leucine-leucine-37) [7]. 
The human cathelicidin was identified in 1995 and first 
isolated from neutrophils. This cationic molecule is a lin-
ear 37-amino acid-long peptide generated by cleavage of 
the C-terminus end of the hCAP18 (human cationic anti-
microbial peptide 18) precursor protein. The single gene 
encoding LL-37 is located on chromosome 3. The name 
hCAP18 denotes the length of polypeptide (18 kDa) and 
the cationic character of the structure. In turn, LL-37 refers 

to the number of residues with Leu-Leu at the N-terminus. 
LL-37 and its precursor were found in different cells, tis-
sues and body fluids. The human cathelicidin is produced 
mainly by neutrophils, monocytes, NK cells, mast cells,  
B cells and also colon enterocytes, epithelial cells and ke-
ratinocytes. The molecule was detected in human wound 
fluid, seminal plasma, vernix and tracheal aspirates 
of newborns [3]. Cathelicidins may be produced constitu-
tively or synthesized in response to the presence of bac-
teria or their products. The expression of LL-37 can be 
also regulated by various endogenous factors such as pro- 
inflammatory cytokines, growth factors and the active 
form of vitamin D [7].

Cathelicidins exhibit a broad spectrum of antimicrobial 
activity against Gram-positive and Gram-negative bacteria 
[1, 7], enveloped viruses [2], and fungi [8]. It is common-
ly known that cathelicidins interact with the negatively 
charged bacterial and fungal membranes and induce mem-
brane disruption. The most accepted mechanisms of cathe-
licidin action are the “carpet” model, the “barrel-stave” 
model, and the “toroidal pore” model [9, 10]. According 
to the “carpet” model, peptides are set parallel to the cell 
surface but do not intercalate into it. The pressure from the 
molecules is so strong that it causes a disruption of the cell 
membrane. In the “barrel-stave” mechanism, peptides are 
incorporated perpendicularly at the membrane creating the 
“barrel” with the peptides being the “staves”. Non-polar 
components of proteins interact with membrane lipids and 
polar parts form the pores in the cell membrane. Finally, 
the “toroidal pore” theory describes the formation of pores 
in the cell membrane where the hydrophilic components 
interact with the residues of phospholipids, while the hy-
drophobic parts with the lipids. The effect of all mecha-
nisms is the disintegration of the cell membrane and as 
a result, death of the pathogen. Additionally, cathelicidins 
may penetrate into the cell to bind or to degrade some 
molecules which are crucial to cell living. Furthermore, 
these peptides participate in neutralization of bacterial en-
dotoxin, i.e. lipopolysaccharide (LPS), by blocking the in-
teraction of the lipoglycan with LPS binding protein (LBP) 
[11]. Nowadays, however, more and more data indicate 
that apart from killing pathogens directly or indirectly, 
cathelicidins have a number of immunomodulatory func-
tions that might be involved in the clearance of infection. 
Thus, considering the role of inflammation in host defense 
against pathogens it is extremely interesting to know and 
understand the influence of cathelicidins on inflammatory 
cell activities. 

Cathelicidins affect neutrophil activity
Neutrophils are the most abundant type of white blood 

cells and it is absolutely proven that they are the first leu-
kocytes rapidly and efficiently recruited to the site of inju-
ry and inflammation. These cells are capable of express-
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ing and/or producing various potent mediators, including 
numerous cytokines, chemokines, colony-stimulating 
factors, angiogenic factors and fibrogenic factors. What is 
more, neutrophils express a lot of enzymes stored in dif-
ferent types of cytoplasmic granules. It should be stressed 
that neutrophils also produce four types of α-defensins, 
i.e. HNP-1, HNP-2, HNP-3, and HNP-4, accumulated in 
a subset of azurophilic granules. Moreover, neutrophils 
are the source of arachidonic acid metabolites, i.e. prosta-
glandins (PGs) and leukotrienes (LTs). Finally, it is well 
known that neutrophil granulocytes are able to generate 
reactive oxygen species (ROS). All these neutrophil-de-
rived mediators influence extracellular matrix (ECM) com-
ponents and strongly affect the surrounding cell activity, 
thereby neutrophils play a crucial role in acute and chronic 
inflammation. In addition, neutrophil-derived mediators 
have a huge impact on immune cells functioning and con-
sequently these cells participate in the course of innate and 
adaptive immunity. It should be emphasized that neutro-
phils play a key role in host defense against viral, bacterial 
and fungal infections [12-14].

The average circulatory lifespan of human neutrophils 
is relatively short (5.4 days) and ends by spontaneous 
apoptosis [15]. Apoptotic neutrophils are phagocytosed 
without release of mediators, leading to the restriction of 
inflammation and tissue damage. It should be noted that 
some host- and pathogen-derived substances may inhibit 
spontaneous neutrophil apoptosis. The suppressed neutro-
phil apoptosis results in uncontrolled release of a variety 
of cytotoxic metabolites and pro-inflammatory mediators, 
which in turn leads to the enhancing of inflammatory re-
sponse and tissue injury. Considering these data, observa-
tions that cathelicidins may influence neutrophil lifetime 
are of great importance. Nagaoka et al. [16, 17] clearly 
demonstrated that LL-37 prolongs the lifespan of neutro-
phils by inhibition of spontaneous apoptosis. Inhibition of 
programmed cell death occurs through the increased ex-
pression of anti-apoptotic protein Bcl-XL

 and by blocking 
the activation of caspase-3, a key executor for apoptosis. 
Of importance, human cathelicidin LL-37 elongates neu-
trophil lifespan in vitro over the concentration range from 
10 ng/ml to 5 μg/ml. Interestingly, LL-37 induces suppres-
sion of neutrophil apoptosis acting via the activation of 
formyl peptide receptor (FPR)1 and purinergic receptor 
P2X

7 
[17, 18]. Cathelicidin LL-37 can also up-regulate the 

expression of P2X
7
 receptors on these cells [19].

It was also documented that in vitro LL-37 induc-
es neutrophil migration and chemotaxis and this effect 
is mediated via FPR1 molecules [19-22]. What is more, 
dose-dependent neutrophil migration in response to murine 
cathelicidin-related antimicrobial peptide (CRAMP)-stim-
ulation was observed [23]. Porcine proline-arginine (PR)-
rich antibacterial peptide PR-39 induces chemotaxis of 
neutrophils, with a maximal response at 0.5-2 μM, and 
stimulates extracellular Ca2+ influx in these cells, as well. 

Neither lymphocytes nor peripheral blood monocytes or 
alveolar macrophages are attracted by PR-39 [24]. Interest-
ingly, LL-37 causes almost complete inhibition of serum 
amyloid A (SAA)-induced neutrophil chemotaxis [25]. It 
seems to be very important to note down that cathelicidin 
LL-37 reduces neutrophil surface expression of CXCR2, 
but not CXCR1 [19, 26], i.e. the expression of receptor that 
mediates neutrophil migration to the sites of inflammation. 
The mechanism of CXCR2 down-regulation by LL-37 is 
due to the receptor internalization [19]. 

Some data indicated that cathelicidins directly acti-
vate neutrophils to mediator release. Human cathelicidin, 
at a concentration of 20 μg/ml, stimulates neutrophils to 
the synthesis of pro-inflammatory CXCL8 under the con-
trol of mitogen-activated protein kinase (MAPK) p38 and 
extracellular signal-regulated kinase (ERK) [26, 27]. It is 
well known that this chemokine, acting via CXCR2, in-
duces chemotaxis of not only neutrophils but also other 
granulocytes, and stimulates neutrophils to phagocytosis. 
On the other hand, interesting data suggest that LL-37 in-
hibits SAA-induced CXCL8 production and causes dra-
matic inhibition of ERK and p38 MAPK activities [25]. In 
turn, CXCL8 inhibition results in blocking production of 
acute phase proteins [25]. LL-37 activates neutrophils to 
the release of interleukin-1 receptor antagonist (IL-1Ra) – 
the natural antagonist of IL-1β [26] and at the same time 
induces a dose-dependent increase in HNP-1, HNP-2, and 
HNP-3 α-defensin gene expression [27]. What is more, 
extracellular release of these α-defensins in response to 
LL-37 stimulation was observed [27]. Finally, LL-37 stim-
ulates the generation of ROS in neutrophils [27-29] and 
this process is mediated by a flavoenzyme (most probably 
NADPH oxidase) and via increase in intracellular Ca2+ 
concentrations [27].

Cathelicidins affect monocyte/macrophage 
activity

Without any doubt, in the course of acute and chronic 
inflammation an important role is played by monocytes 
and macrophages. Given that these cell populations can 
produce both pro-inflammatory and anti-inflammatory 
mediators, it is obvious that they strongly direct the in-
flammatory processes and significantly influence an in-
tensity of inflammation. Monocytes and macrophages 
have the ability to secrete a broad range of pro-inflamma-
tory cytokines, such as IL-1β, IL-6, IL-12, IL-18, IL-23,  
IL-27, and tumor necrosis factor (TNF). These cells 
also produce various chemokines (CCL2, CCL5, CCL7, 
CXCL1, CXCL2, CXCL8, CXCL9, CXCL10, CXCL11) 
as well as PGs, LTs, and platelet activating factor (PAF). 
Moreover, activated macrophages synthesize ROS and 
nitrogen intermediates that are highly toxic for microor-
ganisms, but also induce tissue injury and lead to enhance 
inflammation. Finally, monocytes/macrophages are the 



Central European Journal of Immunology 2015; 40(2)

Justyna Agier et al.

228

source of various proteolytic enzymes that can act directly 
on cells and ECM proteins leading to tissue damage. On 
the other hand, there are a lot of monocyte/macrophage-de-
rived mediators involved in suppressing inflammation, 
including some anti-inflammatory cytokines, i.e. IL-4, 
IL-10, IL-13, IL-19, and growth factors, i.e. transforming 
growth factor (TGF)-β and vascular endothelial growth 
factor (VEGF). In fact, macrophages can exhibit pro- or 
anti-inflammatory properties and this is determined by 
stimuli from their local microenvironment. Thus, due to 
their cytokine/mediator profile two evidently distinct types 
of macrophages are designated. M1 macrophages, differ-
entiated under the influence of granulocyte-macrophage 
colony-stimulating factor (GM-CSF), with a pro-inflam-
matory signature, and M2 macrophages, differentiated un-
der the influence of macrophage colony-stimulating factor 
(M-CSF), with an anti-inflammatory signature [30, 31]. 

It is well established that human cathelicidin LL-37 
activates FPR2 molecules on monocytes, triggering mono-
cytic β

1
- and β

2
-integrin conformational change toward ac-

tive conformation that allows for monocyte adhesion [32]. 
As in the case of neutrophils, LL-37 acts as potent chemo-
attractant for monocytes and can induce Ca2+ mobilization 
[19, 22]. Moreover, murine CRAMP also causes mono-
cyte migration in a dose-dependent manner and the peak 
response was observed at 400 nM. This CRAMP-induced 
monocyte chemotaxis seems to be mediated by a G protein 
coupled receptor (GPCR), probably FPR2 molecule [23]. 
The chemotactic activity of bovine cathelicidin proBac7 
toward monocytes is also documented [33]. It is interesting 
that murine CRAMP acts as a chemoattractant for mono-
cyte-derived macrophages as well [23]. This cathelicidin 
induces ERK1/2 and p38 kinase phosphorylation and ac-
tivation in monocytes, acting at a concentration as high 
as 50 μg/ml. However, in the presence of GM-CSF, a cy-
tokine found locally at sites of infection, LL-37 induces 
ERK1/2 phosphorylation at lower concentrations, such as 
5-10 μg/ml [34]. 

More and more data indicate that cathelicidins by 
themselves directly stimulate monocytes to produce and 
release some cytokines and chemokines that may strong-
ly modulate the course and intensity of inflammation. It 
was demonstrated that genes encoding chemokines essen-
tial for cell recruitment to the site of inflammation, such 
as CXCL1, CXCL8, CCL2, and CCL7 are significantly 
up-regulated in monocytes activated with LL-37 [34, 35]. 
On the contrary, LL-37 down-regulates CXCR2 expression 
on monocytes [19]. It is interesting that LL-37 does not 
enhance mRNA expression of pro-inflammatory cytokines 
TNF, IL-1β, and IL-6 [34] and causes an increase in the 
transcription of the genes encoding anti-inflammatory cy-
tokines such as IL-10 and IL-19 [35]. Human cathelicidin 
elicits modest up-regulation of CCL7 and IL-6 gene ex-
pression in peripheral blood mononuclear cells (PBMCs) 
as well [36]. Moreover, LL-37 alone activates monocytes 

to the production of CXCL8 and CCL2 [34, 35] and PB-
MCs to synthesis of CXCL8, CCL2, CCL5, and CCL7 [35, 
36]. It was noticed, however, that this peptide stimulates 
the production of anti-inflammatory cytokine IL-1Ra but 
does not induce the synthesis of IL-10 in PBMCs [37]. 

Furthermore, there is information that cathelicidins 
influence monocyte responsiveness to some endogenous 
pro-inflammatory factors. Co-stimulation of PBMCs with 
LL-37 and IL-1β results in substantially augmented CCL7 
and IL-6 mRNA accumulation and leads to an increase in 
the production of CCL2, CCL7, IL-6, and anti-inflamma-
tory cytokine IL-10 [36]. LL-37 substantially enhances the 
production of CXCL8 and IL-6, but not TNF, in synergy 
with IL-1β [38]. In the synergistic production of CCL7 
induced by LL-37 and IL-1β, GPCR and phosphatidyli-
nositol 3-kinase (PI3K), but not protein kinase (PK)C and 
PKA, a signaling pathway is involved [36]. LL-37 abro-
gates IL-32-induced TNF and IL-1β production by 97% in 
PBMCs and IL-32-induced IL-6 synthesis is suppressed by 
50% in the presence of LL-37. In contrast, IL-32-mediated 
chemokine CXCL1 and CXCL8 synthesis is not altered in 
the presence of this peptide [37]. Moreover, LL-37 does 
not suppress IL-32-mediated production of anti-inflamma-
tory IL-1Ra but inhibits IL-32-mediated IL-10 synthesis 
in PBMCs [37]. It is also documented that CCL2 and IL-6 
production by PBMCs in response to GM-SCF stimulation 
is significantly enhanced in the presence of LL-37 [36]. 
Conversely, LL-37 has no effect on TNF-induced IL-1β, 
IL-6, and CXCL8 production [38]. Interestingly, catheli-
cidin LL-37 strongly inhibits the production of TNF and  
IL-12 by monocytes stimulated with interferon (IFN)-γ 
[39] and suppresses IFN-γ-induced CCL2 synthesis in 
PBMCs [36]. CCL2 production in response to LL-37 stim-
ulation is inhibited in the presence of IL-4 or IL-12 [36]. 

Extremely intriguing are observations that LL-37 has 
a general anti-inflammatory effect on Toll-like receptor 
(TLR) stimulation, inhibiting pro-inflammatory cytokine 
release from monocytic cells stimulated with TLR2, TLR4, 
and TLR9 agonist. It was demonstrated that LL-37 peptide 
significantly inhibits the expression of specific pro-inflam-
matory genes up-regulated by nuclear factor (NF)-κB in 
the presence of TLR4 ligand LPS. In contrast, LL-37 does 
not inhibit LPS-induced genes which antagonize inflam-
mation and certain chemokine genes classically considered 
pro-inflammatory [38]. Moreover, LL-37, at very low con-
centrations (≤ 1 μg/ml), inhibits TNF synthesis and release 
from LPS-induced monocytes. This inhibitory effect in-
creases to ≥ 95% with a dose of 20 μg/ml of LL-37. Sim-
ilarly, LL-37 significantly inhibits TNF, IL-1β, IL-6, and 
CXCL8 production in PBMCs stimulated with LPS [38]. 
It should pointed out, however, that LL-37 stimulation of 
LPS-primed monocytes leads to release of IL-1β acting via 
P2X7

 receptor [34, 40], and caspase-1 activation [40]. Fur-
thermore, acting on PBMCs, LL-37 significantly decreases 
the production of IL-1β, IL-6, TNF, and CXCL8 resulting 
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from activation of TLR2 molecules by lipoteichoic acid 
(LTA) or synthetic tri-acylated lipopeptide Pam

3
CSK4. In 

addition, LL-37 reduces to 50%, CXCL8 secretion from 
PBMCs in response to stimulation with TLR9 agonist 
synthetic CpG oligodeoxynucleotide. In contrast, LL-37 
enhances TNF and IL-6 production by CpG-stimulated 
PBMCs [38]. 

It is interesting that LL-37 very efficiently transports 
self-DNA into monocytes, leading to the production of 
type I IFNs in a TLR-independent manner [41]. There are 
some data that LL-37 can influence monocyte differentia-
tion. Peptide LL-37 (re)directs M-CSF-driven differentia-
tion of monocytes toward macrophages with a pro-inflam-
matory instead of an anti-inflammatory signature. These 
macrophages have a low expression of CD163, little of 
IL-10 and profound IL-12 production on LPS stimulation. 
LL-37 enhances the GM-CSF-driven macrophage differ-
entiation as well. Additionally, it is proved that under the 
influence of LL-37 fully differentiated M2 macrophages 
produce less IL-10 and more IL-12 [42]. 

In like manner, cathelicidins can regulate the inflam-
matory activity of tissue macrophages. LL-37 directly 
up-regulates 29 genes in macrophages, including those 
encoding chemokine CCL7, anti-inflammatory cytokine 
IL-10, M-CSF, many chemokine receptors, and several 
metalloproteinases (MMPs). On the contrary, this pep-
tide can down-regulate another 20 genes, including those 
encoding CCL3 and IL-12. The secretion of CCL2 in re-
sponse to LL-37 stimulation is also observed [43]. There 
are intriguing data that peptide LL-37 can be an endog-
enous regulator of eicosanoid-dependent inflammatory 
responses since it promotes LTB4

 and thromboxane (TX)
A

2
 generation by macrophages. It should be stressed that 

LL-37-induced eicosanoid generation is time-resolved. 
This cathelicidin, acting via P2X

7
 receptor, evokes Ca2+ 

mobilization, activation of ERK1/2 and p38 MAPKs, as 
well as cytosolic phospholipase c(PL)A

2
, and 5-lipoxygen-

ase, leading to an early (1 hour) release of LTB
4
. Likewise, 

TXA
2
 production at early time involves signaling sequence 

LL-37 – P2X
7
 receptor – cPLA

2
 – cyclooxygenase-1 

(COX-1) axis. Later on, 6-8 hours after LL-37-stimulation, 
internalized cathelicidin up-regulates COX-2 expression, 
promoting TXA

2
 production [44]. 

LL-37 significantly decreases Neisseria meningiti-
dis endotoxin lipooligosaccharide (LOS)-induced both 
TNF and nitric oxide (NO) release from macrophages. 
In contrast, LL-37 and LOS are synergistic in enhancing 
ROS release from macrophages. This synergistic effect of 
LL-37 and TLR4 ligand LOS is a result of a direct effect 
exerted on the ROS generating enzymes mainly the NA-
DPH oxidase complex [45]. What is more, the presence 
of LL-37 during the polarization of M1 macrophages by 
LPS and IFN-γ results in strong inhibition of TNF and 
NO production and in a slight decrease in ROS synthesis 
[46]. Similarly, TNF synthesis by polarized M2 macro-

phages in response to LPS stimulation is effectively in-
hibited by LL-37. This peptide has no effect on TNF pro-
duction by macrophages activated with TLR2 synthetic 
ligand Pam

3
CSK4 but dramatically inhibits LTA-induced 

TNF synthesis [46]. Scott et al. [43] demonstrated that 
LL-37 causes a substantial inhibition of not only LPS, 
but also LTA-, and arabinosylated lipoarabinomannan 
(AraLAM)-induced TNF synthesis by macrophages.  
It was also documented that murine cathelicidin CRAMP 
exerts a strong inhibition of LPS-, LTA-, and flagellin- 
(TLR5 agonist) induced p38 and ERK phosphorylation 
in macrophages and strongly reduced TNF production by 
macrophages stimulated with LPS or LTA. However, mu-
rine CRAMP does not affect the production of IL-10 and 
chemokines CXCL1 and CCL3 by LPS-activated macro-
phages [47]. 

Kahlenberg et al. [48] observed that LL-37 activates 
caspase-1, the central enzyme of the inflammasome, in 
both human and murine macrophages, resulting in release 
of active IL-1β and IL-18. LL-37 activation the NLRP3 
inflammasome utilizes P2X

7
 receptor-mediated potassium 

efflux. On the other hand, it is worth noting that LL-37 
inhibits LPS/ATP-induced IL-1β expression, caspase-1 ac-
tivation, inflammasome formation, as well as macrophage 
death by pyroptosis [49].

Cathelicidins affect mast cell activity
Mast cells are long-lived resident tissue cells widely 

distributed throughout connective tissues. These cells are 
particularly numerous beneath the subepithelial layers of 
the skin, in the airways, gastrointestinal and genitourinary 
tracts, and adjacent to blood vessels and nerves. They have 
the potential to secrete a wide spectrum of biologically 
active mediators, cytokines and chemokines. Upon acti-
vation, mast cells rapidly release preformed, cytoplasmic 
granule-associated mediators, such as histamine, neutral 
proteases (tryptase, chymase), proteoglycans, MMPs, as 
well as various preformed cytokines including IL-3, IL-4, 
IL-6, IL-10, TNF, and CXCL8. Moreover, in response to 
stimulation mast cells release various newly generated 
lipid mediators, including LTs, PGs, TXs, and PAF, and 
many cytokines and chemokines. These cells express nu-
merous different receptors and thereby various endogenous 
and exogenous factors can activate mast cells to media-
tor/cytokine generation. Mast cell-derived mediators ex-
ert diverse effects on surrounding cells and tissues [50]. 
Therefore, mast cells are important players in homeostasis 
maintenance via involvement in angiogenesis, tissue re-
modeling and repair, and regulation of vascular permeabil-
ity [50, 51]. Moreover, they strongly influence both innate 
and acquired immune responses and are critical compo-
nents of host defense against bacteria and viruses [52-54]. 
Mast cells take part in different pathological processes, 
including allergic disease as well [50, 51, 55]. Finally, in-
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asmuch as mast cell-derived mediators elicit pro-inflam-
matory, anti-inflammatory and immunoregulatory effects, 
these cells are essential in both promoting and limiting the 
inflammatory processes [52, 56, 57]. 

A few data indicated that LL-37 can exert direct effects 
on mast cells. It has been proven that this cathelicidin induc-
es, in a dose-dependent fashion, degranulation of rat mature 
mast cells, as assessed by histamine or β-hexosaminidase 
release [58-60]. This is accompanied by intracellular Ca2+ 
mobilization [58]. Cathelicidin LL-37 promotes degranula-
tion and preformed mediator release from human lung mast 
cells [61] and stimulates degranulation and Ca2+ mobiliza-
tion in immature LAD2 human mast cells [62, 63] as well. 
Moreover, this peptide activates LAD2 mast cells to synthe-
sis and releases the strong pro-inflammatory mediators such 
as LTC

4
 and PGD

2
 [64] and rat CRAMP stimulates mature 

mast cells to production and release cysteinyl (cys)LTs [65]. 
Importantly, anti-inflammatory cytokine IL-10, but not TNF, 
IL-6 and CCL5, strongly inhibits CRAMP-induced cysLT 
synthesis [65]. Moreover, LL-37 activates mast cells to pro-
duce newly generated cytokines, including IL-2, IL-4, IL-
6, IL-31, GM-CSF, and TNF, and chemokines CCL4 and 
CXCL8 [60, 63, 64]. This peptide, at a concentration of 20 
μg/ml, induces IL-1β, CCL2, and CCL3 mRNA increase 
in rat mast cells [60]. The cathelicidin CRAMP stimulates 
mast cells to TNF and CXCL8 release and induces GM-
CSF, IL-1β, CCL2, and CCL3, but not IL-33, mRNA ex-
pression [65]. Yoshioka et al. [62] observed that LL-37, at 
a concentration of 1 μg/ml, stimulates LAD2 mast cells to 
generate Th2 cytokines IL-4 and IL-5, but not IL-10, Th1 
cytokine IL-2, but not IFN-γ and TNF-β, pro-inflammatory 
cytokines TNF and IL-1β, but not IL-6 and CXCL8. More-
over, LPS significantly reduced LL-37-induced IL-4 and IL-
5, but not IL-1β, generation. These intriguing findings sug-
gest that LL-37 co-existing with the bacterial components 
may change the mast cell function toward innate immunity. 
There are also very interesting data that cathelicidins LL-37 
and CRAMP act as potent mast cell chemoattractants [60, 
65, 66], and thereby cathelicidins may additionally enhance 
inflammatory response via attracting mast cells to pathogen 
entry site. Besides, it was observed that LL-37, at a con-
centration of 1 μg/ml, up-regulates both TLR4 mRNA and 
TLR4 protein expression on LAD2 mast cells, and in that 
way, cathelicidin enhances mast cell capability to detect in-
vading pathogen [62]. 

Up to date, the mechanisms by which cathelicidins 
activate mast cells are not fully clarified. Some data in-
dicate that GPCRs mediate LL-37-induced signal trans-
duction pathway in mast cells [58, 66]. There are some 
observations that LL-37 acts via Mas-related gene (Mrg)
X2 receptor [63] or through FPR2 and receptor P2X7

 [62]. 
Moreover, it was suggested that LL-37 activates mast cells 
in PLC-dependent manner [58, 66]. In addition, some data 
indicate that in LL-37-dependent mast cell activation PI3K 

and MAPK signaling pathways are involved [59, 60, 62, 
64, 65]. 

Cathelicidins affect other inflammatory 
cell activity 

Neutrophils, monocytes, macrophages, and mast cells 
undoubtedly play a key role in inflammation. However, 
it is not to overestimate the role of other populations of 
host cells in inflammatory processes. Limited data show 
that human cathelicidin LL-37 and mouse CRAMP can 
modulate activity of eosinophils, dendritic cells, epithelial 
cells, and keratinocytes. 

It is documented that LL-37, at a concentration range 
from 15 to 30 μg/ml, directly stimulates eosinophils to cys-
LTs and LTB

4
 release and priming with eosinophilopoietic 

cytokine GM-CSF or IL-5 significantly enhances LL-37-
induced cysLT secretion. Moreover, in response to LL-37 
activation, eosinophils release eosinophil cationic protein 
(ECP). Cathelicidin-mediated cysLT release is dependent 
on FPR2 molecule. It is also indicated that LL-37 enhances 
cytosolic PLA

2
 activity, triggers intracellular translocation 

of 5-lipoxygenase and LTC
4
 synthase to perinuclear lo-

calization of lipid bodies [67]. Human cathelicidin LL-37, 
at a high concentration of 40 μg/ml, induces eosinophil 
chemotaxis and this effect is mediated via FPR2 molecules 
[21]. In the course of inflammatory processes dendritic 
cells take part to some extent [68], however the influence 
of LL-37 on dendritic cell functioning is currently almost 
unknown. It was indicated that human cathelicidin LL-37 
strongly inhibits LPS-mediated pro-inflammatory cyto-
kine, i.e. IL-6 and TNF, generation [35, 69-71]. Similarly, 
murine CRAMP causes a decrease in IL-6, but not IL-1β, 
synthesis by dendritic cells in response to LPS stimulation 
[71]. LL-37 also blocks LPS-induced chemokine CXCL8 
synthesis [35, 71] and declines LPS-induced up-regulation 
of CXCR7 [69]. Human cathelicidin LL-37 completely in-
hibits IL-6 and TNF generation in response to LTA and 
flagellin activation as well [69]. Worthy of note is that 
LL-37 significantly abrogates LPS-, LTA-, and flagel-
lin-mediated production of IL-12 [69, 70], a pro-inflam-
matory cytokine with immunoregulatory functions which 
promotes differentiation of T cells into Th1 cells. Di Nardo 
et al. [71] observed that pretreatment of monocyte-derived 
dendritic cells with LL-37 significantly reduces LPS in-
duction of IL-10. On the contrary, Mookherjee et al. [35] 
established that this peptide enhances LPS-mediated IL-10 
production by myeloid dendritic cells. It was also docu-
mented that LL-37 inhibits IFN-γ-induced TNF synthesis 
by dendritic cells [70]. 

Only few data indicate that cathelicidin LL-37 may 
affect epithelial cell activity. It was established that this 
peptide stimulates airway epithelial cell migration and pro-
liferation and this effect is mediated through GPCR and 
epidermal growth factor receptor (EGFR) [72]. Pistolic et 
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al. [73] established that this peptide by itself induces IL-
6, CXCL1, and CXCL8 release from bronchial epithelial 
cells. Likewise, Tjabringa et al. [74] indicated that LL-37, 
at concentrations as high as 50-100 μg/ml, stimulates air-
way epithelial cells by activation of ERK1/2 and increased 
release of CXCL8. It is interesting that LL-37 activates 
epithelial cells by transactivation of the EGFR via metal-
loproteinase-dependent processing of EGFR ligands. Fur-
thermore, this host defense peptide augments TLR5-medi-
ated (flagellin) production of IL-6 by epithelial cells [73]. 
Significantly higher levels of CXCL8 and IL-6 are secreted 
by lung epithelial cells after stimulation with TLR4 agonist 
LPS in the presence of LL-37 as well [75]. Filewod et al. 
[76] showed that LL-37, at concentrations of 2-3 μg/ml, al-
ters bronchial epithelial cell responses to pro-inflammatory 
stimuli. In combination with IL-1β, TLR5 agonist flagel-
lin, or TLR3 agonist polyinosinic:polycytidylic acid (poly-
I:C) LL-37 causes synergistically an increase in CXCL8 
production and in combination with TLR2 agonist Pam3

C-
SK4 this cathelicidin synergistically induces transcription 
and release of both IL-6 and CXCL8 from these cells. 

There are limited data on LL-37 influence on the ke-
ratinocyte activity. It was indicated that this human cathe-
licidin induces keratinocyte migration and proliferation. 
The effect of LL-37 occurs via heparin-binding epidermal 
growth factor (HB-EGF)-mediated EGFR transactiva-
tion and signal transducer and activator of transcription 
(STAT)1, and STAT3 intracellular molecules are involved 
[77, 78]. What is more, LL-37 by itself stimulates kerati-
nocytes to synthesis and release of different pro-inflamma-

tory and/or immunoregulatory cytokines, including IL-6, 
IL-18, IL-20, and GM-CSF [77, 79, 80]. In response to 
LL-37 activation, keratinocytes produce some chemokines, 
i.e. CCL2, CCL5, CCL20, CXCL8, and CXCL10 [77, 79, 
80]. It is important to note that human cathelicidin stim-
ulates the synthesis of anti-inflammatory cytokine IL-10 
in keratinocytes [77] and significantly up-regulates gene 
encoding COX2 [80] as well. Cathelicidin peptide-in-
duced cytokine/chemokine production in keratinocytes 
involves EGFR, G protein, and PLC signaling pathways 
[77, 80]. LL-37-induced IL-18 secretion is probably via 
caspase-1-independent pathway and through p39 and 
ERK1/2 MAPK pathways [79]. Very intriguing are ob-
servations that β-defensins HBD-1, -2, -3, and -4 have 
a synergistic effect on IL-18 secretion by keratinocytes in 
response to LL-37 stimulation [79]. It should be also noted 
that LL-37 in combination with IL-1β or TLR5 agonist 
synergistically increases CXCL8 synthesis by both prolif-
erating and differentiated keratinocytes [76].

Concluding remarks
Cathelicidins, like other AMPs, exhibit antimicrobial 

activities against a broad spectrum of microbes, including 
both Gram-positive and Gram-negative bacteria, enveloped 
viruses, and fungi. These peptides directly kill the invaded 
microorganisms by perturbing their cell membranes and 
can neutralize biological activities of endotoxin. Now-
adays, more and more data indicate that cathelicidins, in 
addition to their antimicrobial properties, have the potential 
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to influence and modulate, both directly and indirectly, the 
activity of various cell populations involved in inflamma-
tory processes (Fig. 1). First of all, it should be underlined 
that cathelicidins may intensify the course of inflammation 
via attracting neutrophils, monocytes, macrophages, eosin-
ophils, and mast cells to pathogen entry site. Importantly, 
recruiting cells, and especially neutrophils, are a rich source 
of cathelicidins. Thus, high concentrations of these pep-
tides can be most easily achieved at the sites of immune 
cell accumulation. It is worthy of note, however, that cathe-
licidin LL-37 reduces CXCR2 expression on neutrophils 
and monocytes, i.e. the receptor that mediates chemok-
ine-induced cell migration. Cathelicidins also stimulate 
migration and proliferation of epithelial cells and kerati-
nocytes. Moreover, these peptides may exacerbate inflam-
matory reactions by suppressing apoptosis and prolonging 
the lifespan of neutrophils. In addition, cathelicidin LL-37 
suppresses caspase-1 dependent pyroptosis in macrophages. 

Cathelicidins directly activate different cell populations 
to production and release of different pro-inflammatory 
and immunoregulatory cytokines, inter alia IL-1β, IL-6, 
IL-18, IL-20, TNF, and GM-CSF. Likewise, these peptides 
induce the production of various chemokines, including 
CCL2, CCL5, CCL7, CCL20, CXCL1, CXCL4, CXCL8, 
and CXCL10. Furthermore, in response to cathelicidin ac-
tivation mast cells, macrophages, and eosinophils generate 
potent pro-inflammatory mediators, such as cysLTs, LTB

4
, 

TXA
2
, PGD

2 
and histamine. It is crucial that cathelicidins 

stimulate production and release of ROS, NO, ECP, and 
some proteinases, which take part in tissue damage. On 
the other hand, cathelicidins can induce the synthesis of 
some anti-inflammatory mediators; macrophages and kera-
tinocytes produce IL-10, monocytes synthesize IL-10 and 
IL-19, and monocytes and neutrophils generate IL-1Ra. 

Without any doubt it is intriguing that cathelicidins 
can affect activity of various cell types indirectly. Peptide 
LL-37 acting in synergy with IL-1β causes a significant in-
crease in CXCL8 production by epithelial cells and kerati-
nocytes and in not only CCL2, CCL7, IL-6, but also IL-10, 
by monocytes. This cathelicidin exerts synergistic effect on 
GM-CSF-induced CCL2 and IL-6 synthesis by monocytes 
and significantly enhances IL-18 secretion from keratino-
cytes stimulated with β-defensins. Otherwise, co-stimu-
lation of monocytes and dendritic cells with LL-37 and 
IFN-γ causes an influential decrease in TNF synthesis, and 
monocyte co-stimulation with LL-37 and IL-32 results in 
a decrease in TNF, IL-6, IL-1β, and also IL-10 generation. 
In addition, cathelicidins also appear to have functions in 
modulating TLR-mediated cell responses. These peptides 
strongly inhibit pro-inflammatory cytokine release, i.e. 
TNF, IL-1β, IL-6 and chemokine CXCL8, from mono-
cytes stimulated with TLR2 or TLR4 agonists. It is im-
portant to stress that LL-37 significantly decreases CXCL8 
production by monocytes activated with TLR9 ligand but 
enhances TNF and IL-6 synthesis. Similarly, cathelicidins 

strongly decrease TLR2- and TLR4-mediated TNF and 
NO synthesis in macrophages, but enhance ROS release in 
response to TLR4 stimulation. Furthermore, cathelicidins 
strongly inhibit IL-6, IL-12, TNF, and CXCL8 generation 
by dendritic cells stimulated by TLR2, TLR4, or TLR5 
ligands. On the contrary, it is very interesting that syner-
gistic action of LL-37 and TLR2, TLR3, TLR4, or TLR5 
ligands induces an increase in IL-6 and CXCL8 generation 
by epithelial cells and keratinocytes. 

To date, it has not been entirely clear what the exact 
cathelicidin concentrations in physiological or pathophysi-
ological conditions and in inflammatory milieu are. Never-
theless, there are data that in healthy individuals the LL-37 
levels were as low as 39.9 pg/ml in sputum [81], 1-4 ng/ml 
in tracheal aspirate samples obtained from new-born chil-
dren [82], and 1.1 and 1.7 ng/ml in plasma of neonatal and 
maternal blood, respectively [83, 84]. Some information 
indicates that in healthy individuals the concentrations of 
LL-37 are about 27.2 ng/ml in plasma [85] and 30.5 ng/ml 
in saliva [86]. What is more, concentrations of LL-37 in 
sweat and bronchoalveolar lavage fluid (BAL) of healthy 
infants are significantly higher and amount up to 4.47 μg/
ml [87] and 4.8 μg/ml, respectively [88]. Interestingly, the 
levels of LL-37 in sperm are as high as 86.5 μg/ml [89]. In 
pathological conditions, the concentrations of this cathe-
licidin are highly differentiated. In sputum obtained from 
patients suffering from cystic fibrosis (CF), chronic ob-
structive pulmonary disease (COPD), and asthma, LL-37 
concentrations were as low as 79.6 pg/ml, 75.3 pg/ml, and 
13.6 pg/ml, respectively [81]. Moreover, the concentration 
of LL-37 in plasma of patients with sepsis was 13.7 ng/ml 
[85], and 22.5 ng/ml in saliva of individuals suffering from 
chronic periodontitis [86]. Chen et al. [90] determined that 
concentrations of LL-37 in BAL of patients with CF were 
from an undetectable level up to 15 μg/ml. In turn, the lev-
el of this peptide was up to even 1.4 mg/ml in skin-biopsy 
samples from patients with psoriasis [91]. The cathelicidin 
effective concentrations used in the in vitro studies were 
in the range between 0.01 μg/ml and 50 μg/ml. Thus, it 
can be assumed that the cathelicidin concentrations used in 
experiments in vitro correspond to those occurring in vivo 
in different pathophysiological conditions, and especially 
during infection and inflammation in the local milieu. 

In conclusion, it is now obvious that cathelicidins have 
various immunomodulatory activities. Therefore, these 
peptides should be considered as the multifunctional mol-
ecules that strongly affect the course of inflammation. It 
is important to state, however, that the exact role of these 
peptides in inflammation is ambiguous, as cathelicidins 
might promote or reduce the inflammatory intensity. More-
over, without any doubt these host derived peptides affect 
host defense against microorganisms by modulating epi-
thelial responses to infecting pathogens, by balancing the 
TLR-mediated cell response to bacteria and viruses, and by 
influencing the inflammatory processes at sites of patho-
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gen entry. Without any doubt, further studies are necessary 
to fully clarify the exact role of cathelicidins in inflamma-
tion and innate immunity developed during infection. 
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