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Little Peptide, Big Effects: The Role of LL-37 in
Inflammation and Autoimmune Disease
J. Michelle Kahlenberg and Mariana J. Kaplan

The innate immune system utilizes many approaches
for defense against invading microorganisms, including
complement-mediated lysis, engulfment, formation of
neutrophil extracellular traps, and release of antimicro-
bial peptides. Although classically thought to be driven
by adaptive immunity, the development of autoimmune
diseases such as rheumatoid arthritis and systemic lupus
erythematosus is increasingly associated with dysregu-
lated innate immune pathways. An emerging theme
within this literature is the contribution of antimicro-
bial peptides to the development of autoimmune disor-
ders. This is best exemplified in atopic dermatitis and
psoriasis where the defensins and the single human
cathelicidin, LL-37, may contribute to disease. Further-
more, in the past few years, a role for LL-37 has emerged
in the pathogenesis of systemic lupus erythematosus,
rheumatoid arthritis, atherosclerosis, and possibly other
diseases. In this review, we discuss the role of LL-37 and
its murine ortholog, mCRAMP, in the modulation of im-
mune and inflammatory pathways and their effects on
autoimmune and inflammatory diseases. The Journal
of Immunology, 2013, 191: 4895–4901.

T
he innate immune system plays a crucial role in
defense against microbes as well as in the initiation
of inflammatory responses. Antimicrobial peptides

(AMPs) are an important evolutionarily conserved defense
mechanism against bacterial and fungal invasion of eukaryotic
organisms. Hundreds of AMPs are synthesized by epithelial
cells and lymphocytes (1). Although several classes of AMPs
exist, LL-37 is the sole member of the human cathelicidin
family. This peptide has piqued the interest of the research
community because, in addition to its antimicrobial proper-
ties, it carries numerous immune system–modulating proper-
ties that may contribute to autoimmune disease development
(Table I).

LL-37

LL-37 is a 37-aa cationic peptide generated by extracellular
cleavage of the C-terminal end of the 18-kDa hCAP18 protein

by serine proteases of the kallikrein family in keratinocytes
(12, 13) and proteinase 3 in neutrophils (14) (Fig. 1). LL-37
is able to form aggregates in solution and lipid bilayers and
thus, unlike other antimicrobial peptides, is protected from
proteolytic degradation (15). Its positive charge allows it to
preferentially associate with negatively charged phospholipid
membranes (15). Furthermore, it assumes a primarily a he-
lical shape during membrane interactions resulting in unilat-
eral segregation of its hydrophobic residues (16). This allows
for membrane penetration, formation of transmembrane pores,
and bacterial lysis (16–18). Cellular membranes associated
with cholesterol, such as those found in mammals, are pro-
tected from the pore-forming effects of LL-37; however, this
effect can be overcome by higher concentrations of the peptide
(19, 20).
LL-37 was originally characterized as constitutively ex-

pressed in secondary neutrophilic granules (12), However,
LL-37 is produced by many cell types, including macro-
phages, NK cells, and epithelial cells of the skin, airways,
ocular surface, and intestine (20). Regulation of its expression
is controlled by inflammatory pathways as well as the vitamin
D pathway and endoplasmic reticulum stress (21–23). Studies
utilizing mice deficient in mCRAMP, the murine ortholog of
LL-37, have demonstrated important antimicrobial roles for
this peptide. In the skin, LL-37/mCRAMP is required to
prevent invasive bacterial infections (24). Similarly, mice de-
ficient in mCRAMP have increased colonization and invasion
of pathogenic bacteria in the colon (25) and are more sus-
ceptible to urinary tract infections (26). Furthermore, mCRAMP
displays protective effects against Clostridium difficile toxin-
mediated colonic and ileal damage, whereas human LL-37 has
protective functions on toxin A–mediated inflammatory cytokine
production (27). Intriguingly, mCRAMP has also been shown to
have protective effects against influenza infection, suggesting it
also has a role in the antiviral response (28).

LL-37 influences inflammatory cell recruitment and macrophage
phenotype

Besides its antimicrobial functions, LL-37 also has immu-
nomodulatory roles (Fig. 1). Indeed, both pro- and anti-
inflammatory functions have been assigned to LL-37 and
this may be modulated by the microenvironment and disease
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background. For example, the presence of 10 mg/ml LL-37
during monocyte-to-macrophage differentiation promotes a
proinflammatory response, resulting in downregulation of
IL-10 and upregulation of IL-12p40. Furthermore, LL-37
directs the plasticity of differentiated macrophages toward
an M1 phenotype (29), suggesting that the presence of this
peptide has a strong influence on macrophage development
and cytokine production. Additionally, LL-37 exposure en-
hances inflammatory cytokine production driven by IL-1b
signaling (30). Anti-inflammatory properties of LL-37 are
demonstrated by its antagonistic action on IFN-g, TNF-a,
IL-4, and IL-12 responses in various cell types (30–32). A
strong anti-inflammatory response through modulation of
TLR signaling is also attributed to LL-37 (see below). Thus,
the environmental and cellular context in which exposure to
LL-37 occurs is important for determining the direction of
the cellular response.
A notable feature of LL-37 is that it also has various che-

motactic properties. Acting through formyl peptide receptor 2,
LL-37 induces migration of neutrophils and eosinophils (33).
Other G protein–coupled receptors are similarly activated by
LL-37 and may contribute to the chemotactic effects of this
peptide (20). Transactivation of the epidermal growth factor
receptor by LL-37 induces migration of keratinocytes and
thus promotes wound healing (34). LL-37 also modulates the
production of chemokines to promote chemotaxis. LL-37 is
able to induce transcription of CXCL8 alone and synergizes
with TNF-a–mediated expression of this chemokine (32).
MCP-1/CCL-2, a monocyte recruitment factor, is secreted in
a dose-dependent fashion following LL-37 stimulation (35).
Furthermore, TGF-b released from intestinal epithelial cells
following exposure to LL-37 also has important chemotactic
effects for epithelial cell migration and the wound healing
response (36). Thus, LL-37 released at the site of infection or
tissue injury is able to promote the inflammatory response
and initiate wound repair.

LL-37 and TLR pathways

TLRs are widely expressed receptors that respond to pathogen-
associated molecular patterns. Dysregulation of TLR signaling
has been reported to be important for the development of
autoimmunity (37). Modulation of TLR function by LL-37
can be considered an anti-inflammatory effect. Indeed, LL-37
downregulates signaling through TLR4 via binding of its li-
gand, LPS (12, 38), as well as through interruption of TLR4
receptor complex function in dendritic cells (DCs) and
macrophages (39, 40). This results in lower levels of proin-
flammatory cytokine production when LL-37 and LPS are
present simultaneously. Similar repression of chemokine re-

lease has been noted in epithelial cell lines (35). In vivo,
mCRAMP represses the response to 2,4-dinitrofluorobenzene–
mediated contact hypersensitivity through pathways that re-
quire the TLR4 receptor (39).
Alternatively, depending on the sequence of LL-37 and

LPS exposure, the effects of LL-37 on TLR4 responses can be
proinflammatory. When macrophages are primed with LPS
prior to LL-37 exposure, there is enhanced release of TNF-a
(35). Furthermore, LPS priming of monocytes and macro-
phages allows for activation of the inflammasome and IL-1b
and IL-18 production following LL-37 stimulation (5, 41).
In vivo, endogenous mCRAMP does not protect from LPS
systemic effects, as both wild-type and mCRAMP2/2 mice
have similar rates of death in response to LPS-induced shock
(43). Thus, the ability of LL-37 to have a suppressive effect on
LPS effects depends on the timing and context within which
cells are exposed.
Other TLR effects are also modulated by LL-37 exposure.

LL-37 stabilizes TLR3 ligands and is able to enhance viral
responses transmitted via this receptor in TLR3-transfected
bronchial epithelial cells (43). In contrast, there is modula-
tion of TLR3 responses in keratinocytes leading to repres-
sion of polyinosinic-polycytidylic acid–mediated upregulation
of CXCL10 and CCL5 but enhancement of polyinosinic-
polycytidylic acid–induced CXCL8 (32). Flagellin activation
of TLR5 is enhanced via LL-37 activation of src family kinases
(44). These observations again support the concept that LL-37
can enhance or abrogate inflammatory signals depending on
cell type and the microenvironment.

LL-37 modulates type I IFN responses

Type I IFNs are an important part of the innate immune
response to microbes. They promote myeloid DC maturation
and activation of lymphocytes and NK cells (45). Type I IFNs
are also elevated in many autoimmune diseases such as lupus,
dermatomyositis, and psoriasis and likely contribute to disease
pathogenesis (46). Synthesis of type I IFNs by plasmacytoid
DCs (pDCs) occurs via endosomal recognition of pathogen-
derived nucleic acids by TLR7 and TLR9. Cytosolic DNA
receptor activation by nucleic acids also results in type I IFN
synthesis in other cell types (47). Activation of these pathways
by self-DNA is prevented by degradation and inhibition of
uptake.
The effects of LL-37 on type I IFN synthesis pathways are

secondary to its positive charge and structure. Because of its
high affinity for nucleic acids, LL-37 is able to bind DNA
and act as a shuttle across membranes for nucleic acid delivery
(48). In pDCs, DNA coupled with LL-37 (10 mM) promotes
access to the endosomal compartment, pDC maturation, and

Table I. Summary of effects of LL-37 on autoimmune and atherosclerosis disease pathogenesis

Disease Effects of LL-37

Psoriasis ↓ Keratinocyte apoptosis (2)
↑ IFN-a production through stabilization of extracellular DNA (3)

SLE Stabilizes circulating immune complexes and allows for IFN-a synthesis by pDCs (4)
↑ IL-18 production by macrophages (5)

RA ↑ In synovial fluid inflammatory cells (6)
↑ Apoptosis of osteoblasts (7)

Expression and citrullination of lung LL-37 ↑ by cigarette smoking (8, 9)
Atherosclerosis ↑ Levels in atherosclerotic plaques may ↑ inflammatory cell recruitment (10)

May promote thrombosis by activation of endothelial cells (11)
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TLR9 activation, thereby increasing type I IFN production.
Furthermore, LL-37 enhances dsDNA uptake by monocytes

resulting in TLR-independent cytoplasmic DNA sensing via
STING and TBK1 kinase–mediated pathways leading to type

FIGURE 1. LL-37 is generated via cleavage of full-length hCAP18 and has numerous immunomodulatory functions depending on environmental and cellular contexts.

The 18-kDa propeptide hCAP18 is synthesized and stored in granules and lamellar bodies. Following stimulation by proinflammatory signals, hCAP18 is released into the

extracellular environment and cleaved by proteinase 3 in neutrophils and kallikrein in keratinocytes (green dots) and the N-terminal 37 aa form the a helical LL-37 peptide

that then dimerizes and trimerizes in solution. Exposure to LL-37 results in recruitment of inflammatory cells, induction of M1 macrophages, and stimulation of

inflammatory responses such as inflammasome activation and type I IFN production. Type I IFN production is promoted via LL-37 protection of both RNA and DNA,

allowing for activation of endosomal TLR7 and TLR9, respectively. LL-37, expressed on the surface of neutrophils, is recognized by anti–LL-37 autoantibodies, which

promotes NETosis, generating a source of additional LL-37 DNA complexes. However, LL-37 has strong anti-inflammatory effects such as neutralization of TLR4

activation by LPS, downmodulation of inflammatory cytokine responses, and preventing invasion and inflammatory responses to pathogenic bacteria.

The Journal of Immunology 4897
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I IFN production (49). Myeloid DCs also are able to take
up extracellular DNA in the presence of LL-37, although less
efficiently than pDCs or monocytes (49). Thus, the interac-
tions of LL-37 with DNA may promote loss of tolerance to
DNA and type I IFN synthesis, which may lead to aberrant
immune responses following DNA exposure. Similar mech-
anisms of type I IFN induction have been demonstrated for
LL-37 complexed with self-RNA released from dying cells,
which stimulates TLR7-mediated IFN-a production in pDCs
(50).

LL-37 regulates other inflammatory signaling pathways

Activation of the P2X7R, a robust inducer of inflammasome
activation in macrophages and monocytes, is considered a
unique function of LL-37. This stimulation results in acti-
vation of both IL-1b and IL-18 (5, 41). Furthermore, stim-
ulation of this receptor by LL-37 enhances COX2 expression
and PGE2 production via ERK and c-Jun-N-terminal kinase
in human gingival fibroblasts (51). Stimulation of IL-8 and
CXCL3 release via activation of Src family kinase pathways
downstream of P2X7R activation has been described in ker-
atinocytes (44). Activation of the insulin-like growth factor 1
receptor, resulting in activation of the MAPK/ERK pathway
by LL-37, has also been reported (52).

LL-37 regulates cell death

The effects of LL-37 on cell death regulation may be depen-
dent on the cell type involved and the context in which the
stimulation occurs. Activation of caspase-3 and caspase-8 and
induction of apoptosis in neutrophils are inhibited by LL-37
(31). Higher doses of this peptide induce necrotic cell death
in neutrophils, possibly secondary to overcoming inhibitory
effects of membrane cholesterol on LL-37 pore-forming
abilities. Epithelial cells such as keratinocytes are also pro-
tected from camptothecin-induced apoptosis by LL-37 up-
regulation of COX-2 (2). Additionally, intestinal epithelial
cell cultures are protected from TRAIL-mediated apoptosis
when preincubated with LL-37 (36). Other cell types are
more susceptible to proapoptotic effects of moderate doses of
LL-37, inducing primary airway epithelial cells and osteo-
blasts (7).

Role of LL-37 in autoimmunity

Psoriasis. LL-37 levels are elevated in psoriatic skin (53), and
significant interest regarding the role of this peptide in the
pathogenesis of this disease has been evident. For a com-
prehensive review of the role of LL-37 in psoriasis pathogen-
esis, please see Reinholz et al. (54). Psoriasis is characterized
by skin inflammation, keratinocyte proliferation, enhanced
type I IFN signatures, and overexpression of LL-37. Impor-
tantly, the presence of LL-37 in this disorder may contribute
to disease pathogenesis. LL-37/DNA complexes generate stable
ligands that may promote loss of tolerance and TLR9 stimula-
tion in psoriatic dermal pDCs. This results in type I IFN up-
regulation and further inflammatory pathway activation (3).
Furthermore, LL-37 has antiapoptotic effects on keratino-
cytes, possibly contributing to the increased cellular prolifer-
ation present in this disorder (2). Cytosolic dsDNA can also
stimulate activation and release of IL-1b in psoriasis via acti-
vation of the AIM2 inflammasome (55). However, when de-
livered to the cytoplasm following complexing with LL-37,

cytosolic DNA does not enhance IL-1b production or inflam-
masome activation, suggesting that LL-37 protects keratinocytes
from dsDNA-mediated AIM2 inflammasome activation (55).
Thus, the presence of elevated levels of LL-37 in psoriatic skin
may shift the balance away from the “classical” inflammatory
mediators (such as IL-1b) and instead drive a pathology driven
by type I IFN responses. Research into the role of LL-37 in
psoriasis pathogenesis is ongoing.

Systemic lupus erythematosus. SLE is a heterogeneous systemic
syndrome that can lead to severe organ manifestations driven
by immune complex deposition and inflammation. The eti-
ology of SLE remains elusive, but type I IFN pathways appear
to be important contributors to disease development and se-
verity (56). Recent evidence indicates that SLE neutrophils
are primed to externalize DNA and other immunostimulatory
molecules by enhanced synthesis and impaired degradation of
neutrophil extracellular traps (NETs) (57–59). In this regard,
an important role for LL-37 in stabilizing immune complexes
generated through NETs has been described in SLE patients
(4). SLE-derived NETs from both normal density and low-
density granulocytes externalize significant amounts of LL-37
(58, 60). This peptide protects NET-derived DNA from
degradation (4). Coupled with anti-dsDNA Abs, a hallmark
of SLE, these circulating immune complexes of Ab, DNA,
and LL-37 are able to stimulate TLR9 in pDCs, resulting in
type I IFN production. Furthermore, SLE patients demonstrate
autoantibodies to LL-37 contributing to immune complex
formation (4). These autoantibodies are able to induce NETs,
thus perpetuating an inflammatory cycle and providing more
NET material to stimulate type I IFN production (4).
Also potentially contributing to SLE pathogenesis is the

proinflammatory effects of LL-37 on macrophages. Recom-
binant or NET-derived LL-37 stimulates inflammasome acti-
vation, resulting in IL-1b and IL-18 production (5). IL-18 is
elevated in SLE patients and correlates with disease activity
and markers of cardiovascular disease (61, 62). Inflammasome
activation in response to LL-37 is enhanced in M1 macro-
phages derived from SLE patients, resulting in elevated pro-
duction of IL-18, which can further induce NETosis and thus
promote a vicious inflammatory cycle resulting in disease de-
velopment or flare (5).
In cutaneous lupus lesions, the upregulation of several

antimicrobial peptides (AMPs), including LL-37, has been
described (63). However, the effects of LL-37 upregulation
in these lesions remain unknown. Some have speculated that
these AMPs may provide a protective effect from cutaneous
infection in cutaneous lupus erythematosus patients, but given
the proinflammatory phenotype of LL-37 on macrophages
(29), especially in SLE (5), further investigation into the role
of LL-37 in lupus skin manifestations is warranted.

Arthritis and bone metabolism. Elevated expression of LL-37 and
its activating protease have been described in RA patients
(6, 64), and mechanistic studies are beginning to unravel the
role of LL-37 in this disease. Periarticular osteopenia is a com-
mon finding among patients with RA (65), and LL-37 induces
apoptosis of osteoblasts, which could contribute to reduced
bone formation in arthritic joints (7). Furthermore, a recent
report characterized elevated expression of LL-37 primarily
in the osteoclasts and granulocytes within the human RA
synovium (66). Using a pristane-induced arthritis model in

4898 BRIEF REVIEWS: LL-37 AND IMMUNE RESPONSES

 by guest on M
arch 6, 2020

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


rats, upregulation of rCRAMP, the rat ortholog of LL-37, was
demonstrated in granulocytes, macrophages, and gd T cells
of synovial fluid. Importantly, transfer of pristane-exposed
neutrophils induced arthritis, whereas type I IFN or autoan-
tibody responses in control rats did not (66). This suggests that
LL-37 may contribute to arthritis development, but further
studies are needed to clarify its role.
An association between periodontal disease and the devel-

opment of RA has been suggested, and treatment of peri-
odontal disease can lead to improvement in markers of RA
disease activity (67). LL-37 levels are increased in gingival
crevicular fluid of chronic periodontal disease patients (68)
and may play a role in promotion of gingival inflammation
by increasing PGE2 production (51). Given the numerous
pathways through which LL-37 can affect inflammatory cell
types, further investigation into the role of gingival LL-37 and
RA manifestations should be examined.
The risk of RA development is positively influenced by

cigarette smoking, which is associated with development of
anti-citrullinated protein Abs and correlates with disease ac-
tivity (69). Cigarette smoke is able to induce upregulation of
mCRAMP via NF-kB pathways, and recruitment of macro-
phages and neutrophils into the lung following smoke expo-
sure was highly dependent on the presence of mCRAMP (8).
Furthermore, cigarette smoke exposure enhances the enzy-
matic activity of peptidylarginine deiminase 2, resulting in
enhanced citrullination of proteins (9), including LL-37 itself,
which increases its chemotactic properties (70). Because neu-
trophils are prone to NETosis in RA patients and NETs are
a source of citrullinated Ags in RA (71, 72), the role of LL-37,
and its citrullinated form, in enhancing cigarette smoke–re-
lated RA risk factors should be explored.

Other autoimmune diseases. In addition to the diseases men-
tioned above, reports exist of potential roles for LL-37 in other
autoimmune disorders. LL-37 may have a potentially pro-
tective role in the development of sarcoidosis, as transcript
levels are repressed in more severe disease. This is ascribed to
TNF-a effects, which negatively affect LL-37 expression in
alveolar macrophages (73). Additionally, nasal secretions from
patients with granulomatosis with polyangiitis (formerly known
as Wegener’s granulomatosis) colonized with Staphylococcus
aureus, a potentially pathogenic bacteria in this disease, show
significantly elevated levels of LL-37 (74). However, whether
the elevated levels of this peptide are proinflammatory or
protective in this disease remains to be determined.

The role of LL-37 in atherosclerosis

Atherosclerosis is considered an inflammatory disease (75) in
which innate immune pathways, including upregulation of
type I IFNs, are activated in atherosclerotic plaques and con-
tribute to disease development (76–79). A participation of
LL-37 bound to immune complexes that promote type I IFN
production and stimulate atherosclerosis development has
been proposed (80). Transcription of LL-37 is elevated in
human atherosclerotic aortas (81) and its association with
neointima-associated macrophages has been demonstrated
(82). Furthermore, proatherosclerotic Apoe2/2 mice demon-
strate elevated neutrophil-associated mCRAMP in the carotid
arteries of mice fed high-fat chow. These mice lose mCRAMP
staining and have substantial protection in plaque size and

macrophage recruitment when crossed to mCRAMP2/2 mice
(10). This suggests that LL-37 plays an important role in re-
cruitment of inflammatory cells to plaques as well as mod-
ulation of the plaque cytokine environment to promote ath-
erosclerotic lesion development.
In addition to plaque promotion, LL-37 also has effects

on endothelial cells. LL-37 induces endothelial cell activa-
tion and upregulation of ICAM-1, which participates in
inflammatory cell recruitment to plaque (11). Furthermore,
although this response may be important for vasculogenesis
and wound vascularization, it may be prothrombotic in the
context of atherosclerotic lesions. Interestingly, when used to
coat coronary stents, LL-37 prevented in-stent rethrombosis
by promotion of the re-epithelialization of the stent, which
limited neointimal hyperplasia (83). Thus, the effects of
LL-37 on atherosclerosis are also likely dual in that it pro-
motes atherosclerotic inflammation but may facilitate vas-
cular healing.

Therapeutic uses of LL-37?

Because of their antimicrobial properties, AMPs have been
a promising target for drug development as alternatives to
systemic antibiotics (reviewed in Ref. 84). However, others
have cautioned that exposure to manufactured peptides may
induce microbial resistance to innate human defenses against
microbial invasion (85). Indeed, various antibiotics with
cathelicidin-like properties can promote microbial resistance
to LL-37 (86). Given the rapidly evolving role of LL-37 in
autoimmune diseases, this molecule could potentially serve as
a target for immune modulation as well. Neutralization of
TLR4 signaling has shown promise in diseases such as colitis,
chronic pain, and sepsis (reviewed in Ref. 87). Given the
effects of LL-37 on this receptor, it may have potential as
a therapy in diseases impacted by TLR4 signaling. For dis-
eases where LL-37 may promote TLR7 and TLR9 signaling,
such as psoriasis and SLE, antagonism of this peptide may
provide a therapeutic target. Because LL-37 is able to par-
ticipate in immune complex formation (4), caution should be
exercised when attempts to neutralize this peptide using Abs
are considered. Furthermore, the consequences of blockade of
this peptide on antimicrobial defenses will need to be carefully
studied.

Conclusions
The innate immune system is gaining attention for its con-
tributions to autoimmune disease development. For LL-37,
this peptide is produced in environments where it is prone
to interact with microbes. Some of the functions of LL-37 are
anti-inflammatory, particularly those involved in blocking
Gram-negative signaling pathways through TLR4. However,
in the context of the inflammatory response, this peptide may
also provide proinflammatory signals that can propagate in-
flammation, stimulate type I IFN production, and result in
induction of autoimmune diseases. Further research is needed
to fully understand the big effects of this little peptide on
immune system function so that potential therapeutic uses can
be explored.
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48. Zhang, X., K. Oglęcka, S. Sandgren, M. Belting, E. K. Esbjörner, B. Nordén, and
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