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REGULAR ARTICLE
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Key Points

• LL37 primes platelet
function and augments
thrombus formation.

• LL37 mainly acts
through FPR2/ALX in
platelets.

Platelet-associated complications including thrombosis, thrombocytopenia, andhemorrhage

are commonly observed during various inflammatory diseases such as sepsis, inflammatory

bowel disease, and psoriasis. Despite the reported evidence on numerous mechanisms/

molecules that may contribute to the dysfunction of platelets, the primary mechanisms

that underpin platelet-associated complications during inflammatory diseases are not fully

established. Here, we report the discovery of formyl peptide receptor 2, FPR2/ALX, in

platelets and its primary role in the development of platelet-associated complications via

ligation with its ligand, LL37. LL37 acts as a powerful endogenous antimicrobial peptide,

but it also regulates innate immune responses. We demonstrate the impact of LL37 in the

modulation of platelet reactivity, hemostasis, and thrombosis. LL37 activates a range of

platelet functions, enhances thrombus formation, and shortens the tail bleeding time in

mice. By utilizing a pharmacological inhibitor and Fpr2/3 (an ortholog of human FPR2/ALX)–

deficient mice, the functional dependence of LL37 on FPR2/ALX was determined. Because the

level of LL37 is increased in numerous inflammatory diseases, these results point toward a

critical role for LL37 and FPR2/ALX in the development of platelet-related complications in

such diseases. Hence, a better understanding of the clinical relevance of LL37 and FPR2/ALX in

diverse pathophysiological settings will pave the way for the development of improved

therapeutic strategies for a range of thromboinflammatory diseases.

Introduction

Platelets play pivotal roles in the regulation of hemostasis; however, their unwarranted activation
under pathological conditions leads to the formation of blood clots (thrombosis) within the circulation,
which is a major cause of premature death.1-3 Platelets also play significant roles in the regulation of
innate immunity, inflammatory responses, and microbial infection.4,5 The activation of platelets during
inflammatory diseases induces the formation of blood clots or disseminated intravascular coagulation in
capillaries, resulting in the blockage of blood supply to tissues.6,7 Moreover, platelet activation results in
the aggregation and sequestration of platelets, instigating thrombocytopenia.8,9 Several mechanisms
that contribute to platelet dysfunction under inflammatory diseases have been reported10; however, the
primary molecular mechanisms that underpin platelet activation are not fully understood.

LL37 is the only cathelicidin known to be expressed in human cells.11 It acts as a powerful antimicrobial
peptide against bacteria,12 fungi,13 and viral particles14 and modulates innate and adaptive immune
responses predominantly through formyl peptide receptor 2 (FPR2/ALX).15,16 Despite detailed
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research on the roles of LL37 in the modulation of inflammatory
responses in various pathological settings,17,18 its effects in the
regulation of thrombosis and other platelet-related complica-
tions remained unknown for a long time. Because the level of
LL37 released during inflammation is significantly higher than
normal,19,20 understanding its critical functions in the modulation
of platelet reactivity will pave the way for determining fundamental
mechanisms underlying platelet-related complications in various
inflammatory diseases. Immediately prior to the submission of
this manuscript, Pircher et al21 demonstrated the ability of LL37
to prime circulating platelets and induce thromboinflammation.
Although they have established a significant functional impact of
LL37 in platelets, its actions via FPR2/ALX were not determined.
In this study, we report the effects of LL37 on a range of platelet
functional assays and establish its roles in the modulation of
platelet reactivity, thrombosis, and hemostasis. Moreover, by using
pharmacological tools and Fpr2/3-deficient mice, we have
established the functional dependence of LL37 on FPR2/ALX in
platelets.

Methods

The University of Reading Research Ethics Committee approved all
the experimental procedures using human blood from healthy
volunteers. The mouse strains of Fpr12/222 and Fpr2/32/223 on
a C57BL/6 background obtained from William Harvey Research
Institute (London, United Kingdom) and control C57BL/6 mice
from Envigo (United Kingdom) were used in this study. Detailed
methods for the preparation of platelets, immunoblotting, enzyme-
linked immunosorbent assay (ELISA), immunocytochemistry, in vitro
thrombus formation, tail bleeding, platelet aggregation, dense granule
secretion, platelet spreading, calcium mobilization, cytotoxicity and
flow cytometry-based assays, mass spectrometry, molecular docking,
and statistical analyses are provided in the supplemental Methods.

Results

Platelets store LL37 and release it upon activation

The expression of LL37 has been reported in several cell types
including neutrophils where it is mainly stored in granules.24,25 By
using immunofluorescence microscopy, we determined the pres-
ence of LL37 in human platelets (Figure 1A). Furthermore, resting
and cross-linked collagen-related peptide (CRP-XL) (a glycoprotein
VI [GPVI]-selective agonist) (1 mg/mL)–activated human platelets
were centrifuged, and the supernatant and pellet were used in
ELISA to determine the release of LL37 from platelets. In the resting
state, the level of LL37 was significantly higher in the pellet (15596
433 pM) compared with the supernatant (41 6 12 pM) (Figure 1B).
However, upon activation of platelets with CRP-XL, the presence of
LL37was significantly increased in the supernatant (14906581.7 pM)
compared with the pellet (59 6 7.6 pM). Similar results were
obtained upon the activation of platelets with collagen (acts via GPVI
and integrin a2b1) or TRAP-6 (acts via PAR1). To corroborate these
results, the release of LL37 in human platelet-poor plasma (PPP) or
platelet-rich plasma (PRP) was investigated by mass spectrometry.
The level of LL37 was stable and significantly increased in PRP
compared with PPP over 2 hours, indicating its release; by contrast,
the level of LL37 was significantly reduced in PPP (Figure 1C).
Together, these data confirm the presence of LL37 in platelets
(between picomolar and nanomolar concentrations) and its release
upon platelet activation.

LL37 augments thrombus formation and

affects hemostasis

To determine whether LL37 has a direct influence on thrombotic
complications during inflammatory diseases, its effects on thrombus
formation under arterial flow conditions were investigated.26,27

LL37 (10, 20, and 50 mM) significantly increased the thrombus
formation (Figure 1Di) and the mean fluorescence intensity in a
concentration-dependent manner (Figure 1Dii). The highest con-
centration of LL37 (50 mM) increased the thrombus intensity by
;70% compared with the vehicle-treated samples (Figure 1Diii).
Moreover, LL37 affected hemostasis in mice as determined by a tail
bleeding assay. A mean bleeding time of 370.8 6 46.6 seconds
was observed in the vehicle-treated group; however, the infusion
of LL37 significantly shortened the bleeding time to a mean of
225.2 6 18.8 seconds (Figure 1E).

LL37 induces platelet activation

To further determine the impact of LL37 in distinctive platelet
functions, additional assays were performed. Human isolated
platelets were treated with a vehicle or LL37 (5, 10, and 20 mM),
and the level of aggregation was monitored by optical aggregometry.
LL37 directly induced platelet aggregation in a concentration-
dependent manner, notably, 20 mM LL37 induced 100% aggrega-
tion (Figure 1F). In line with a recent study,21 in our experiments, LL37
failed to induce aggregation in human PRP (supplemental Figure 1).
Similarly, to determine whether LL37 influences inside-out signaling
to integrin aIIbb3 and a-granule secretion, the level of fibrinogen
binding and P-selectin exposure was measured respectively
using human isolated platelets and PRP by flow cytometry. LL37
increased the level of fibrinogen binding in human isolated
platelets (Figure 2Ai) and PRP (Figure 2Aii) in a concentration-
dependent manner. Similarly, the level of P-selectin exposure was
increased by LL37 in isolated platelets (Figure 2Bi) and PRP
(Figure 2Bii). Moreover, the ability of LL37 to induce plate-
let spreading on immobilized fibrinogen (Figure 2C) was
analyzed as a marker for integrin aIIbb3-mediated outside-in
signaling. LL37 (5, 10, and 20 mM) significantly increased the
number of adhered (Figure 2Ci) and spread (Figure 2Cii) platelets,
and the relative surface area (Figure 2Ciii) compared with their
controls. Furthermore, to assess the effects of LL37 in calcium
mobilization, intracellular calcium levels were measured in human
isolated platelets. LL37 induced calcium mobilization with a
maximum level achieved with 50 mM. The level of calcium release
obtained with 50 mM LL37 is similar to that obtained with CRP-XL
(1 mg/mL), although the initial kinetics of calcium release
appeared to be faster for LL37 (Figure 2D). These data confirm
that LL37 triggers distinctive platelet functions.

LL37 does not exhibit cytotoxic effects in platelets

A previous study28 reported the inhibitory effects of LL37 in platelets
at exceptionally high concentrations (0.1-1.2 mM). It has been shown
previously that LL37 exhibits cytotoxic effects in neutrophils and
monocytes at concentrations higher than 50 mM.29 To determine
whether the concentrations of LL37 used in this study (#50 mM)
exhibit any cytotoxic effects in platelets, lactate dehydrogenase
cytotoxicity assay was performed. The concentrations of LL37 used
here (1-50 mM) failed to exert any cytotoxic effects in human isolated
platelets, although 100 mM LL37 displayed significant toxicity
(Figure 2E). These results confirm that LL37 concentrations up to
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50 mM do not display any toxic effects in platelets, although higher
concentrations may exhibit cytotoxic effects.

LL37 activates platelets selectively through FPR2/ALX

Numerous studies indicate that LL37 acts primarily through
FPR2/ALX to exert its effects in immune cells.16,30,31 The expression
of FPR2/ALX in megakaryocytes and human and mouse platelets at

the transcript level has been reported previously.32,33 Here, the
presence of FPR2/ALX in human platelets remained unchanged in
resting and CRP-XL (1 mg/mL)–activated platelets as confirmed by
immunoblots (Figure 3Ai), although the activation increased the surface
level as determined by flow cytometry (Figure 3Aii). Moreover, the
presence of Fpr2/3 (an ortholog to human FPR2/ALX) in control, and its
absence in Fpr2/32/2 mouse platelets, was confirmed (Figure 3Aiii).

0

20

40

60

80

100

SC

*

**

**

10

LL37 (M)
20 50

Me
an

 fl
uo

re
sc

en
ce

 in
te

ns
ity

 (%
)

0

20

40

60

80

100

0

SC

10

20

50

5

Time (min)
Me

an
 fl

uo
re

sc
en

ce
 in

te
ns

ity
10

0 min

LL
37

 (
M)

SC

10

20

50

2 min 4 min 6 min 8 min 10 mini ii iii

D

0

SC

p=0.0411

20

200

400

600

Ta
il b

lee
din

g 
tim

e 
(s

)

LL37 (M)
0 300

100

80

60

40

20

0

Time (s)

Pl
at

ele
t a

gg
re

ga
tio

n 
(%

)

C 5

**

*

10 20

0

20

40

60

80

100

LL37 (M)

Pl
at

ele
t a

gg
re

ga
tio

n 
(%

)
C
5

10

LL
37

 (
M

)

20

E F

Phalloidin LL37

Merged

0

2500

2000

1500

1000LL
37

 (p
M)

500

Resting

Pellet SN

CRP-XL

Pellet SN

Collagen

Pellet SN

TRAP-6

Pellet SN

**
** ** **

0

100000

200000

300000

400000

C 0 30 60

*

*Control
PPP
PRP

120

Time (min)

Int
en

sit
y o

f m
/z

 o
f L

L3
7 

in 
LC

-M
S

0 30 60 120

A B C

Figure 1. Presence of LL37 in platelets and its impact on thrombus formation, hemostasis, and platelet activation. (A) Human platelets were treated with primary

antibodies against LL37 and appropriate fluorescent-labeled secondary antibodies (purple) and phalloidin (green) and analyzed by confocal microscopy (magnification 3100;

bar represents 10 mm). Images shown are representative of 3 independent experiments. (B) the level of LL37 in resting and activated (1 mg/mL CRP-XL, 1 mg/mL collagen or

10 mM thrombin receptor activator peptide 6 [TRAP-6]) platelet pellets and supernatants (SNs) was measured by ELISA using LL37-selective antibodies. Data represent

mean 6 standard error of the mean (SEM) (n 5 5). (C) The stability/release of LL37 in human plasma was analyzed by mass spectrometry (liquid chromatography mass

spectrometry [LC-MS]). Graph represents the intensities of LL37 (100 mg/mL) spiked in PRP and PPP at different time points over 120 minutes. Control represents the

intensity of LL37 at 100 mg/mL (unspiked). Data represent mean 6 SEM (n 5 3). (D) The effects of LL37 in the modulation of thrombus formation. Human DiOC6-labeled

whole blood was preincubated with a scrambled peptide (SC) or LL37 (10, 20, and 50 mM) for 10 minutes prior to perfusion over collagen-coated (400 mg/mL) Vena8

Biochips. Images (i) (at 10 minutes) shown are representative of 3 separate experiments (magnification 310; bar represents 10 mm). Data (ii-iii) represent mean 6 SEM

(n 5 3). (E) The impact of LL37 (20 mM) on the modulation of hemostasis. C57BL/6 mice (10-12 weeks old) were anesthetized 20 minutes before the infusion of a scrambled

peptide or LL37 (20 mM) via femoral artery 5 minutes before the dissection of 1 mm of tail tip, and monitoring of time to cessation of bleeding. Data represent mean 6 SEM

(n 5 6 per group). (F) The effects of LL37 on platelet activation were measured by optical aggregometry using human isolated platelets. Data represent mean 6 SEM (n 5 6).

The statistical significance was established by 1-way analysis of variance (ANOVA) followed by Bonferroni’s correction in most of the experiments except the data shown

in panels B and E, which were analyzed by 2-tailed unpaired Student t test and nonparametric Mann-Whitney U test, respectively (*P , .05; **P , .01).
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To determine the functional dependence of LL37 on FPR2/ALX, the
binding of LL37 to the platelet surface was confirmed using a
fluorescently labeled LL37 (5-FAM-LC-conjugated LL37) by flow
cytometry. 5-FAM-LL37 (20 mM) displayed marked binding to the
surface of human platelets compared with a fluorescently labeled
scrambled LL37 (5-FAM-conjugated sc-LL37) (Figure 3Bi). Similarly,
LL37 (20 mM) binding was analyzed using platelets obtained from
control, Fpr1-, or Fpr2/3-deficient mice. The control and Fpr12/2

mouse platelets exhibited significant binding to 5-FAM-LL37 com-
pared with Fpr2/32/2 (Figure 3Bii). In addition to LL37, mCRAMP
(mouse ortholog of LL37) was also investigated for the binding to
mouse platelets, and indeed, the level of mCRAMP binding was
reduced in Fpr2/32/2 mouse platelets compared with the controls
(Figure 3Biii). The interactions between LL37 and FPR2/ALX were
examined by molecular docking analysis, which predicted that LL37
peptide forms prominent hydrogen bonds with key residues such as
Gln-89, Ser-182, Asn-285, and Gly-275 of FPR2/ALX that are
identified as crucial for receptor activation (Figure 3Biv; Table 1).

The functional dependence of LL37 on FPR2/ALX was analyzed by
using a range of platelet functional assays. The activatory effects of
LL37 (5-50 mM) were substantially reduced in Fpr2/32/2 mouse
platelets both in isolation (Figure 3Ci,Di) or whole blood
(Figure 3Cii,Dii) compared with the controls as analyzed by
fibrinogen binding and P-selectin exposure. Notably, the character-
ization of platelets obtained from Fpr2/32/2mice failed to display any
defects in size and number of platelets or the levels of major platelet
receptors such as GPVI (Figure 3Ei), glycoprotein Iba (GPIba)
(Figure 3Eii), aIIbb3 (Figure 3Eiii), and a2b1 (Figure 3Eiv) compared
with the control mouse platelets. To corroborate these results,
platelet functional assays were performed in the presence of a
selective FPR2/ALX antagonist, WRW4 (WRWWWW), in human
and mouse platelets. The addition of WRW4 (5 mM) in human
isolated platelets before activation with 20 mM LL37 inhibited platelet
aggregation by ;40% (Figure 3F). Similarly, the effects of LL37
(20 mM) on fibrinogen binding (Figure 3Gi) and P-selectin exposure
(Figure 3Gii) were significantly reduced in WRW4 (5 mM)–treated
mouse platelets. These data demonstrate the involvement of FPR2/
ALX in the regulation of LL37-mediated effects in platelets.

FPR2/ALX regulates normal platelet activation

To validate the importance of FPR2/ALX in the regulation of normal
platelet activation, further experiments were performed using human
isolated platelets in the presence or absence of WRW4. CRP-XL
(0.25 mg/mL)–induced platelet aggregation was significantly
reduced in the presence of WRW4 (2.5-20 mM). The inhibition of
FPR2/ALX with WRW4 (20 mM) reduced the platelet aggregation
by ;89% (Figure 4A). Similar results were obtained with adenosine
59-diphosphate (ADP)–induced platelet aggregation, wherein
WRW4 (20mM) inhibited 75% of aggregation (Figure 4B). Moreover,

dense granule secretion (evidenced by adenosine triphosphate
release) was significantly reduced in the presence of WRW4

(Figure 4C). The platelet activation was also assessed using whole
blood obtained from control and Fpr2/32/2 mice upon stimulation
with conventional platelet agonists such as CRP-XL, ADP, AY-NH2

(activates protease activated receptor, PAR4), and U46619, an
analog of thromboxane A2 by measuring the levels of fibrinogen
binding and P-selectin exposure. Similar to human platelets, the
activation of platelets obtained from Fpr2/32/2mice upon stimulation
with CRP-XL (Figure 4D), ADP (Figure 4E), AY-NH2 (Figure 4F),
and U46619 (Figure 4G) was significantly reduced compared
with the controls. Additionally, preincubation of human platelets
with WRW4 (1.25-20 mM) significantly decreased the number of
adhered (Figure 5Ai) and spread (Figure 5Aii) platelets, and the relative
surface area (Figure 5Aiii). The impact of Fpr2/3 on the modulation of
hemostasis in mice was determined by tail bleeding assay. A mean
bleeding time of 428.5 6 64.8 seconds was observed in the control
group; however, Fpr2/3-deficient mice significantly increased the
bleeding time to a mean of 1128 6 71.9 seconds (Figure 5B).
Together, these data emphasize the impact of FPR2/ALX on the
regulation of normal platelet function through a positive feedback
mechanism (may be through LL37), and thus the inhibition or deletion
of this receptor results in diminished platelet function in general.

FPR2/ALX exerts its effects through

cAMP-dependent signaling

FPRs are Gi-coupled receptors,34 which are known to inhibit adenylate
cyclase, reducing the level of cAMP, a known inhibitor of platelet
function. Therefore, the deletion of Gi-coupled receptor genes in mice
increases the basal cAMP levels in target cells.35,36 To investigate
whether the inhibition of FPR2/ALX in human or deletion of Fpr2/3 in
mouse platelets is influenced by the cAMP-dependent signaling, the
level of cAMP was quantified in platelets. The inhibition of FPR2/ALX
with WRW4 (20 mM) significantly elevated the cAMP levels com-
pared with the controls in human platelets (Figure 5Ci). Similarly,
resting Fpr2/32/2 mouse platelets exhibited elevated basal levels of
cAMP comparedwith the controls (Figure 5Cii). In order to corroborate
this data, we investigated the phosphorylation of the vasodilator-
stimulated phosphoprotein (VASP), a substrate for protein kinase
A that is involved in the regulation cAMP-mediated signaling. The
treatment of platelets with an FPR2/ALX-selective inhibitor, WRW4,
increased the phosphorylation of Ser157-VASP (Figure 5Di).
Similarly, Fpr2/32/2 mouse platelets demonstrated increased
phosphorylation of Ser157-VASP compared with control mouse
platelets (Figure 5Dii).

Discussion

LL37 is a powerful antimicrobial peptide that plays substantial roles
in the initiation of chemotaxis and subsequent inflammatory

Figure 2. The impact of LL37 on platelet activation, spreading, and calcium mobilization. (A) The level of fibrinogen binding was analyzed using fluorescein

isothiocyanate–conjugated fibrinogen antibodies by flow cytometry in human isolated platelets (i) or PRP (ii). (B) Similarly, the level of P-selectin exposure was measured in

human isolated platelets (i) or PRP (ii) using PECy5-labeled P-selectin antibodies. Data represent mean 6 SEM (n 5 3). (C) Platelet adhesion and spreading on immobilized

fibrinogen was analyzed using platelets treated with LL37 (5, 10, and 20 mM) by confocal microscopy (magnification 360; bar represents 10 mm). The number of adhered (i)

and spread (ii) platelets, and the relative surface area of spread platelets (iii) was determined via analyzing the images using ImageJ. Ten random fields of view were recorded

and analyzed for each sample. Data represent mean 6 SEM (n 5 3). (D) Ca21 mobilization was measured using Fluo-4 AM dye-loaded human isolated platelets upon

stimulation with LL37 by spectrofluorimetry. Data represent mean of maximum level of Ca21 6 SEM (n 5 4). (E) The cytotoxic effects of LL37 were measured in human

isolated platelets using a lactate dehydrogenase cytotoxicity assay kit. Data represent mean 6 SEM (n 5 4). The statistical significance was established by 1-way ANOVA

followed by Bonferroni’s correction (*P , .05; **P , .01; ***P , .001).
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responses in immune cells including monocytes,16 mast cells,37

eosinophils, and neutrophils.38 Moreover, the involvement of LL37
in the development of pathological conditions such as sepsis,
inflammatory bowel disease, psoriasis, and cystic fibrosis has been
previously reported, and hence, its therapeutic potential has been
analyzed in detail.39 LL37 has also been found to play a role in
the pathogenesis of atherosclerosis,40,41 wherein it leads to the
development of lesions and recruitment of inflammatory cells at the
site of injury.18 However, the role of LL37 in the modulation of
thrombosis and hemostasis has not been investigated until recently.

Immediately prior to the submission of this manuscript, a recent
study demonstrated the functional impact of LL37 in priming
platelets and inducing thromboinflammatory conditions, although
the molecular mechanisms that regulate such effects were not
fully established.21 However, in this study, we have investigated the
impact of LL37 in the modulation of platelet reactivity, thrombosis,
and hemostasis under physiological conditions and uncovered the
functional dependence of LL37 on FPR2/ALX in platelets.

The expression of LL37 has been reported in numerous cell types
including epithelial cells and immune cells such as neutrophils
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and monocytes.42 Because platelets are also derived from the
myeloid lineage,43 we hypothesized that platelets may possess
LL37, and indeed the presence of LL37 in platelets and its
release to the external milieu upon activation were confirmed in
this study. Similar to neutrophils, platelets may also contain LL37
in their granules and release it upon stimulation to increase its
concentration at the local environment and enhance the second-
ary activation of platelets toward augmentation of thrombosis.
A recent study21 also reported the elevated level of LL37 in
the microenvironment of arterial thrombi in human and mice.
Platelets are known to contain several antimicrobial peptides
and release them upon activation during microbial infection.44

Similarly, platelets may contribute to the release of LL37 upon
activation to support the microbial clearance, activation of in-
flammatory responses, and modulation of thrombosis and hemo-
stasis during pathological settings. Although the activation of
platelets during inflammatory diseases is inevitable because of the
presence of several molecules that activate platelets,45 here we
demonstrate LL37 as a major contributor to platelet activation and
thrombus formation.

Thrombosis and subsequent bleeding are associated with various
inflammatory diseases.46 Similarly, disseminated intravascular co-
agulation, thrombosis in the microvasculature, and sequestration
of platelets are some of the common clinical manifestations in
sepsis.47 The level of LL37 is significantly increased in psoriasis48

and sepsis49 patients compared with healthy individuals. In line
with thrombosis in vasculature, LL37 augmented in vitro thrombus
formation and shortened the bleeding time in mice. These data
demonstrate a fundamental function for LL37 in the modulation
of thrombosis and hemostasis. Similarly, LL37 induced platelet
aggregation, fibrinogen binding, granule secretion, adhesion,
spreading, and intracellular calcium mobilization in platelets. Pircher
et al21 also demonstrated the functional impact of LL37 on arterial
thrombosis and platelet granule secretion. In line with this previous
study, we also did not observe the ability of LL37 to induce platelet
aggregation in PRP, although it displayed aggregation in human

isolated platelets. Similarly, the previous study has failed to detect
a response for LL37 on integrin aIIbb3 activation and platelet
spreading on a fibrinogen-coated surface. In our study, however,
we demonstrate the ability of LL37 to increase fibrinogen binding
and platelet spreading. Surprisingly, the previous study failed
to detect integrin aIIbb3 activation. However, we have directly
measured the level of fibrinogen binding in isolated platelets,
PRP, and whole blood with a range of concentrations of LL37
(ie, up 50 mM), whereas they have measured PAC-1 binding in
isolated platelets using LL37 concentrations of only up to 5 mM.
It is unclear why these discrepancies occur between the
previously reported data and our results, although it may be
attributed in part to the differences in the methodologies used.

The concentrations used in this study (up to 50 mM) revealed
the activatory effects of LL37 in platelets. A recent study reported
the inhibitory effects of LL37 in platelets at concentrations between
0.1 and 1.2 mM.28 These concentrations are not only substantially
greater than those achievable in pathological conditions, but also
exert cytotoxic effects in several cell types29 including platelets
(Figure 2E) at 100 mM. However, in severe psoriasis, a median
concentration of 304 mM LL37 in psoriatic lesions has been
reported,48 which can exert cytotoxicity towards platelets at the
local sites and reduce the number of functional platelets. During
pulmonary infection, a concentration of 5 mM LL37 has been
detected.50 Notably, the normal plasma concentration of LL37 in
healthy individuals is suggested to be ;1.2 mM,51 which did not
exert any effects on platelets. The LL37 concentrations used in
this study are similar to those achievable during pathological
conditions, such as sepsis,49 and early stages of psoriasis. Hence,
the LL37 inhibitory effects previously reported in platelets may
well be because of cytotoxicity, although additional causes cannot
be excluded. This perspective was also reflected in the recent
study by Pircher et al.21 Together with the previous reports, our
data demonstrate that LL37 induces platelet activation at the
early stages of inflammatory diseases resulting in the initiation
of thrombosis and modulation of hemostasis. However, at concen-
trations of 100 mM and above, LL37 may exert cytotoxicity, reducing
the number and function of circulating platelets, which can ultimately
lead to bleeding complications. Together with the modulation of
thrombosis and hemostasis, LL37 may also induce other platelet-
related complications (eg, thrombocytopenia and inflammation)
during various inflammatory diseases where its level is elevated.
Notably, the previous study21 has demonstrated the impact of
LL37 in the augmentation of platelet-neutrophil interactions, cytokine
release, release of extracellular nucleosomes, and reactive oxygen
species.

LL37 has been reported to act mainly through FPR2/ALX in other
cell types,16,24 although additional receptors such as Toll-like
receptors, receptor tyrosine kinases, ligand-gated ion channel,
CCR3, P2Y11, and P2X7 were shown to bind this peptide.52 To
investigate the underlying molecular mechanisms through which
LL37 modulates platelet function, the effects of LL37 in human
platelets treated with WRW4 and platelets obtained from Fpr2/32/2

mice were analyzed. LL37-mediated activation was largely re-
duced by WRW4 and in platelets obtained from Fpr2/32/2 mice,
confirming the functional dependence of LL37 primarily on FPR2/
ALX. LL37 binding assays confirmed the substantial reduction in
the binding of LL37 to Fpr2/32/2 platelet surface compared with
Fpr12/2 and control mouse platelets. Additionally, we were able

Table 1. Summary of polar contacts between LL37 and FPR2/ALX

Hydrogen bond interactions

Interacting LL37

residues

Interacting FPR2/ALX

residues

Average distance

(Å)

Gly-3 (N) Arg-26 (NH2) 2.76

Ser-9 (OG) Glu-89 (OE1) 3.12

Ser-9 (O) Glu-89 (OE2) 2.61

Lys-10 (N) Glu-89 (OE2) 2.81

Ser-9 (OG) Asn-171 (ND2) 3.00

Gln-22 (NE2) Ser-182 (N) 3.20

Gln-22 (OE1) Ser-182 (OG) 2.91

Gln-22 (NE2) Ser-182 (OG) 3.14

Gln-22 (NE2) Ser-182 (OG) 3.18

Glu-11 (OE2) Gly-275 (N) 3.23

Lys-8 (NZ) Lys-276 (O) 2.53

Arg-7 (NH1) Asn-285 (OD1) 3.08

Arg-7 (NE) Asn-285 (OD1) 3.29
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to demonstrate that FPR2/ALX inhibition in human platelets or
deletion of Fpr2/3 gene in mice lead to the elevation of cAMP
levels, which is a major inhibitory molecule for platelet activation.
This indicates the involvement of cAMP-dependent signaling

pathways in the regulation of FPR2/ALX in platelets. Nevertheless,
the activation of platelets by LL37 through receptors other than
FPRs cannot be excluded, and further investigations will be
needed to explore the contributions of such receptors in the
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represent mean 6 SEM (n 5 3). P values shown are as calculated by 2-way ANOVA followed by Bonferroni’s correction in most of the experiments except for the data shown

in panels A-C, which were analyzed by 1-way ANOVA followed by Bonferroni’s correction (*P , .05; **P , .01).
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modulation of platelet function upon ligation with LL37. In-
terestingly, the recent study21 has reported that LL37 is partially
acting through the GPVI signaling pathway in platelets, but it does
not have any impact on G protein-coupled receptor–mediated
signaling specifically via FPR1 and FPR2/ALX using a single
concentration of pharmacological inhibitors (Boc-MLF and

WRW4) for these receptors. However, in the present study, we
report the presence of FPR2/ALX (a G protein-coupled receptor)
and its role in the regulation of LL37-mediated effects in platelets
using a range of concentrations of these pharmacological
inhibitors and platelets obtained from Fpr2/32/2 mice in multiple
experiments.
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In conclusion, we demonstrate that LL37 is stored in platelets and
secreted upon activation. Similar to a recent publication,21 we also
report that LL37 promotes thrombus formation. LL37 induced a
range of platelet function such as platelet aggregation, inside-out
signaling to integrin aIIbb3 and outside-in signaling, granule
secretion, calcium mobilization, and shortened tail bleeding time
in mice. These effects were diminished in the presence of an
FPR2/ALX pharmacological inhibitor and in platelets obtained
from Fpr2/32/2 mice confirming the functional dependence of
LL37 primarily via this receptor in platelets. Additionally, we
demonstrate an instrumental role for FPR2/ALX in the positive
feedback regulation of platelet function, in which the deficiency
or blockade of this receptor impaired hemostasis and the normal
activation of platelets. The significant roles of LL37 and FPR2/
ALX in the modulation of thrombosis and hemostasis renders
them potential candidates for the exacerbation of platelet-related
complications and immune responses in numerous inflammatory
diseases where platelets play critical roles. Notably, the pres-
ence of FPRs in platelets opens up new avenues to investigate
the involvement of a multiplicity of FPR ligands in the modulation
of thrombosis, hemostasis, and other platelet-related compli-
cations during inflammatory responses. Based on the data
presented in this study, both LL37 and FPRs can act as potential

therapeutic targets for cardiovascular and a range of inflamma-
tory diseases.

Acknowledgments

This work was supported by grants from the Wellcome Trust
(204389/Z/16/Z), theBritishHeartFoundation (PG/16/64/32311), the
Royal Society, the British Pharmacological Society, the Physiolog-
ical Society, and the Saudi Arabian Ministry of Higher Education.

Authorship

Contribution: M.F.S. and S.V. designed the study, performed ex-
periments, analyzed data, and wrote the manuscript; D.R., X.K.,
L.A.M., H.F.W., T.M.V., D.A.A., R.V., and K.W. performed experi-
ments and analyzed data; and J.M.G., S.D.B., and M.P. provided
expertise and reagents for specific experiments and support during
the preparation of the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

ORCID profile: S.V., 0000-0002-6006-6517.

Correspondence: Sakthivel Vaiyapuri, School of Pharmacy,
University of Reading, Reading RG6 6UB, United Kingdom;
e-mail: s.vaiyapuri@reading.ac.uk.

References

1. Gibbins JM. Platelet adhesion signalling and the regulation of thrombus formation. J Cell Sci. 2004;117(16):3415-3425.

2. Vaiyapuri S, Flora GD, Gibbins JM. Gap junctions and connexin hemichannels in the regulation of haemostasis and thrombosis. Biochem Soc Trans.
2015;43(3):489-494.

3. Ravishankar D, Salamah M, Attina A, et al. Ruthenium-conjugated chrysin analogues modulate platelet activity, thrombus formation and haemostasis with
enhanced efficacy. Sci Rep. 2017;7:5738.

4. Hamzeh-Cognasse H, Damien P, Chabert A, Pozzetto B, Cognasse F, Garraud O. Platelets and infections - complex interactions with bacteria. Front
Immunol. 2015;6:82.

5. Rondina MT, Garraud O. Emerging evidence for platelets as immune and inflammatory effector cells. Front Immunol. 2014;5:653.

6. Gisondi P, Girolomoni G. Psoriasis and atherothrombotic diseases: disease-specific and non-disease-specific risk factors. Semin Thromb Hemost.
2009;35(3):313-324.

7. Santilli S, Kast DR, Grozdev I, et al. Visualization of atherosclerosis as detected by coronary artery calcium and carotid intima-media thickness reveals
significant atherosclerosis in a cross-sectional study of psoriasis patients in a tertiary care center. J Transl Med. 2016;14(1):217.

8. Tamagawa-Mineoka R, Katoh N, Kishimoto S. Platelet activation in patients with psoriasis: increased plasma levels of platelet-derived microparticles and
soluble P-selectin. J Am Acad Dermatol. 2010;62(4):621-626.

9. Tamagawa-Mineoka R, Katoh N, Ueda E, Masuda K, Kishimoto S. Elevated platelet activation in patients with atopic dermatitis and psoriasis: increased
plasma levels of beta-thromboglobulin and platelet factor 4. Allergol Int. 2008;57(4):391-396.

10. Vallance TM, Zeuner MT, Williams HF, Widera D, Vaiyapuri S. Toll-like receptor 4 signalling and its impact on platelet function, thrombosis, and
haemostasis. Mediators Inflamm. 2017;2017:9605894.

11. Larrick JW, Hirata M, Balint RF, Lee J, Zhong J, Wright SC. Human CAP18: a novel antimicrobial lipopolysaccharide-binding protein. Infect Immun. 1995;
63(4):1291-1297.

12. Jacobsen AS, Jenssen H. Human cathelicidin LL-37 prevents bacterial biofilm formation. Future Med Chem. 2012;4(12):1587-1599.

13. Wong JH, Ng TB, Legowska A, Rolka K, Hui M, Cho CH. Antifungal action of human cathelicidin fragment (LL13-37) on Candida albicans. Peptides.
2011;32(10):1996-2002.

14. Barlow PG, Svoboda P, Mackellar A, et al. Antiviral activity and increased host defense against influenza infection elicited by the human cathelicidin LL-37.
PLoS One. 2011;6(10):e25333.
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