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Pancreatic cancer is amongst the most lethal malignancies, while its poor

prognosis could be associated with promotion of autophagy and the tumor

immune microenvironment. Studies have confirmed the pro-tumorigenic

nature of the cathelicidin family of peptide LL-37 in several types of cancer.

However, at higher doses, LL-37 exerts significant cytotoxicity against

gastrointestinal cancer cells. In our study, we investigated the anti-

tumorigenic potential of LL-37 in pancreatic cancer and the underlying

mechanisms. Our results have shown that LL-37 inhibited the growth of

pancreatic cancer both in vitro and in vivo. Mechanistic studies have

demonstrated that LL-37 induced DNA damage and cell cycle arrest through

induction of reactive oxygen species (ROS). Further study indicates that LL-37

suppressed autophagy in pancreatic cancer cells through activation of mTOR

signaling, leading to more accumulation of ROS production and induction of

mitochondrial dysfunctions. With combined treatment of LL-37 with the mTOR

inhibitor rapamycin, LL-37-induced ROS production and cancer cell growth

inhibition were attenuated. Subsequent in vivo study has shown that LL-37

downregulated the immunosuppressive myeloid-derived suppressor cells and

M2 macrophages while upregulated the anti-cancer effectors CD8+ and CD4+
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T cells in the tumormicroenvironment. By using an in vitro co-culture system, it

was shown that promotion of M2 macrophage polarization would be

suppressed by LL-37 with inhibition of autophagy, which possessed

significant negative impact on cancer growth. Taken together, our findings

implicate that LL-37 could attenuate the development of pancreatic cancer by

suppressing autophagy and reprogramming of the tumor immune

microenvironment.

KEYWORDS
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Introduction

Pancreatic cancer, including its most prominent type

pancreatic ductal adenocarcinoma (PDAC), is one of the most

annihilating neoplasms with very low survival rate. According to

recent reports, among 495,773 new cases of PDAC worldwide in

2020, there were 466,003 related deaths (Sung et al., 2021). In

contrast to the increasing survival rates of patients of other

cancer types, the 5-years survival rate of pancreatic cancer

patients is only 3%, while the associated mortality rate has

been progressively increased by 0.3% annually among male

patients (Siegel et al., 2018). Surgical resection of localized

solid tumors is the key potential treatment for PDAC.

However, this malignancy often has a late diagnosis and

indicated to be resectable in approximately 15% of cases

(Skrypek et al., 2013). For non-resectable advanced-stage

PDAC, gemcitabine remains the mainstream

chemotherapeutic drug and is the gold standard for locally

advanced and metastatic PDAC to relieve symptoms and

slightly improve overall survival (Springfeld et al., 2019).

Unfortunately, most patients have developed resistance to

gemcitabine within weeks of initiatial treatment, thus results

in poor overall survival (Kim and Gallick 2008). The late

diagnosis, poor prognosis, ineffective treatment approach and

early metastasis all implicate the urge to identify neoadjuvant

agents that could facilitate target-oriented mechanistic control of

pancreatic cancer.

Autophagy is a highly conserved cellular process that

involves intracellular degradation of cytoplasmic constituents

including misfolded proteins, intracellular aggregates and

damaged organelles (Yang and Klionsky 2010). Although

autophagy is generally considered as a survival mechanism, in

tumor cells this process plays a dual role by regulating both

tumor cell death and survival. As a matter of fact, autophagy

suppresses solid tumor growth by eliminating damaged

organelles and recycling macromolecules during the process of

benign-to-malignant transformation and early carcinogenesis in

general (Mathew et al., 2007; Mathew et al., 2009). To the

contrary, increasing evidence has also suggested that

autophagy may facilitate tumorigenesis in response to

metabolic stressors such as nutrient deprivation, hypoxia,

growth factor depletion and anticancer therapy-induced stress

in differentiated and advanced tumors (Janku et al., 2011;

Maycotte and Thorburn, 2011). When compared with other

malignancies, such as lung and breast cancers, a higher basal

level of autophagy has been observed in pancreatic cancer cells

and tumor tissues, which was determined to correlate with the

poor prognosis in patients (Fujii et al., 2008; Yang et al., 2011).

Increased autophagy has been detected in most pancreatic

intraepithelial neoplasm-3 (PanIN-3) tissues and nearly all

PDAC cell lines, causing attenuation of reactive oxygen

species (ROS), mitigation of DNA damage and accumulation

of tricarboxylic acid cycle intermediates to maintain energy

homeostasis, which all contribute to tumor growth promotion

(Yang and Kimmelman, 2011). Under such condition,

pharmacological inhibition of autophagy by drugs such as

chloroquine (CQ) and its derivative hydroxychloroquine

(HCQ), or genetic knockdown using RNA interference to alter

the expression of multiple key autophagy genes could be effective

treatment strategies. However, current clinical applications of

CQ and HCQ remain limited because of their ocular toxicity and

weak single-agent anticancer efficacy (Sui et al., 2013). In

addition, these drugs prompt serious collateral side effects on

other cellular processes, whereas the impaired tumor metabolism

induced by autophagy inhibition may interrupt the in situ

antitumor immune response in the tumor microenvironment

(Townsend et al., 2012). CQ and HCQ have been determined to

impair inflammatory immune responses by suppressing

macrophage-associated antigen and calcium signals in T cells

(Ziegler and Unanue, 1982; Goldman et al., 2000). Furthermore,

tumor cells with Atg5 or Atg7 knockdown fail to elicit CD4+ and

CD8+ T cell activities and deactivate the natural protective

antitumor immune response (Michaud et al., 2011). Therefore,

new strategies to target autophagy must rely on better

understanding of the tumor cell immunity.

LL-37 is a 37-amino acid C-terminal peptide (CAMP,

hCAP18) of the only human cathelicidin protein (Larrick

et al., 1995). LL-37 possesses antibacterial, antifungal, antiviral

and wound healing functions (Vandamme et al., 2012). However,

studies on the role of LL-37 in cancers have controversial results.

At a concentration of 5 μg/ml, LL-37 exerts pro-tumorigenic

effects in ovarian (Coffelt et al., 2008), lung (von Haussen et al.,
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2008), breast (Weber et al., 2009; Hensel et al., 2011), prostate

cancers (Hensel et al., 2011), malignant melanoma (Jia et al.,

2017) and skin squamous cell carcinoma (Wang et al., 2017). At

higher concentrations, however, LL-37 induces anti-cancer

effects in colon cancer (Ren et al., 2012; Kuroda et al., 2017),

gastric cancer (Wu et al., 2010), hematologic malignancies

(Mader et al., 2009) and oral squamous cell carcinoma (Chen

et al., 2017). Although low concentrations of LL-37 were shown

to promote pancreatic cancer stem cell-mediated tumorigenesis

(Sainz et al., 2015), the effects of using higher doses of LL-37 on

pancreatic cancer cells remain unclear.

In this study, we have demonstrated for the first time the

growth-inhibitory effects of LL-37 in PDAC both in vitro and in

vivo. Further mechanistic study has suggested that inhibition of

cytoprotective autophagy and reprogramming of the tumor

immune microenvironment by LL-37 are responsible for its

anticancer potential in pancreatic cancer.

Materials and methods

Cell culture and chemicals

The human pancreatic carcinoma cell lines PANC1 and MIA

PaCa-2 isolated from PDAC cell origin as well as the BALB/c mice-

derived macrophages RAW264.7 were purchased from American

Type Culture Collection (ATCC,Manassas, VA, United States). The

murine pancreatic adenocarcinoma cell line Pan02 was kindly

provided by Prof. Cho of The Chinese University of Hong Kong.

Cells were grown in Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal bovine serum plus 1% penicillin

and streptomycin, incubated at 37°C with a 5% CO2 atmosphere.

All culture reagents were purchased from Thermo Fisher Scientific

(Waltham, MA, United States). LL-37 (#LL37-002, ≥95% purity)

was purchased fromChinese Peptide Company (Hangzhou, China).

N-acetyl cysteine (NAC, # A9165-5G) and rapamycin

(#R0395, ≥95% purity) were purchased from Sigma-Aldrich (St.

Louis, MO, United States). For Western immunoblotting, primary

antibodies specific for the following proteins were purchased from

Cell Signaling Technology (Danvers, MA, United States): Beclin-1

(#3738S), Atg5 (#12994), LC3B (#2775S), phosphorylated (p)-

AMPKα (#2534), AMPKα (#2532), p-ERK1/2 (#2470S), ERK1/2

(#4695S), p-mTOR (#5536S), mTOR (#2983S), γH2AX (#9718),

CDK4 (#2546S), CDK6 (#3136), cdc2 (#77055S), CyclinD1

(#2978T), Cyclin B1 (#4138S), CD206 (#24595), Arg1 (#93668T)

and ß-actin (#4967). The following secondary antibodies were

purchased from Bio-Rad Laboratories (Hercules, CA,

United States): horseradish peroxidase (HRP)-conjugated goat

anti-mouse IgG (#1706516) and HRP-conjugated goat anti-rabbit

IgG (#1706516). For the immunofluorescence assay, primary

antibodies specific for the following proteins were purchased

from BD Biosciences (San Jose, CA, United States): Gr-1

(#562709), CD3 (#565642), and F4/80 (#565635). CD11b

(#17800), CD4 (#93518), CD8 (#55397) and CD206 (#24595)

were purchased from Cell Signaling Technology. The following

fluorescence-conjugated secondary antibodies were purchased

from Thermo Fisher Scientific: ALexa Fluor 488-conjugated goat

anti-rabbit IgG (H + L) cross-adsorbed secondary antibody

(#A32731), ALexa Fluor 488-conjugated Goat anti-Mouse IgG

(H + L) Cross-Adsorbed Secondary Antibody (#A11001), ALexa

Fluor 488-conjugated Goat anti-Rat IgG (H + L) Cross-Adsorbed

Secondary Antibody (#A11006), ALexa Fluor 633-conjugated Goat

anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody

(#A21070), ALexa Fluor 633-conjugated Goat anti-Mouse IgG

(H + L) Cross-Adsorbed Secondary Antibody (#A21050). For the

flow cytometry assay of macrophages subtypes, antibodies were

purchased from Biolegend (San Diego, CA, United States): F4/80

(#123120), CD86 (#105014) and CD206 (#141706).

Cell viability test

Cell viability was measured using the standard 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide

(MTT) assay. PANC1 and MIA PaCa-2 cells were seeded at

densities of 4.0×103/well and 6.0×103/well, respectively, into 96-

well plates and allowed to adhere overnight. Cells were treated

with different concentrations of LL-37 (1–32 μM) for 24–72 h

and then incubated with 2.5% MTT solution (5 mg/ml) for

another 3 h at 37°C. Dimethylsulfoxide (DMSO) was then

used as to dissolve the formazan crystals produced before

spectrophotometric analysis at 570 nm (absorbance) and

650 nm (reference). The percentage of cell viability was

calculated as the percentage change in the absorbance of LL-

37-treated cells divided by the absorbance of DMSO-treated cells.

Colony formation assay

PDAC cells were treated with LL-37 (0, 8 and 16 μM) for 24 h

in 6-well plates (0.7 × 103 cells/well) and incubated in DMEM

supplemented with 10% FBS plus 1% penicillin and

streptomycin. The medium was replaced every 3 days. After

culturing for 12 days, the colonies were washed with PBS, fixed in

4% paraformaldehyde (PFA) for 20 min, stained with 0.1%

crystal violet for 30 min and washed with PBS. The number

of colonies and the colony number ratio were calculated using the

ImageJ software.

5-Ethynyl-2′-deoxyuridine proliferation
assay (EdU)

The effect of LL-37 on cell proliferation was determined by

using a Cell-Light™ EdU Apollo®567 In Vitro Imaging Kit

(#C10371-1, Ribobio, Guangzhou, China) according to the
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manufacture’s instruction. In brief, following LL-37 treatment,

cells were incubated with EdU (100 μM) for 2 h followed by a

series of other processes. EdU-stained images were captured

under a fluorescent microscope (Nikon, Japan). At least three

independent experiments had been conducted with replicates,

and three visual fields per well were randomly selected for

quantitative analysis.

Immunofluorescence assay

After treatment with LL-37 (0, 8, 16 µM) for 24 h,

PANC1 and MIA PaCa-2 cells were washed with phosphate-

buffered saline and fixed in 4% paraformaldehyde. After

permeabilization with 0.5% Triton X-100 and blocking in 5%

bovine serum albumin (BSA), cells were incubated with primary

antibodies specific for LC3B and γ-H2AX overnight at 4°C,

followed by fluorescence-conjugated secondary antibodies at

room temperature for 1 h. The nuclei were stained with 4′,6-
diamidino-2-phenylindole (DAPI) for 5 min. Pseudocolor

images were obtained using a Zeiss Instruments confocal

microscope (Carl Zeiss, Oberkochen, Germany).

Western blot analysis

Cells were treated with LL-37 (0, 8, 16 µM) and lysed in

radioimmunoprecipitation buffer containing 50 mM Tris,

150 mM NaCl, 0.5% deoxycholate, 0.1% sodium dodecyl

sulfate, 2 mM ethylenediaminetetraacetic acid, 0.1% Triton

X-100, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride

and 10 μg/ml aprotinin. The Coomassie Plus Protein Assay

Reagent kit (#23238, Thermo Fisher Scientific) was used to

quantify the proteins in the cell lysates. The total cellular

proteins in the lysates were then separated by 8–15%

sodium dodecyl sulfate polyacrylamide gel electrophoresis

and transferred to nitrocellulose membranes. After

conjugation with primary and secondary antibodies,

immunoreactive bands were visualized using a

chemiluminescence substrate. The intensity of each band

was quantified using ImageJ software (National Institutes of

Health, Bethesda, MD, United States) and normalized to ß-

actin housekeeping control.

Cell cycle analysis

After LL-37 (0, 8, 16 µM) treatment for 24 h, PANC1 and

MIA PaCa-2 cells were harvested and fixed with ice-cold 70%

ethanol at −20°C overnight. The FxCycle™ PI/RNase Kit was

used to stain the DNA according to the manufacturer’s

instructions. Samples were analyzed by flow cytometry

(FACS Canto™, Beckton Dickinson Biosciences, San Jose,

CA, United States), and the percentages of cells at different

phases of the cell cycle were calculated using ModFitLT

version 3.0 software (BD Biosciences, San Jose, CA,

United States).

Autophagy flux sensor

Autophagic flux was monitored by using the Premo™
Autophagy Tandem Sensor RFP-GFP-LC3B Kit (#P36239,

Thermo Scientific) according to the manufacturer’s

instructions. Twelve μL of tandem LC3II-fluorescent protein

was added to 4 × 104 cells and incubated for 24 h. Following

LL-37 treatment for another 24 h, the resulting images were

analyzed using a Zeiss Instruments confocal microscope.

Transmission electron microscopy (TEM)

After LL-37 treatment for 24 h, cells were fixed in TEM

stationary solution (2.5% glutaraldehyde in 0.2 M HEPES,

#G1102, Servicebio Technology) at 4°C for 4 h, rinsed in PBS,

and then embedded in 4% agarose. After fixation in 1% osmium

tetroxide for 2 h, specimens were dehydrated using alcohol and

embedded in polybed 812 resin. After polymerization at 60°C for

48 h, ultra-thin sections were prepared with the Leica Ultracutuct

slicer (Leica, Germany), stained with uranyl acetate and lead

citrate, and finally analyzed using TEM (HITACHI).

Measurement of intracellular ROS

After treatment with corresponding agents for 24 h,

PANC1 and MIA PaCa-2 cells were stained by the

fluorescence dye CM-H2DCFDA (#C6827, Thermo Fisher

Scientific) and analyzed using immunofluorescence

microscopy according to the manufacturer’s instructions. The

ROS fluorescence intensity was measured using a SpectraMax

M2 Plate Reader (Molecular Devices) with excitation/emission

wavelengths of 495/520 nm.

Mitochondrial membrane potential
assay (MMP)

Mitochondrial membrane potential was measured using the

JC-1 mitochondrial membrane potential probe (#T3168,

Invitrogen). After treatment with LL-37, PANC1 and MIA

PaCa-2 cells were incubated for 20 min with 2 μg/ml of JC-1

in culture medium at 37°C. After washing with PBS three times,

the cells were imaged using a Zeiss Instruments confocal

microscope. The red/green fluorescence ratio was quantified

by the ImageJ software.
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Animal study

Six-week-old male C57/BL6 mice were purchased from the

Laboratory Animal Services Centre of The Chinese University of

Hong Kong. The animal experimentation protocols were carried out

with the prior approval by the Research Ethics Committee of Hong

Kong Baptist University (REC/18-19/0184) and according to the

Animals (Control of Experiments) Regulations of the Department of

Health, Hong Kong SAR, China (Licence no. (18-112) in DH/SHS/8/

2/6 Pt.2). The tumor xenograft model was established by

subcutaneously inoculating Pan02 cells (106 cells per mouse) into

the right flank of each mouse. After 6 days, mice were randomly

divided into the following four groups (n = 6): Control (vehicle)

group, chemotherapeutic drug group (gemcitabine: 50 mg/kg), low-

dose LL-37 group (10 mg/kg) and high-dose LL-37 group

(20 mg/kg). All drugs were prepared in 5% DMSO/30% PEG-

400/5% Tween-80. Mice received various drug treatments for

14 days (by daily intraperitoneal injection of vehicle or LL-37, or

administration of gemcitabine every 3 days). The body weights and

tumor diameters were measured every 3 days, while the tumor

volume was calculated using the formula: (short diameter)2 ×

(long diameter) × 0.5. At the end of the experiments, peripheral

blood was collected from the orbital plexus for the detection of white

blood cells and hematocrit. The excised tumors were weighed and

prepared for subsequent histological study by fixing in 10% formalin

and embedded in paraffin.Next, the tumor specimenswere sectioned

for TUNEL assay and immunohistochemical (IHC) analysis.

Immunofluorescence of animal tissues

Paraffin-embedded tissue sections from the excised tumors

were subject to immunofluorescence analysis as previously

described (Porembka et al., 2012). Antibodies specific for

CD11b, Gr-1, CD3, CD4, CD8, CD206 and F4/80 were used

to determine the co-localization of myeloid-derived suppressor

cells (MDSCs), CD4+ and CD8+ T cells as well as

M2 macrophages, respectively.

Effect on the polarization of
M2 macrophages

The effect of LL-37 on M2 macrophage polarization was

determined as described in our previous study, with slight

modifications (Zhang et al., 2020). The confluent RAW264.7 cells

at a density of 1 × 106/well in 6-well plates were cultured in serum-

free medium to induce growth arrest, designated as

M0 macrophages. The M0 macrophages were polarized to

M1 macrophages by adding 100 ng/ml LPS (#tlrl-eblps,

InvivoGen) or to M2 macrophages by adding 20 ng/ml of mouse

recombinant IL-4 (#214-14, PeproTech). To study the effect of LL-

37 on M2 polarization, M0 macrophages were treated by LL-37 at a

concentration not inducing growth inhibition (1 μM) for 12 h,

followed by treatment with 20 ng/ml of IL-4, which was

designated as M2+LL-37 macrophages. The expression of the cell

surface markers F4/80, CD86 and CD206 were used to determine

the macrophage subtypes by using a flow cytometer. And the cells

were also harvested for protein expression analysis of the

M2 markers CD206 and Arg1 using Western immunoblotting.

To evaluate the effect of LL-37-regulated M2 macrophage

polarization on pancreatic cancer cell growth, macrophage-

conditioned medium was prepared. The confluent

RAW264.7 cells were prepared as described above. After washing

with PBS, these macrophages were cultured in serum-free medium

for another 24 h. Conditioned medium was finally obtained from

the supernatant after centrifugation. The conditioned medium from

the M0, M1, M2 and M2+LL-37 macrophages were designated as

CM-M0, CM-M1, CM-M2, and CM-M2+LL-37, respectively.

PAN02 cells were cultured with these conditioned media and

Dulbecco’s modified Eagle’s medium supplemented with 10%

fetal bovine serum DMEM (volume ratio 4:1) for 24 h, after

which cell viability was tested by using the MTT assay.

Statistical analysis

Results are presented as means ± standard deviations (SD)

from at least three replicates. Statistical significance at a level of

p < 0.05 was determined using a one-way analysis of variance

(ANOVA) followed by the Dunnett post-hoc test. Prism

5 software (GraphPad Inc., La Jolla, CA, United States) was

used for the statistical analysis.

Results

LL-37 inhibits the growth of pancreatic
cancer cells

To confirm the inhibitory effect of LL-37 on pancreatic cancer

cell growth, we treated PANC1 andMIA PaCa-2 cells with different

concentrations of LL-37 (1–32 µM) for 24, 48 and 72 h before the

testing with MTT assay. Results have showed that LL-37 at the

concentration greater than 1 µM reduced the viability of both

PANC1 and MIA PaCa-2 cells (Figure 1A) in a dose-dependent

manner after treatment for 24 h. But no further growth-inhibitory

effect was found with longer treatment time. Median growth-

inhibitory concentrations (IC50) of LL-37 in PANC1 and MIA

PaCa-2 cells after 24 h of treatments were found to be

approximately 10.17 and 11.52 µM, respectively. Hence, the

concentrations of 8 and 16 μM were selected for subsequent

studies. Furthermore, the tumor colony formation was reduced

after LL-37 treatment, indicating LL-37 inhibited the proliferative

capacity of both PANC1 and MIA PaCa-2 pancreatic cancer cells

(Figure 1B). This idea has been confirmed by the EdU staining assay

Frontiers in Pharmacology frontiersin.org05

Zhang et al. 10.3389/fphar.2022.906625

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.906625


whereas the ratio of EdU-positive cells was reduced after LL-37

treatment (Figure 1C). Taken together, LL-37 could inhibit the

growth of pancreatic cancer cells.

LL-37 induces the DNA damage response
and cell cycle arrest in pancreatic cancer
cells

To investigate whether the growth-inhibitory effect of

LL-37 on pancreatic cancer cells may involve DNA damage,

we examined the expression of γH2AX, a surrogate marker of

DNA double-strand breaks using immunofluorescence

microscopy. LL-37 increased formation of γH2AX foci in

a dose-dependent manner in PANC1 and MIA PaCa-2 cells

(Figure 2A), and this result was further confirmed by

Western blotting (Figure 2B). Subsequent to the DNA

damage response, LL-37 induced cell cycle arrest at

G2 phases both in PANC1 cells and MIA PaCa-2 cells

(Figure 2C). This was further confirmed as indicated by

the decreased expression of CDK4, CDK6 and cyclin

D1 as well as increased expression of cdc2 and cyclin

B1 in PANC1 and MIA PaCa-2 cells after LL-37 treatment

(Figure 2D). Taken together, our data indicate that LL-37

could induce DNA damage and subsequent cell cycle arrest

in pancreatic cancer cells.

FIGURE 1
LL-37 inhibits the growth of pancreatic cancer cells. (A) The cell viability of human PANC1 and MIA PaCa-2 cells treated with various
concentrations of LL-37 (1–32 μM) for 24, 48 or 72 hwas determined byMTT assay. (B)Colony formation assay was used to evaluate the proliferation
ability of PANC1 and MIA PaCa-2 cells. (C) The proliferation of PANC1 and MIA PaCa-2 cells was detected by EdU staining (red). DAPI (blue) stained
the nuclei. Cells treated with DMSO were used as negative controls. The data of all drug treatment groups were normalized to the control
group. Data are presented as mean ± SD of three independent experiments conducted in triplicate. *p < 0.05, **p < 0.01 vs. control (0 μM).
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LL-37 Decreases autophagy in pancreatic
cancer cells through activation of the
mTOR pathway

To evaluate the effect of LL-37 on the autophagy process,

LC3B level in pancreatic cancer cells was determined using

immunofluorescence confocal microscopy after treatment of

LL-37 for 24 h. Results have shown that LL-37 decreased the

formation of LC3B puncta in PANC1 and MIA PaCa-2 cells

(Figure 3A), which indicates decreased formation of

autophagosomes. Direct evidence of drug effect on autophagy

was acquired from experiments using TEM, of which LL-37

treatment led to the formation of fewer autophagic vacuoles

containing intracellular aggregates, damaged organelles and

empty vacuoles (Figure 3B). To provide more evidence that

LL-37 could inhibit autophagic flux in pancreatic cancer cells,

we transiently transferred tandem RFP-GFP-LC3B into

PANC1 and MIA PaCa-2 cells. Expression of tandem RFP-

GFP-LC3B resulted in both red and green fluorescence. The

red puncta that overlayed with the green puncta (merged as

yellow) were indicators of autophagosomes (neutral pH) that are

not fused with acidic lysosomes, which implicates the formation

of autophagosomes. Nevertheless, the solely red puncta were

indicative of autolysosomes, which indicates the process of

autophagy flux. Our results have showed that both yellow and

red puncta were decreased after LL-37 treatment (Figure 3C),

which suggests that LL-37 suppresses autophagy flux. In

addition, the protein level of autophagy-related protein

FIGURE 2
LL-37 induces DNA damage and cell cycle arrest in pancreatic cancer cells. LL-37 induced DNA damage by increasing γ-H2AX expression, as
determined by immunofluorescence microscopy and western blotting (A,B), respectively after LL-37 (8 and 16 μM) treatment for 24 h. (C) The cell
cycle distributions in PANC1 and MIA PaCa-2 cells were analyzed by flow cytometry after LL-37 treatment for 24 h. The data are presented as
means ± SD. *p < 0.05, **p < 0.01 vs. control (0 μM) value in the G2 phase. (D) The expressions of cell cycle arrest related proteins were
determined by western blotting after LL-37 treatment for 24 h. Non-arbitrary band density data relative to the housekeeping protein ß-actin are
presented as mean ± SD, *p < 0.05, **p < 0.01 vs. control (0 μM).
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markers LC3B-II, Beclin-1 and Atg5-Atg12 was reduced by LL-

37 (Figure 3D). mTOR is a critical regulator of autophagy in

cancer cells and is usually regulated by the PI3K-Akt, Ras-Raf-1-

MEK1/2-ERK1/2 and AMPK pathways (Meley et al., 2006;

Pópulo et al., 2012). To explore the effects of LL-37 on

autophagy-related signal transduction pathways, we have

evaluated the protein expression of various signaling upstream

regulators of autophagy. LL-37 induced the phosphorylation of

mTOR in both PANC1 cells and MIA PaCa-2 cells, with

inactivation of AMPKα and activation of ERK1/2 in both cell

types (Figure 3E). Taken together, these data suggest that LL-37

decreased the autophagy levels in pancreatic cancer cells involved

the activation of the mTOR pathway.

LL-37 increases intracellular ROS
production due to its inhibition of
autophagy

The loss of autophagy can cause accumulation of damaged

mitochondria and the oxidative protein folding machinery,

which promotes ROS production and activated DNA damage

FIGURE 3
LL-37 inhibits autophagy in pancreatic cancer cells. (A) LL-37 (8 and 16 μM) decreased the formation of autophagosomes in pancreatic cancer
cells as determined using immunofluorescence microscopy. (B) Autophagic vacuoles in PANC1 and MIA PaCa-2 cells treated with 16 μM LL-37 or
DMSO were observed by TEM. The red arrow indicates autophagic vacuoles. (C) The autophagic flux in LL-37-treated PANC1 and MIA PaCa-2 cells
was tested using the Autophagy TandemSensor RFP-GFP-LC3B. Representative imageswere photographed under a confocalmicroscope. The
average numbers of yellow and red LC3B dots per cell are shown, **p < 0.01 vs. control of yellow dots, ##p < 0.01 vs. control of red dots. (D) The
levels of autophagymarkers LC3II, Atg5–Atg12 and Beclin-1 in PANC1 and MIA PaCa-2 cells weremeasured by western blotting after treatment with
LL-37 for 24 h. (E) ThemTOR pathway involved in the inhibitory effect of LL-37 on autophagy was determined by western bloting. Cells treated with
DMSO were used as negative controls. Three independent experiments were each performed in triplicate. Representative protein bands are shown
for comparison. Non-arbitrary band density data relative to the housekeeping protein ß-actin are presented as mean ± SD, *p < 0.05, **p < 0.01 vs.
control (0 μM).
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response (Mathew et al., 2009). Immunofluorescence analysis has

revealed an increased ROS production after LL-37 treatment

(Figure 4A), and this result was further confirmed quantitatively

(Figure 4A). Excessive ROS formation usually induces a decline

in MMP and impairs mitochondrial function that eventually

causes cell death. To measure the MMP in the pancreatic cancer

cells after LL-37 treatment, the JC-1 MMP probe was employed.

Results have showed that LL-37 decreased the ratio of red/green

fluorescence in pancreatic cancer cells (Figure 4B), which

indicates the MMP collapses and the potential induction of

cell death. To determine whether ROS mediated the growth-

inhibitory effect of LL-37 on pancreatic cancer cells, we added the

ROS scavenger NAC to the cells treated with LL-37. Results have

showed that both LL-37-induced ROS accumulation and growth

inhibition were reversed by drug treatment through combining

with NAC (Figures 4C,D). Further analysis has revealed that

treatment with NAC reversed the effects of LL-37 on the

expression of γH2AX in both PANC1 and MIA PaCa-2 cells

FIGURE 4
LL-37 increases the intracellular production of reactive oxygen species (ROS) in pancreatic cancer cells. (A) ROS were detected using the
fluorescence dye CM-H2DCFDA and immunofluorescence microscopy. ROS fluorescence was measured using a SpectraMax Plate Reader
(Molecular Devices) with excitation/emission wavelengths of 495/520 nm. Data are presented as mean ± SD of three independent experiments
conducted in triplicate. *p < 0.05, **p < 0.01 vs. control (0 μM). (B) Effect of LL-37 on the MMP in PANC1 and MIA PaCa-2 cells was measured
using JC-1 staining method. Representative images were photographed under a confocal microscope. The red/green fluorescence ratio was
quantified by the Image J. **p < 0.01 vs. control (0 μM). (C) The ROS production of pancreatic cancer cells treated with LL-37 in the presence and
absence of a ROS scavenger NAC (2 mM) was determined. *p < 0.05 vs. control; #p < 0.05 vs. LL-37 (8 µM). (D) The viability of pancreatic cancer cells
treated with LL-37 in the presence and absence of a ROS scavenger NAC was determined using an MTT assay. **p < 0.01 vs. control; #p < 0.05, ##p <
0.01 vs. LL-37 (8 µM). (E) The expression of γ-H2AX in PANC1 and MIA PaCa-2 cells treated with LL-37 in the presence and absence of NAC was
determined by western blotting. Non-arbitrary band density data relative to that of the housekeeping protein ß-actin are presented as mean ± SD,
*p < 0.05, **p < 0.01 vs. LL-37 (8 µM). The ROS production (F) and cell viability (G) were determined in pancreatic cancer cells treated with LL-37 in
the presence and absence of an autophagy inducer (rapamycin; 100 nM), respectively. *p < 0.05, **p < 0.01 vs. control; #p < 0.05 vs. LL-37 (8 µM).
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(Figure 4E). To explore whether LL-37-induced suppression of

autophagy contributed to the accumulation of ROS and cell

growth inhibition, we measured ROS production and the

viability of pancreatic cancer cells in the presence or absence

of the autophagy inducer rapamycin. Results have showed that

rapamycin attenuated LL-37-induced ROS production

(Figure 4F) and weakened LL-37-induced growth inhibition of

pancreatic cancer cells (Figure 4G). Taken together, these data

suggest that LL-37-induced inhibition of autophagy results in

ROS accumulation and subsequent growth inhibition of

pancreatic cancer cells.

LL-37 inhibits pancreatic tumor growth in
vivo

A murine subcutaneous tumor xenograft model was used to

determine the growth-inhibitory effects of LL-37 in vivo. The

tumor volumes in mice treated with gemcitabine (positive

control) or high-dose LL-37 (20 mg/kg) were significantly

smaller than that in the control group after 12 and 15 days

post-tumor inoculation, respectively (Figure 5A). As shown in

Figure 5B, high-dose of LL-37 at 20 mg/kg caused 42% reduction

in tumor growth with respect to the no treatment control,

FIGURE 5
LL-37 inhibited the growth of pancreatic tumors in vivo. (A) The subcutaneous tumor diameters were measured every 3 days, and the tumor
volumes were calculated using the formula: (short diameter)2 × (long diameter) × 0.5. *p < 0.05, **p < 0.01 for LL-37 20 mg/kg vs. control group; #p <
0.05, ##p < 0.01 for gemcitabine vs. control group. (B) The tumor weights in the control group, positive drug group (gemcitabine 50 mg/kg), low-
dose LL-37 (10 mg/kg) group and high-dose LL-37 (20 mg/kg) group. **p < 0.01 vs. control group. (C) Tumor tissues from mice in different
groups were subjected to a TUNEL apoptosis assay. (D) Immunohistochemistry analysis to detect Ki67 and LC3Ⅱ expression in the tumor tissues of
mice in different groups (scale bar = 50 μm, magnification × 400). (E) The body weights were measured every 3 days #p < 0.05, ##p <
0.01 gemcitabine vs. control group. After treatment for 14 days, the hematocrit (F) and white blood cells (G) in the peripheral blood were evaluated.
*p < 0.05, **p < 0.01 vs. gemcitabine group.
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whereas low-dose of LL-37 at 10 mg/kg produced insignificant

growth-inhibitory effect. The analysis of TUNEL-stained tumor

tissues showed that LL-37 treatment increased the population of

apoptotic cells in the tumor tissue (Figure 5C). IHC analysis has

further revealed the decreased expression of Ki67 in the nucleus

after LL-37 treatment, which indicates its anti-proliferative

effect on pancreatic tumor cells (Figure 5D). The IHC

analysis of LC3B showed that gemcitabine (positive control)

treatment induced higher autophagy level, which could partly

explain the presence of drug resistance (Figure 5D). Compared

with gemcitabine, LL-37 induced fewer adverse effects in the

mice, as indicated by a stable body weight, white blood cell count

and hematocrit (Figures 5E–G, respectively). Taken together,

our data suggest that high-dose LL-37 inhibits pancreatic tumor

growth in vivo while inducing fewer side effects than

gemcitabine.

FIGURE 6
LL-37 reprogrammed the immune cells in the tumor microenvironment. (A) A dual-immunofluorescence analysis was used to identify the
myeloid-derived suppressor cells (MDSCs), CD4+ T cells, CD8+ T cells and M2 macrophages in the tumor tissues (scale bar = 50 μM, 400×
magnification). The positively stained cells were quantified using Image-pro plus 6.0. **p < 0.01 vs. Control group. The effect of LL-37 on the
polarization ofmacrophages was determined using a flow cytometer. F4/80 is the commonmarker ofmacrophages cell. (B)CD206 is a specific
surface marker for M2macrophages. (C) CD86 is a specific surfacemarker for M1macrophages. The percentage of CD206 and CD86 expression on
F4/80macrophages were quantified. *p < 0.05, **p < 0.01 vs.M0 group, #p < 0.05, # #p < 0.01 vs. M2 group. The effect of LL-37 on the expression of
the M2 macrophage markers (D) and autophagy markers (E) measured using western blot in RAW264.7 cells treated with IL-4. Non-arbitrary band
density data relative to those of the housekeeping protein ß-actin are presented as mean ± SD, *p < 0.01 for IL-4 treatment vs. control, #p < 0.01 for
LL-37 + IL-4 treatment vs. IL-4 treatment. (F) Cell viability of PAN02 cultured with conditioned medium from M0 macrophages (CM-M0),
M1 macrophages (CM-M1), M2 macrophages (CM-M2) and M2 macrophages + LL-37 (CM-M2+LL-37). CM-M1 is positive control. Data are
presented as the means ± SD of three independent experiments each conducted in triplicate. *p < 0.01 for CM-M2 vs. CM-M0, #p < 0.01 for CM-
M2+LL-37 vs. CM-M2.
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LL-37 reprograms the immune cells in the
tumor microenvironment

Accumulating evidence shows that pancreatic cancer

induces an immunosuppressive microenvironment, which

lead to the suppression of immune effectors and response

to therapies (Chen et al., 2005). In this study, a dual-

immunofluorescence analysis was performed to study the

effects of LL-37 on the tumor immune microenvironment.

LL-37 treatment appeared to reduce the immunosuppressive

cells of MDSCs (CD11b+Gr-1+) and M2 macrophages

(CD206+F4/80+) and to increase the anti-cancer effectors

CD4+T (CD4+CD3+) and CD8+T (CD8+CD3+) cells

(Figure 6A). To study the effect of LL-37 on the

polarization of macrophages, we measured the subtypes of

RAW264.7 cells after LL-37 treatment using flow cytometry.

Results have showed that LL-37 decreased CD206 expression

and increased CD86 expression in IL-4 induced

M2 macrophages, which indicates that LL-37 could impair

M2 polarization and further reversed M2 macrophages to

M1 phenotype (Figures 6B,C). LL-37 induced impairment

of M2 macrophage polarization was also confirmed by

reduced protein expression of the IL-4-induced

M2 markers CD206 and Arg1 (Figure 6D). Further study

showed that LL-37 reduced IL-4-induced autophagy in

macrophage cells with decreased expression of Beclin-1 and

LC3B-II (Figure 6E). To explore the effect of reduced M2-

polarized macrophage populations on the growth of

pancreatic cancer, we derived conditioned medium from

LL-37-treated M2 macrophages. The results showed that

co-culture with M2 macrophage increased the growth of

PAN02 cells, which was prevented by LL-37 treatment

(Figure 6F). Based on these findings, we propose that LL-37

may also exert anti-tumorigenic effects in pancreatic cancer

by reprogramming the immune system in the tumor

microenvironment.

Discussion

LL-37, being the only cathelicidin family member expressed

in humans, exerts differential effects in various forms of

cancers. When compared to normal tissues, overexpression

of hCAP-18/LL-37 mRNA and protein was observed in the

stroma of ovarian cancer, lung cancer, breast cancer, prostate

cancer, malignant melanoma, and skin squamous cell

carcinoma. However, in colon cancer, gastric cancer,

hematologic malignancy and oral squamous cell carcinoma,

LL-37 expression levels are downregulated compared to the

normal tissues. Therefore, tumor-derived LL-37 may act either

as a pro-tumorigenic or anti-cancer agent depending on tumor

biology. For exogenous recombinant LL-37, it seems to be

concentration-dependent. As we have discussed above, at

concentration of 5 μg/ml (1.1 µM), LL-37 exerts pro-

tumorigenic effects in many cancer types. At higher

concentrations, however, LL-37 induces anti-cancer effects in

several other cancer types. Similar observation was also

illustrated in our study, whereas LL-37 promoted the growth

of PANC1 cells at the concentration of 1 µM, while it inhibited

cell viability when the concentration becomes higher than

2 µM. For the first time, our findings indicate that LL-37 can

inhibit the growth of pancreatic cancer cells by suppressing

autophagy. As mentioned before, autophagy can be regulated

by mTOR in cancer cells. This kinase assembles into two

distinct complexes, mTOR complex 1 (mTORC1) and

mTOR complex 2 (mTORC2). Although both complexes are

implicated in growth factor sensing, mTORC1 is generally

associated with cell proliferation and cancer progression

when dysregulated (Pópulo et al., 2012). Three pivotal

mTORC1 signaling pathways are involved in autophagy: the

PI3K-Akt and Ras-Raf-1-MEK1/2-ERK1/2 pathways, which

activate mTORC1, and the AMPK pathway, which can

inhibit mTORC1 (Meley et al., 2006). Under energetic

stressful conditions, the activation of upstream autophagy-

associated genes AMPK can stimulate ULK1 and inhibit

mTOR signaling, resulting in increased autophagy. Previous

studies reported that AMPK facilitates tumor cell growth,

whereas the absence of AMPK drastically attenuates

tumorigenicity in vivo (Mathew et al., 2009; Walczak and

Martens 2013). Elevated AMPK expression increases the

aggressiveness of pancreatic cancer cells and suggests a poor

prognosis. The activation of AMPK enhances the stem-like

properties of pancreatic cancer cells, whereas the inhibition of

AMPK drastically impairs the proliferative and invasive

capacities of pancreatic tumor cells (Shen et al., 2018).

Activation of AMPK also suppresses the activation of

mTORC1 and leads to the induction of autophagic flux in

pancreatic cancer cells (Xu et al., 2019). In addition, excessive

ERK1/2 activation was proven to promote autophagic cell death

(Wang et al., 2009) and stimulate mTOR activation (Carriere

et al., 2011). So far, there is almost no report about the influence

of LL-37 on the autophagy in cancer cells. Although FK-16, a

shorter fragment of LL-37, induced autophagy in colon cancer

cells, it was also proved to augment AIF−/EndoG-dependent

apoptosis in colon cancer cells when autophagy was inhibited

(Ren et al., 2013). In the present study, we first demonstrated

that LL-37-induced autophagy suppression through mTOR

activation leads to mitochondrial membrane potential

decline and ROS accumulation as well as the resulting DNA

damage in pancreatic cancer cells.

Most human PDACs exhibit an elevated basal level of

autophagy, which is accompanied by the accumulation of ROS

during the development and progression of pancreatic cancer

(Jeon et al., 2012; Laderoute et al., 2014). In turn, the loss of

autophagy can cause an accumulation of damaged

mitochondria and the oxidative protein folding machinery,
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which would promote the production of ROS (Mathew et al.,

2009). Consistent with those earlier findings, our results have

demonstrated that LL-37 increased ROS accumulation and the

subsequent mitochondrial dysfunction by inhibiting

autophagy in pancreatic cancer cells, which results in DNA

damage and cell death. In a previous study of PDAC, autophagy

was shown to enable growth by preventing cells from

accumulating genotoxic levels of ROS and sustaining oxidative

phosphorylation by providing bioenergetic intermediates (Yang

and Kimmelman 2011). However, it is worthmentioning that ROS

act as a “double-edged sword” on tumor development, as both the

inducer and inhibitor of ROS that may alter cancer cell death

(including pancreatic cancer) by disrupting the redox balance

(Marchi et al., 2012). Mildly or moderately elevated levels of

ROS promote the initiation of carcinogenesis and the malignant

transformation of cells, whereas excessive ROS evoke irreversible

oxidative damage and trigger programmed cell death (Fruehauf

and Meyskens, 2007). Excessive ROS-triggered DNA damage was

demonstrated to induce cancer cell death in various cancer types

including pancreatic cancer (Yang et al., 2011). Genetic or

pharmacological inhibition of autophagy may provoke ROS

formation and DNA damage that could significantly inhibit

pancreatic cancer cell growth (Yang et al., 2011). Here, we have

shown a coherent result that LL-37-induced ROS accumulation

resulted in DNA damage and cell cycle arrest. Similarly, LL-37

treatment was shown to induce cell cycle arrest by increasing the

expression of p21Waf1/Cip1 in gastric cancer cells and to induce-

large-scale induction of DNA fragmentation in colon cancer cells

(Mader et al., 2009; Kuroda et al., 2017).

In patients with pancreatic cancer, immune dysfunction is

observed in the immunosuppressive tumor

microenvironment, which inhibits the activation or

functions of immune effectors (Chen et al., 2005).

Decreased circulating CD4+ and CD8+ T cell populations

are observed in patients with pancreatic cancer when

compared with healthy individuals (Bang et al., 2006).

Evidence suggests that inhibition of autophagy would

impair tumor metabolism and alter tumor

microenvironmental compartments, which could dampen

the antitumor immune response. For example, aging T

lymphocytes exhibit a steady decrease in autophagy

(Phadwal et al., 2012). Furthermore, autophagy played a

key role in tumor-specific CD8+ T cell priming (Uhl et al.,

2009). More studies, however, indicate that autophagy

inhibition does not impair T cell function in tumor models

such as melanoma and breast cancer (Starobinets et al., 2016).

Treatment with HCQ enhanced the cytotoxic T-cell activity

during hypoxic stress (Noman et al., 2011). Another report

also demonstrated that lysosomes limited the CD8+ T-cell

killing activity in melanoma (Khazen et al., 2016). Inhibition

of autophagy in response to mutated Beclin1 augmented the

infiltration of T cells into the immune microenvironment

(Mgrditchian et al., 2017). CD8+ T cells were proven to

accumulate around PDAC cells with low levels of

autophagy flux but avoided cells with high autophagy flux

(Yamamoto et al., 2020). In our study, LL-37 treatment

reduced MDSC population and increased CD4+ and CD8+

T cell populations in the tumor microenvironment, and this

shift may have contributed to the observed anti-tumor effects.

This finding is consistent with a recent study in which the

tumor-specific inhibition of autophagy caused increased CD8+

T cell proliferation, activation and cytotoxicity against

pancreatic cancer cells (Yamamoto et al., 2020). Another

study has determined that LL-37 frequently induces CD4+

and CD8+ T cell proliferation and activation (Lande et al.,

2014). Furthermore, the exposure of dendritic cells to LL-37

increased the migration of CD8+ T cells into established

squamous cell carcinomas in mice, resulting in regression

of the tumor (Findlay et al., 2019). Nevertheless, recent studies

have demonstrated that treatment with lysosomal inhibitors

such as CQ can enhance antitumor T-cell immunity by

switching macrophage polarization from tumor-associated

macrophages M2 to tumor-killing (and pro-inflammatory)

M1 phenotype (Chen et al., 2018). This switch would enable

tumor cell killing by cytotoxic T cells without affecting

dendritic cells (Noman et al., 2011; Starobinets et al., 2016).

In another study, autophagy inhibition was determined to

decrease the growth of pancreatic tumor in the dominant-

negative Atg4b mouse model, which is also involved in the

macrophage-mediated mechanisms (Yang et al., 2018). We

have recently demonstrated that the increased polarization of

M2 macrophages promoted the progression of pancreatic

cancer (Zhang et al., 2020). In this study, we have

evaluated the effect of LL-37 on macrophage polarization

both in vitro and in vivo and revealed that M2 macrophage

polarization was inhibited in the pancreatic tumor

microenvironment, with significant contribution to growth

inhibition of solid tumors. Furthermore, this phenomenon

was also accompanied with LL-37-induced autophagy

inhibition in IL-4 treated macrophage cells. In preclinical

studies, the intratumorally injections of recombinant LL-37

stimulate the innate immune system by activation of

plasmacytoid dendritic cells (Dolkar et al., 2018). These

cells can induce and maintain antitumor immune responses

that mediate tumor destruction (Hargadon, 2017). Taken

together, our data concerning the role of autophagy in

tumor-host interactions and tumor immunity suggest that

other than targeting tumor cells, the promotion of autophagy

inhibition in many other non-malignant cell types could be

equally important.

Conclusion

In conclusion, we report for the first time that treatment

with the unique peptide drug LL-37 could inhibit the growth
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of pancreatic cancer cells through inhibition of autophagy and

reprogramming of the tumor immune microenvironment.

These findings provide important insights on the anti-

cancer mechanism of LL-37 in the treatment of pancreatic

cancer by exerting diversified and target-specific modulating

modalities.

Data availability statement

The raw data supporting the conclusion of this article will

be made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by Research

Ethics Committee of Hong Kong Baptist University.

Author contributions

ZZ conducted the experiments, performed data analysis and

wrote the original draft. Wenqing Chen contributed in validation

and visualization. S-QZ assisted in constructive comments and

writing-review. J-XB contributed in animal experiments. C-LL

performed the western bloting. SS reviewed the draft. KY

provided financial assistance for the project and reviewed the

draft. JK coordinated the project and finalized the draft. All

authors contributed to the final manuscript and approved the

submitted version.

Funding

This work was supported by the Guangdong Basic and

Applied Basic Research Foundation (grant number

2021A1515012092) and the Hong Kong Baptist University

Faculty Research Grant (FRG1/16-17/022).

Conflict of interest

The handling editor YB declared a shared affiliation with the

author S-QZ at the time of review. The remaining authors declare

that the research was conducted in the absence of any

commercial or financial relationships that could be construed

as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Bang, S., Kim, H. S., Choo, Y, S., Park S, W., Chung, J, B., Song, S, Y., et al.
(2006). Differences in immune cells engaged in cell-mediated immunity after
chemotherapy for far advanced pancreatic cancer. Pancreas 32 (1), 29–36.
doi:10.1097/01.mpa.0000191651.32420.41

Carriere, A., Romeo, Y., Acosta-Jaquez, H. A., Moreau, J., Bonneil, E., Thibault, P.,
et al. (2011). ERK1/2 phosphorylate raptor to promote ras-dependent activation of
MTOR complex 1 (MTORC1). J. Biol. Chem. 286 (1), 567–577. doi:10.1074/jbc.
M110.159046

Chen, D., Xie, J., Fiskesund, R., Dong, W., Liang, X., Lv, J., et al. (2018).
Chloroquine modulates antitumor immune response by resetting tumor-
associated macrophages toward M1 phenotype. Nat. Commun. 9 (1), 873.
doi:10.1038/s41467-018-03225-9

Chen, M. L., Pittet, M. J., Gorelik, L., Flavell, R. A., Weissleder, R., Von Boehmer,
H., et al. (2005). Regulatory T cells suppress tumor-specific CD8 T cell cytotoxicity
through TGF-β signals in vivo. Proc. Natl. Acad. Sci. U. S. A. 102 (2), 419–424.
doi:10.1073/pnas.0408197102

Chen, X., Qi, G., Qin, M., Zou, Y., Zhong, K., Tang, Y., et al. (2017). DNA
methylation directly downregulates human cathelicidin antimicrobial peptide gene
(CAMP) promoter activity. Oncotarget 8 (17), 27943–27952. doi:10.18632/
oncotarget.15847

Coffelt, S. B., Waterman, R. S., Florez, L., Bentrup, K. H. Z., Zwezdaryk, K. J.,
Tomchuck, S. L., et al. (2008). Ovarian cancers overexpress the antimicrobial
protein hCAP-18 and its derivative LL-37 increases ovarian cancer cell
proliferation and invasion. Int. J. Cancer 122 (5), 1030–1039. doi:10.1002/ijc.
23186

Dolkar, T., Trinidad, C. M., Nelson, K. C., Amaria, R. N., Nagarajan, P., Torres-
Cabala, C. A., et al. (2018). Dermatologic toxicity from novel therapy using

antimicrobial peptide LL-37 in melanoma: A detailed examination of the
clinicopathologic features. J. Cutan. Pathol. 45 (7), 539–544. doi:10.1111/cup.13262

Findlay, E. G., Currie, A. J., Zhang, A., Ovciarikova, J., Young, L., Stevens, H., et al.
(2019). Exposure to the antimicrobial peptide LL-37 produces dendritic cells
optimized for immunotherapy. OncoImmunology 8 (8), 1608106. doi:10.1080/
2162402X.2019.1608106

Fruehauf, J. P., and Meyskens, F. L. (2007). Reactive oxygen species: A breath
of life or death? Clin. Cancer Res. 13 (3), 789–794. doi:10.1158/1078-0432.
CCR-06-2082

Fujii, S., Mitsunaga, S., Yamazaki, M., Hasebe, T., Ishii, G., Kojima, M., et al.
(2008). Autophagy is activated in pancreatic cancer cells and correlates with poor
patient outcome. Cancer Sci. 99 (9), 1813–1819. doi:10.1111/j.1349-7006.2008.
00893.x

Goldman, F. D., Gilman, A. L., Hollenback, C., Kato, R. M., Premack, B. A.,
Rawlings, D. J., et al. (2000). Hydroxychloroquine inhibits calcium signals in T cells:
A new mechanism to explain its immunomodulatory properties. Blood 95 (11),
3460–3466. doi:10.1182/blood.v95.11.3460

Hargadon, K. M. (2017). Strategies to improve the efficacy of dendritic cell-based
immunotherapy for melanoma. Front. Immunol. 8, 1594. doi:10.3389/fimmu.2017.
01594

Hensel, J. A., Chanda, D., Kumar, S., Sawant, A., Grizzle, W. E., Siegal, G. P., et al.
(2011). LL-37 as a therapeutic target for late stage prostate cancer. Prostate 127 (6),
659–670. doi:10.1002/pros.21282

Janku, F., McConkey, D. J., Hong, D. S., and Kurzrock, R. (2011). Autophagy as a
target for anticancer therapy. Nat. Rev. Clin. Oncol. 8 (9), 528–539. doi:10.1038/
nrclinonc.2011.71

Frontiers in Pharmacology frontiersin.org14

Zhang et al. 10.3389/fphar.2022.906625

https://doi.org/10.1097/01.mpa.0000191651.32420.41
https://doi.org/10.1074/jbc.M110.159046
https://doi.org/10.1074/jbc.M110.159046
https://doi.org/10.1038/s41467-018-03225-9
https://doi.org/10.1073/pnas.0408197102
https://doi.org/10.18632/oncotarget.15847
https://doi.org/10.18632/oncotarget.15847
https://doi.org/10.1002/ijc.23186
https://doi.org/10.1002/ijc.23186
https://doi.org/10.1111/cup.13262
https://doi.org/10.1080/2162402X.2019.1608106
https://doi.org/10.1080/2162402X.2019.1608106
https://doi.org/10.1158/1078-0432.CCR-06-2082
https://doi.org/10.1158/1078-0432.CCR-06-2082
https://doi.org/10.1111/j.1349-7006.2008.00893.x
https://doi.org/10.1111/j.1349-7006.2008.00893.x
https://doi.org/10.1182/blood.v95.11.3460
https://doi.org/10.3389/fimmu.2017.01594
https://doi.org/10.3389/fimmu.2017.01594
https://doi.org/10.1002/pros.21282
https://doi.org/10.1038/nrclinonc.2011.71
https://doi.org/10.1038/nrclinonc.2011.71
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.906625


Jeon, S. M., Chandel, N. S., and Hay, N. (2012). AMPK regulates NADPH
homeostasis to promote tumour cell survival during energy stress. Nature 485
(7400), 661–665. doi:10.1038/nature11066

Jia, J., Zheng, Y., Wang, W., Shao, Y., Li, Z., Wang, Q., et al. (2017). Antimicrobial
peptide LL-37 promotes YB-1 expression, and the viability, migration and invasion
of malignant melanoma cells. Mol. Med. Rep. 15 (1), 240–248. doi:10.3892/mmr.
2016.5978

Khazen, R., Müller, S., Gaudenzio, N., Espinosa, E., Puissegur, M. P., and
Valitutti, S. (2016). Melanoma cell lysosome secretory burst neutralizes the
CTL-mediated cytotoxicity at the lytic synapse. Nat. Commun. 7 (1), 10823.
doi:10.1038/ncomms10823

Kim,M. P., and Gallick, G. E. (2008). Gemcitabine resistance in pancreatic cancer:
Picking the key players. Clin. Cancer Res. 14 (5), 1284–1285. doi:10.1158/1078-
0432.CCR-07-2247

Kuroda, K., Fukuda, T., Krstic-Demonacos, M., Demonacos, C., Okumura, K.,
Isogai, H., et al. (2017). miR-663a regulates growth of colon cancer cells, after
administration of antimicrobial peptides, by targeting CXCR4-p21 pathway. BMC
Cancer 17 (1), 33. doi:10.1186/s12885-016-3003-9

Laderoute, K. R., Calaoagan, J. M., Chao, W. R., Dinh, D., Denko, N., Duellman,
S., et al. (2014). 5′-AMP-activated protein kinase (AMPK) supports the growth of
aggressive experimental human breast cancer tumors. J. Biol. Chem. 289 (33),
22850–22864. doi:10.1074/jbc.M114.576371

Lande, R., Botti, E., Jandus, C., Dojcinovic, D., Fanelli, G., Conrad, C., et al. (2014).
The antimicrobial peptide LL37 is a T-cell autoantigen in psoriasis.Nat. Commun. 5
(1), 5621. doi:10.1038/ncomms6621

Larrick, J. W., Hirata, M., Balint, R. F., Lee, J., Zhong, J., Wright, S. C., et al.
(1995). Human CAP18: A novel antimicrobial lipopolysaccharide-binding
protein. Infect. Immun. 63 (4), 1291–1297. doi:10.1128/IAI.63.4.1291-1297.
1995

Mader, J. S., Mookherjee, N., Hancock, R. E., and Bleackley, R. C. (2009). The
human host defense peptide LL-37 induces apoptosis in a calpain-and apoptosis-
inducing factor–dependent manner involving bax activity. Mol. Cancer Res. 7 (5),
689–702. doi:10.1158/1541-7786.MCR-08-0274

Marchi, S., Giorgi, C., Suski, J. M., Agnoletto, C., Bononi, A., Bonora, M., et al.
(2012). Mitochondria-ros crosstalk in the control of cell death and aging. J. Signal
Transduct., 1–17. doi:10.1155/2012/329635

Mathew, R., Karp, C. M., Beaudoin, B., Vuong, N., Chen, G., Chen, H. Y., et al.
(2009). Autophagy suppresses tumorigenesis through elimination of p62. Cell 137
(6), 1062–1075. doi:10.1016/j.cell.2009.03.048

Mathew, R., Kongara, S., Beaudoin, B., Karp, C. M., Bray, K., Degenhardt, K., et al.
(2007). Autophagy suppresses tumor progression by limiting chromosomal
instability. Genes Dev. 21 (13), 1367–1381. doi:10.1101/gad.1545107

Maycotte, P., and Thorburn, A. (2011). Autophagy and cancer therapy. Cancer
Biol. Ther. 11 (2), 127–137. doi:10.4161/cbt.11.2.14627

Meley, D., Bauvy, C., Houben-Weerts, J. H., Dubbelhuis, P. F., Helmond, M. T.,
Codogno, P., et al. (2006). AMP-activated protein kinase and the regulation of
autophagic proteolysis. J. Biol. Chem. 281 (46), 34870–34879. doi:10.1074/jbc.
M605488200

Mgrditchian, T., Arakelian, T., Paggetti, J., Noman, M. Z., Viry, E., Moussay,
E., et al. (2017). Targeting autophagy inhibits melanoma growth by enhancing
NK cells infiltration in a CCL5-dependent manner. Proc. Natl. Acad. Sci. U. S.
A. 114 (44), E9271–E9279. doi:10.1073/pnas.1703921114

Michaud, M., Martins, I., Sukkurwala, A. Q., Adjemian, S., Ma, Y., Pellegatti, P.,
et al. (2011). Autophagy-dependent anticancer immune responses induced by
chemotherapeutic agents in mice. Science 334 (6062), 1573–1577. doi:10.1126/
science.1208347

Noman, M. Z., Janji, B., Kaminska, B., Van Moer, K., Pierson, S., Przanowski, P.,
et al. (2011). Blocking hypoxia-induced autophagy in tumors restores cytotoxic
T-cell activity and promotes regression. Cancer Res. 71 (18), 5976–5986. doi:10.
1158/0008-5472.CAN-11-1094

Phadwal, K., Alegre-Abarrategui, J., Watson, A. S., Pike, L., Anbalagan, S.,
Hammond, E. M., et al. (2012). A novel method for autophagy detection in
primary cells: Impaired levels of macroautophagy in immunosenescent T cells.
Autophagy 8 (4), 677–689. doi:10.4161/auto.18935

Pópulo, H., Lopes, J. M., and Soares, P. (2012). The mTOR signalling
pathway in human cancer. Int. J. Mol. Sci. 13 (2), 1886–1918. doi:10.3390/
ijms13021886

Porembka, M. R., Mitchem, J. B., Belt, B. A., Hsieh, C. S., Lee, H. M.,
Herndon, J., et al. (2012). Pancreatic adenocarcinoma induces bone marrow
mobilization of myeloid-derived suppressor cells which promote primary
tumor growth. Cancer Immunol. Immunother. 61 (9), 1373–1385. doi:10.
1007/s00262-011-1178-0

Ren, S. X., Cheng, A. S., To, K. F., Tong, J. H., Li, M. S., Shen, J., et al. (2012). Host
immune defense peptide LL-37 activates caspase-independent apoptosis and
suppresses colon cancer. Cancer Res. 72 (24), 6512–6523. doi:10.1158/0008-
5472.CAN-12-2359

Ren, S. X., Shen, J., Cheng, A. S., Lu, L., Chan, R. L., Li, Z. J., et al. (2013). FK-16
derived from the anticancer peptide LL-37 induces caspase-independent apoptosis
and autophagic cell death in colon cancer cells. PLoS One 8 (5), e63641. doi:10.1371/
journal.pone.0063641

Sainz, B., Alcala, S., Garcia, E., Sanchez-Ripoll, Y., Azevedo, M. M., Cioffi, M.,
et al. (2015). Microenvironmental hCAP-18/LL-37 promotes pancreatic ductal
adenocarcinoma by activating its cancer stem cell compartment. Gut 64 (12),
1921–1935. doi:10.1136/gutjnl-2014-308935

Shen, X., Chang, L. G., Hu, M. Y., Yan, D., Zhou, L. N., Ma, Y., et al. (2018).
KrasG12D-LOH promotes malignant biological behavior and energy
metabolism of pancreatic ductal adenocarcinoma cells through the mTOR
signaling pathway. Neoplasma 65 (1), 81–88. doi:10.4149/
neo_2018_170224N142

Siegel, R. L., Kimberly, D. M., and Ahmedin, J. (2018). Cancer statistics, 2018. Ca.
Cancer J. Clin. 68 (1), 7–30. doi:10.3322/caac.21442

Skrypek, N., Duchêne, B., Hebbar, M., Leteurtre, E., Van Seuningen, I.,
Jonckheere, N., et al. (2013). The MUC4 mucin mediates gemcitabine resistance
of human pancreatic cancer cells via the Concentrative Nucleoside Transporter
family. Oncogene 32 (13), 1714–1723. doi:10.1038/onc.2012.179

Springfeld, C., Jäger, D., Büchler, M. W., Strobel, O., Hackert, T., Palmer, D. H.,
et al. (2019). Chemotherapy for pancreatic cancer. Presse Med. 48 (3), 159–174.
doi:10.1016/j.lpm.2019.02.025

Starobinets, H., Ye, J., Broz, M., Barry, K., Goldsmith, J., Marsh, T., et al.
(2016). Antitumor adaptive immunity remains intact following inhibition of
autophagy and antimalarial treatment. J. Clin. Invest. 126 (12), 4417–4429.
doi:10.1172/JCI85705

Sui, X., Chen, R., Wang, Z., Huang, Z., Kong, N., Zhang, M., et al. (2013).
Autophagy and chemotherapy resistance: A promising therapeutic target
for cancer treatment. Cell Death Dis. 4 (10), e838. doi:10.1038/cddis.
2013.350

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A.,
et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. Ca. Cancer J. Clin. 71 (3),
209–249. doi:10.3322/caac.21660

Townsend, K. N., Hughson, L. R., Schlie, K., Poon, V. I., Westerback, A., Lum, J. J.,
et al. (2012). Autophagy inhibition in cancer therapy: Metabolic considerations for
antitumor immunity. Immunol. Rev. 249 (1), 176–194. doi:10.1111/j.1600-065X.
2012.01141.x

Uhl, M., Kepp, O., Jusforgues-Saklani, H., Vicencio, J. M., Kroemer, G., Albert, M.
L., et al. (2009). Autophagy within the antigen donor cell facilitates efficient antigen
cross-priming of virus-specific CD8+ T cells. Cell Death Differ. 16 (7), 991–1005.
doi:10.1038/cdd.2009.8

Vandamme, D., Landuyt, B., Luyten, W., and Schoofs, L. (2012). A
comprehensive summary of LL-37, the factotum human cathelicidin peptide.
Cell. Immunol. 280 (1), 22–35. doi:10.1016/j.cellimm.2012.11.009

von Haussen, J., Koczulla, R., Shaykhiev, R., Herr, C., Pinkenburg, O.,
Reimer, D., et al. (2008). The host defence peptide LL-37/hCAP-18 is a
growth factor for lung cancer cells. Lung Cancer 59 (1), 12–23. doi:10.1016/
j.lungcan.2007.07.014

Walczak, M., and Martens, S. (2013). Dissecting the role of the Atg12–Atg5-
Atg16 complex during autophagosome formation. Autophagy 9 (3), 424–425.
doi:10.4161/auto.22931

Wang, J., Whiteman, M. W., Lian, H., Wang, G., Singh, A., Huang, D., et al.
(2009). A non-canonical MEK/ERK signaling pathway regulates autophagy via
regulating Beclin 1. J. Biol. Chem. 284 (32), 21412–21424. doi:10.1074/jbc.M109.
026013

Wang, W., Zheng, Y., Jia, J., Li, C., Duan, Q., Li, R., et al. (2017).
Antimicrobial peptide LL-37 promotes the viability and invasion of skin
squamous cell carcinoma by upregulating YB-1. Exp. Ther. Med. 14 (1),
499–506. doi:10.3892/etm.2017.4546

Weber, G., Chamorro, C. I., Granath, F., Liljegren, A., Zreika, S., Saidak, Z.,
et al. (2009). Human antimicrobial protein hCAP18/LL-37 promotes a
metastatic phenotype in breast cancer. Breast Cancer Res. 11 (1), R6.
doi:10.1186/bcr2221

Wu, W. K. K., Sung, J. J. Y., To, K. F., Yu, L., Li, H. T., Li, Z. J., et al. (2010). The
host defense peptide LL-37 activates the tumor-suppressing bone morphogenetic
protein signaling via inhibition of proteasome in gastric cancer cells. J. Cell. Physiol.
223 (1), 178–186. doi:10.1002/jcp.22026

Frontiers in Pharmacology frontiersin.org15

Zhang et al. 10.3389/fphar.2022.906625

https://doi.org/10.1038/nature11066
https://doi.org/10.3892/mmr.2016.5978
https://doi.org/10.3892/mmr.2016.5978
https://doi.org/10.1038/ncomms10823
https://doi.org/10.1158/1078-0432.CCR-07-2247
https://doi.org/10.1158/1078-0432.CCR-07-2247
https://doi.org/10.1186/s12885-016-3003-9
https://doi.org/10.1074/jbc.M114.576371
https://doi.org/10.1038/ncomms6621
https://doi.org/10.1128/IAI.63.4.1291-1297.1995
https://doi.org/10.1128/IAI.63.4.1291-1297.1995
https://doi.org/10.1158/1541-7786.MCR-08-0274
https://doi.org/10.1155/2012/329635
https://doi.org/10.1016/j.cell.2009.03.048
https://doi.org/10.1101/gad.1545107
https://doi.org/10.4161/cbt.11.2.14627
https://doi.org/10.1074/jbc.M605488200
https://doi.org/10.1074/jbc.M605488200
https://doi.org/10.1073/pnas.1703921114
https://doi.org/10.1126/science.1208347
https://doi.org/10.1126/science.1208347
https://doi.org/10.1158/0008-5472.CAN-11-1094
https://doi.org/10.1158/0008-5472.CAN-11-1094
https://doi.org/10.4161/auto.18935
https://doi.org/10.3390/ijms13021886
https://doi.org/10.3390/ijms13021886
https://doi.org/10.1007/s00262-011-1178-0
https://doi.org/10.1007/s00262-011-1178-0
https://doi.org/10.1158/0008-5472.CAN-12-2359
https://doi.org/10.1158/0008-5472.CAN-12-2359
https://doi.org/10.1371/journal.pone.0063641
https://doi.org/10.1371/journal.pone.0063641
https://doi.org/10.1136/gutjnl-2014-308935
https://doi.org/10.4149/neo_2018_170224N142
https://doi.org/10.4149/neo_2018_170224N142
https://doi.org/10.3322/caac.21442
https://doi.org/10.1038/onc.2012.179
https://doi.org/10.1016/j.lpm.2019.02.025
https://doi.org/10.1172/JCI85705
https://doi.org/10.1038/cddis.2013.350
https://doi.org/10.1038/cddis.2013.350
https://doi.org/10.3322/caac.21660
https://doi.org/10.1111/j.1600-065X.2012.01141.x
https://doi.org/10.1111/j.1600-065X.2012.01141.x
https://doi.org/10.1038/cdd.2009.8
https://doi.org/10.1016/j.cellimm.2012.11.009
https://doi.org/10.1016/j.lungcan.2007.07.014
https://doi.org/10.1016/j.lungcan.2007.07.014
https://doi.org/10.4161/auto.22931
https://doi.org/10.1074/jbc.M109.026013
https://doi.org/10.1074/jbc.M109.026013
https://doi.org/10.3892/etm.2017.4546
https://doi.org/10.1186/bcr2221
https://doi.org/10.1002/jcp.22026
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.906625


Xu, C., Wang, Y., Tu, Q., Zhang, Z., Chen, M., Mwangi, J., et al. (2019).
Targeting surface nucleolin induces autophagy-dependent cell death in
pancreatic cancer via AMPK activation. Oncogene 38 (11), 1832–1844.
doi:10.1038/s41388-018-0556-x

Yamamoto, K., Venida, A., Yano, J., Biancur, D. E., Kakiuchi, M., Gupta, S., et al.
(2020). Autophagy promotes immune evasion of pancreatic cancer by degrading
MHC-I. Nature 581 (7806), 100–105. doi:10.1038/s41586-020-2229-5

Yang, A., Herter-Sprie, G., Zhang, H., Lin, E. Y., Biancur, D., Wang, X., et al.
(2018). Autophagy sustains pancreatic cancer growth through both cell-
autonomous and nonautonomous mechanisms. Cancer Discov. 8 (3), 276–287.
doi:10.1158/2159-8290.CD-17-0952

Yang, S., and Kimmelman, A. C. (2011). A critical role for autophagy in
pancreatic cancer. Autophagy 7 (8), 912–913. doi:10.4161/auto.7.8.15762

Yang, S., Wang, X., Contino, G., Liesa, M., Sahin, E., Ying, H., et al. (2011).
Pancreatic cancers require autophagy for tumor growth. Genes Dev. 25 (7),
717–729. doi:10.1101/gad.2016111

Yang, Z., and Klionsky, D. J. (2010). Eaten alive: A history of macroautophagy.
Nat. Cell Biol. 12 (9), 814–822. doi:10.1038/ncb0910-814

Zhang, Z., Auyeung, K. K. W., Sze, S. C. W., Zhang, S., Yung, K. K. L., Ko,
J. K. S., et al. (2020). The dual roles of calycosin in growth inhibition and
metastatic progression during pancreatic cancer development: A “TGF-β
paradox”. Phytomedicine 68, 153177. doi:10.1016/j.phymed.2020.153177

Ziegler, H. K., and Unanue, E. R. (1982). Decrease in macrophage antigen
catabolism caused by ammonia and chloroquine is associated with inhibition
of antigen presentation to T cells. Proc. Natl. Acad. Sci. U. S. A. 79 (1), 175–178.
doi:10.1073/pnas.79.1.175

Frontiers in Pharmacology frontiersin.org16

Zhang et al. 10.3389/fphar.2022.906625

https://doi.org/10.1038/s41388-018-0556-x
https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.1158/2159-8290.CD-17-0952
https://doi.org/10.4161/auto.7.8.15762
https://doi.org/10.1101/gad.2016111
https://doi.org/10.1038/ncb0910-814
https://doi.org/10.1016/j.phymed.2020.153177
https://doi.org/10.1073/pnas.79.1.175
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.906625

	The human cathelicidin peptide LL-37 inhibits pancreatic cancer growth by suppressing autophagy and reprogramming of the tu ...
	Introduction
	Materials and methods
	Cell culture and chemicals
	Cell viability test
	Colony formation assay
	5-Ethynyl-2′-deoxyuridine proliferation assay (EdU)
	Immunofluorescence assay
	Western blot analysis
	Cell cycle analysis
	Autophagy flux sensor
	Transmission electron microscopy (TEM)
	Measurement of intracellular ROS
	Mitochondrial membrane potential assay (MMP)
	Animal study
	Immunofluorescence of animal tissues
	Effect on the polarization of M2 macrophages
	Statistical analysis

	Results
	LL-37 inhibits the growth of pancreatic cancer cells
	LL-37 induces the DNA damage response and cell cycle arrest in pancreatic cancer cells
	LL-37 Decreases autophagy in pancreatic cancer cells through activation of the mTOR pathway
	LL-37 increases intracellular ROS production due to its inhibition of autophagy
	LL-37 inhibits pancreatic tumor growth in vivo
	LL-37 reprograms the immune cells in the tumor microenvironment

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


