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Abstract

Skin forms a physical barrier that protects the body against outside agents. The deepest

layer of the skin, the stratum basale, contains two cell types: agent-sensing keratinocytes,

and melanin-producing melanocytes. Keratinocytes can sense both harmless commensal

organisms and harmful pathogens via Toll-like receptors (TLRs), and keratinocytes subse-

quently drive immune responses. Activation of TLR3 is required for barrier repair because it

stimulates essential genes, including tight junction genes, and inflammatory cytokines.

Within the basal layer of the skin, resident melanocytes use their dendritic processes to con-

nect with approximately 30–40 neighboring keratinocytes. Most studies have focused on the

transfer of melanin-synthesizing melanosomes from melanocytes to keratinocytes, but the

potential regulation of melanogenesis by soluble factor(s) produced by keratinocytes

remains to be explored. Studying such regulation in vivo is challenging because of the kera-

tinocyte:melanocyte ratio in the epidermis and the location of the cells within the skin. There-

fore, in this study, we investigated whether keratinocytes affected melanocyte

melanogenesis in vitro under normal or inflammatory conditions. We found that polyinosinic-

polycytidylic acid [poly(I:C)] stimulation induced PD-L1 secretion from HaCaT cells and that

poly(I:C)-induced PD-L1 inhibited melanin production by B16F10 cells. These data provide

key evidence that keratinocytes can alter melanocyte melanogenesis via the production of

soluble factors under inflammatory conditions.

Introduction

The skin, which acts as a physical barrier to protect the body against external chemical, physi-

cal, and microbiological agents, has three main layers: the epidermis, the dermis, and hypoder-

mis including adipose tissue [1]. The epidermis of thin skin consists of four layers: stratum

basale, stratum spinosum, stratum granulosum, and stratum corneum. The stratum basale,

which is the deepest layer, contains undifferentiated keratinocytes and melanocytes. Undiffer-

entiated keratinocytes move up from the stratum basale into the stratum spinosum where they
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begin to differentiate, adopting a polygonal morphology and initiating keratin synthesis. The

keratinocytes continue to differentiate as they migrate to the skin surface. Keratinocytes within

the stratum granulosum release keratin proteins and lipids. Keratinocytes in the stratum cor-

neum, the outermost layer of the epidermis, stack as multiple layers and function as a physical

barrier [2]. Keratinocytes sense chemical, physical, and microbial agents via distinct toll-like

receptors (TLRs) that subsequently drive immune responses. Among these TLRs, TLR3 recog-

nizes double-stranded RNA from viruses and also senses non-coding RNA from UV-irradi-

ated epidermal keratinocytes [3]. In fact, TLR3 is the primary sensor of UV exposure and

produces an inflammatory response [4]; specifically, following UV irradiation, TLR3 initiates a

signaling cascade entailing Toll/Interleukin-1 receptor (TIR) domain-containing signaling

interferon-β activation, subsequent activation of nuclear factor-κB and activator protein 1

(AP-1), and AP-1-mediated activation of the mitogen-activated protein kinases pathway via

IκB kinase complex activation.

A common complication of skin inflammation, be it from endogenous inflammation,

external injury, or cutaneous procedures such as laser therapy, is post-inflammatory hyperpig-

mentation (PIH). PIH appears locally in previous areas of inflammation, and pigmentation

intensity is determined by inherent skin color, severity of inflammation, degree of dermoepi-

dermal junction damage, and stability of melanocytes. Skin discoloration resulting from previ-

ous inflammation depends on the number of melanocytes and their functional activity [5].

Melanocytes reside in basal layer of the skin and use their dendritic processes to connect with

approximately 30–40 neighboring keratinocytes. Mature melanocytes generate a special organ-

elle called the melanosome, which contains the enzymes responsible for melanin synthesis,

such as tyrosinase related protein 1 (TYRP1), transient receptor potential cation channel sub-

family M member 1 (TRPM1), and tyrosinase [6]. Mature melanocytes can transfer melano-

somes into keratinocytes via their dendritic processes in a phagocytic process promoted by

protease-activated receptor-2 [7, 8].

Most studies on melanogenesis have focused on the transfer of melanosomes from melano-

cytes to keratinocytes. For instance, melanin synthesis by melanocytes increases following UV

radiation or mechanical irritation and is associated with increased melanosome transfer to ker-

atinocytes [9]. Separately, Yamasaki et al. reported that TLR3 stimulation enhances melano-

genesis and melanosome transfer in human melanocytes [10] and also melanosome uptake by

keratinocytes [11]. Although they observed that treatment with polyinosinic-polycytidylic acid

[poly(I:C)] enhanced melanosome transfer from melanocyte to keratinocytes in a co-culture

system via the Rho-family GTPases RHOA and CDC42, it remains unclear if melanocyte mela-

nogenesis is regulated by a soluble factor produced by keratinocytes under inflammatory

conditions.

We previously reported that poly(I:C) attenuates imiquimod-induced skin inflammation in

mice by increasing cutaneous programmed death-ligand 1(PD-L1) expression and reducing

interleukin (IL)-36gamma expression in human HaCaT keratinocytes in the presence of IL-17

[12]. In this study, we investigated whether HaCaT cells affect melanogenesis in B16F10 mela-

noma cells under TLR3 stimulation and if the effect is mediated by a soluble factor.

Materials and methods

Cell culture

Human HaCaT cells and B16F10 murine melanoma cells (Korea Cell Line Bank #80008,

Seoul, Korea) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Welgene,

Gyeongsan, Korea) supplemented with 10% fetal bovine serum (FBS, Welgene) and 1% peni-

cillin/streptomycin (PAA Laboratories, Little, UK) at 37˚C in 5% CO2. Cells were subcultured
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every 2–3 days. For poly(I:C) stimulation, HaCaT and B16F10 cells were cultured for 6 h in

6-well plates in DMEM containing 10% FBS. The cells were then changed into serum-free

DMEM and were subsequently treated overnight with poly(I:C) (Sigma-Aldrich, St. Louis,

MO, USA) at a final concentration of 20 μg/mL.

Co-culture

HaCaT cells (5 × 105) were cultured in the presence or absence of poly(I:C) in the upper cham-

ber (0.4 μm pore diameter) of a Transwell plate (Corning Inc., Corning, MA, USA) for 24 h.

Starting 18 h after HaCaT culturing began, B16F10 cells (1.5 × 106) were cultured in a 24-well

cell culture plate (Corning Inc.) for 6 h. To initiate co-culturing, B16F10 cells were changed

into serum-free DMEM, and the HaCaT-containing Transwell insert was moved into the

B16F10-seeded plate. After 6 h, 12 h, and 24 h of co-culturing, the B16F10 cells and the culture

medium (CM) were collected for RNA and protein extraction. For targeted PD-L1 experi-

ments, B16F10 cells were treated with recombinant human PD-L1 (rPD-L1, Peprotech, Rocky

Hill, NJ, USA) or LEAF™ purified anti-human PD-L1 antibody (29E.2A3; BioLegend, San

Diego, CA, USA), stored at -20˚C, at a final concentration of 10 μg/mL.

MTT assays

B16F10 cells (5 × 104 cells) were cultured for 6 h in a 96-well flat-bottom plate in DMEM sup-

plemented with 10% FBS and 1% penicillin/streptomycin. After being changed into serum-

free DMEM, cells were treated with 20 μg/mL poly(I:C) for 24 h, followed by 20 μL thiazolyl

blue tetrazolium bromide solution (MTT, 5 mg/mL in phosphate-buffered saline (PBS),

Sigma-Aldrich) was added to each well and the cells were incubated for 4 h at 37˚C. The MTT

solution was removed, then 200 μL dimethyl sulfoxide (DMSO, Merck, Kenilworth, NJ, USA)

was added to each well and the plate was shaken for 15 min to solubilize the formazan. Absorp-

tion at 570 nm was measured with an enzyme-linked immunosorbent assay (ELISA) reader

(SpectraMax versa; Molecular Devices, San Jose, CA, USA).

Immunoblot

For intracellular proteins, B16F10 and HaCaT cells were lysed with RIPA buffer (1% Triton X-

100, 150 mM NaCl, 20 mM Tris-HCl, pH 7.5) containing protease inhibitors (Sigma-Aldrich)

and 200 mM sodium orthovanadate (Na3VO4, Sigma-Aldrich). For secreted proteins, CM

from B16F10 and HaCaT cultures were collected by centrifugation (400 × g for 5 min) and fil-

tered through 0.22 μm filters. Then, 500 μL CM samples were applied to Amicon Ultra-3 kDa

filter devices (Millipore, Darmstadt, Germany) and centrifuged at 14,000 × g for 20 min to

obtain concentrated CM. To detect secreted PD-L1, concentrated CM were subjected to 10%

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot

with anti-rabbit PD-L1 primary antibody (rabbit polyclonal, Santa Cruz Biotechnology, Santa

Cruz, CA, USA) overnight at 4˚C, followed by incubation with HRP-conjugated secondary

antibody for 1 h at room temperature. After washing three times, the membranes were devel-

oped using ECL solution (GE Healthcare Life Sciences, Pittsburgh, PA, USA), and protein

bands were detected using a LAS3000 system (Fujifilm, Tokyo, Japan).

Flow cytometry

B16F10 cells were incubated with PE-conjugated anti-mouse CD279 antibody (29F.1A12, Rat

IgG2a, BioLegend) for 30 min on ice. Isotype (PE-conjugated anti-rat IgG2aκ, BD Pharmingen,

San Diego, CA, USA) stained cells were used as control. Cells were centrifuged at 400 × g for 5
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min at RT and fixed with 1% paraformaldehyde in FACS buffer (0.5% FBS in phosphate buff-

ered saline). Cells were detected using a FACSCalibur (BD Biosciences, Franklin Lakes, NJ,

USA) and analyzed with Cell Quest software (BD Biosciences).

Real-time PCR

Total RNA was isolated from B16F10 and HaCaT cells using TRISure (Bioline, London, UK)

in accordance with the manufacturer’s instructions. One microgram of total RNA was tran-

scribed into cDNA using Reverse Transcription Master Premix (ELPIS Biotech, Daejeon,

Korea). To quantify the expression of melanoma-specific genes, real-time PCR was conducted

using a KAPA SYBR qPCR kit (KAPA Biosystems Inc., Woburn, MA, USA) and an ABI Ste-

pOne Plus detection system (Applied Biosystems, Foster City, CA, USA). All gene expression

values were normalized to the expression of the Gapdh housekeeping gene. Real-time PCR

was performed using the following primers: mouse microphthalmia-associated transcription

factor (MITF) (126 bp), 5’- CAAATGGCAAATACGTTACCCG-3’ (forward) and 5’-
CTCCCTTTTTATGTTGGGAAGGT -3’ (reverse); mouse Tyr (107 bp), 5’-
CTCTGGGCTTAGCAGTAGGC -3’ (forward) and 5’- GCAAGCTGTGGTAGTCGTCT -3’
(reverse); and mouse Gapdh (95 bp), 5’-AGGTCGGTGTGAACGGATTTG -3’ (forward) and

5’-GGGGTCGTTGATGGCAACA -3’ (reverse).

Quantification of melanin content

B16F10 cells (1×105 cells/well) were plated and cultured in a 12-well plate overnight. After

rinsing, cells were incubated with serum-free, phenol red-free DMEM for different periods of

time. Cells and CM were collected by centrifugation for 400 × g, 10 min. CM were filtered

through 0.22 μm filters. Cells were homogenized in 1 N sodium hydroxide (Duksan, Seoul,

Korea) in 10% DMSO, and cell lysates were incubated in a 60˚C water bath for 1 h. Cell lysates

and CM were transferred to a 96-well flat-bottom plate and absorbance was measured at 490

nm using an ELISA reader to assess melanin content. Absorbance values were converted to

amount melanin using a standard curve generated with synthetic melanin (Sigma-Aldrich).

Melanin content was normalized to the total protein content of each sample, as follows. Total

protein in cell lysates and CM was quantified by mixing 20 μL sample with bicinchoninic acid

assay (BCA) reagent (Thermo Fisher Scientific, Waltham, MA, USA) and incubating at 37˚C

for 30 min. Absorbance at 562 nm was then measured using an ELISA reader. Normalized

intracellular and secreted melanin content was calculated by dividing the measured melanin

concentration by the total protein concentration.

Statistical analysis

Data are presented as mean ± standard deviation (SD). Statistically significant differences

between groups were assessed using one-way or two-way analysis of variance (ANOVA) fol-

lowed by the Tukey-Kramer multiple comparison test. A P value < 0.05 was considered signif-

icant. All statistical analyses were performed using GraphPad Prism Software v6.04 (Graph

Pad Software Inc., San Diego, CA, USA).

Results

Poly(I:C) stimulation induces PD-L1 secretion by HaCaT cells

To analyze the effect of poly(I:C) stimulation on metabolic activity of cells, we performed

MTT assays on B16F10 and HaCaT cells. After being cultured in DMEM with 10% FBS for 6

h, cells were stimulated with poly(I:C) in serum-free DMEM (Fig 1A). As shown in Fig 1B,
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poly(I:C) stimulation did not affect the viability of B16F10 cells or HaCaT cells. To assess the

level of PD-L1 expression in B16F10 or HaCaT cells after poly(I:C) stimulation, we measured

PD-L1 secretion from poly(I:C)-treated B16F10 and HaCaT cells. We found that poly(I:C)-

stimulated HaCaT cells expressed significantly higher levels of PD-L1 than did the other cells

Fig 1. Poly(I:C) stimulation increases PD-L1 secretion from HaCaT cells. (A) HaCaT or B16F10 cells and CM were

collected following incubation with 20 ng/mL poly(I:C) for 24 h. (B) Cell viability was measured by MTT assay. (C)

PD-L1 levels in CM from B16F10 and HaCaT cultures, assessed by immunoblotting. PD-L1 levels were normalized to

β-actin levels using pixel densities. (D) B16F10 cells were cultured in DMEM with or without FBS for� 72 h. Data are

presented as mean ± SD and were analyzed by one-way ANOVA (��� P< 0.001).

https://doi.org/10.1371/journal.pone.0233448.g001
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(Fig 1C). Next, we examined expression of the PD-L1 receptor, programmed cell death protein

1 (PD-1), on the surface of B16F10 cells using flow cytometry. We found that B16F10 PD-1

expression increased over time, with PD-1 surface expression increasing by 72 h in DMEM

both with and without 10% FBS (Fig 1D). Therefore, we concluded that B16F10 expressed PD-

1.

Co-culture of poly(I:C)-stimulated HaCaT cells and B16F10 cells leads to

decreased expression of melanogenesis-related genes and decreased

melanin synthesis

Next, we examined the effect of poly(I:C)-stimulated HaCaT cells on melanogenesis in B16F10

cells. We used a Transwell insert to co-culture either unstimulated or poly(I:C)-stimulated

HaCaT cells with B16F10 cells for 6 and 24 h, at which point B16F10 cells and CM were col-

lected for analysis by quantitative real-time PCR (Fig 2A). Also, to determine the direct effect

of PD-L1 on B16F10 cells, we compared B16F10 melanogenesis in the presence and absence of

exogenous rhPD-1 (Fig 2B). Expression of MITF increased significantly in B16F10 cells after

24 h of co-culture with unstimulated HaCaT cells. However, when co-cultured with poly(I:C)-

stimulated HaCaT cells or cultured in the presence of rhPD-1, B16F10 MITF expression was

significantly reduced after 24 h. Expression of the tyrosinase-encoding Tyr gene significantly

increased after 24 h in B16F10 but decreased in B16F10 cells co-cultured with either unstimu-

lated or poly(I:C)-stimulated HaCaT cells for 24 h. Treatment with rPD-L1 did not substan-

tially affect Tyr expression after 6 or 24 h. In summary, both poly(I:C)-stimulated HaCaT cells

and rPD-L1 inhibited expression of the melanin synthesis-associated genes MITF and Tyr in

B16F10 cells.

Next, to enable comparison of melanin production between experimental groups, we quan-

tified intracellular and secreted melanin in B16F10 cells and CM, respectively (Fig 2C and 2D).

The intracellular melanin content in B16F10 cells increased significantly after 24 h

(8.13 ± 2.78). In B16F10 cells co-cultured with unstimulated HaCaT cells (2.62 ± 1.46) or poly

(I:C)-stimulated HaCaT cells (2.76 ± 1.21), the melanin content decreased significantly after

24 h. However, in B16F10 cells treated with anti-PD-L1 antibody, which neutralized the

PD-L1 secreted by poly(I:C)-stimulated HaCaT cells, melanin content increased significantly

after 6 h (9.48 ± 4.32). However, the amount of secreted melanin was very small (approxi-

mately 2.50–5.66 ng secreted melanin per μg total protein) compared to the amount of intra-

cellular melanin (approximately 0.36–10.97 μg intracellular melanin per μg total protein).

Overall, the results of this study demonstrate that poly(I:C) stimulation induces PD-L1 secre-

tion by HaCaT cells, and HaCaT-produced PD-L1 inhibits expression of melanogenesis-

related genes and melanin production in B16F10 cells.

Discussion

We previously reported a relationship between keratinocyte PD-L1 expression and skin

inflammation [12]. Our report showed that PD-L1 from poly(I:C)-stimulated keratinocytes

dampens IMQ-induced skin inflammation by inhibiting Th17 cell differentiation [13] and

blocks signaling via the IL-17 receptor [12]. The PD-1/PD-L1 pathway represents an immune

checkpoint because PD-1 (also known as CD279) is expressed on activated T cells, and interac-

tion between PD-1 and its ligand, PD-L1 or PD-L2, inhibits TCR activation. Immune check-

point blockade using chemical inhibitors has attracted considerable attention recently for

tumors that induce immune suppression [14], as T-cell inhibition by co-stimulatory immune

checkpoint (e.g., CTLA-4/CD80 binding) leads to T-cell anergy [15].
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Melanocytes differentiate from neural crest cells via Wnt1/3a signaling [16, 17]. Immature

melanocytes move to specific tissues (e.g., skin, hair, and iris) where they proliferate or mature.

Development, differentiation, and maturation of melanocytes is regulated primarily by MITF,

Kit, Snail/Slug, Sox10, and endothelins [18]. MITF is the only one transcription activator to

regulate transcription of melanogenesis-controlling enzymes, including tyrosinase (TYR),

tyrosinase-related protein 2 (TRP-2), and tyrosinase-related protein 1 (TRP-1). Upstream of

MITF are Wnt/beta-catenin pathway effector LEF-1 and cAMP pathway effector cAMP

response element binding (CREB) to transactivate MITF gene in melanocytes [19]. The

Fig 2. Analysis of melanogenesis-related gene expression and melanin content. (A) HaCaT cells were cultured for 6

h in a Transwell insert and then treated with 20 ng/mL of poly(I:C) for 16 h. Separately, B16F10 cells were cultured for

6 h, and, after changing the B16F10 cells into serum-free DMEM, the HaCaT-incubated Transwell insert was moved

into the B16F10-cultured plate. After 6 h and 24 h of co-culture, the B16F10 cells and CM were collected for RT-PCR

analysis and quantification of melanin content. (B) Expression of MITF and Tyr were assessed by real-time PCR using

total RNA from B16F10 cells. Select cells were treated with rPD-L1 (10 μg/mL) for indicated periods of time (C)

B16F10 cells and (D) CM were collected and centrifuged for 10 min. HaCaT cells were incubated for indicated periods

of time with anti-PD-L1 antibody (10 μg/mL). Cells were lysed with 1 N sodium hydroxide in 10% DMSO in a 60˚C

water bath. To measure melanin content, absorbances of cell lysates and CM were detected at 490 nm using an ELISA

reader. Data are presented as mean ± SD and were analyzed by one-way ANOVA (� P< 0.05, �� P< 0.01, and ���

P< 0.001).

https://doi.org/10.1371/journal.pone.0233448.g002
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interaction of stem cell factor (SCF) from keratinocytes with its receptor Kit expressed on

melanocytes is important in melanocyte development, migration and survival [20, 21]. Exter-

nal stimuli, such as UV radiation, induce the melanocortin-1 receptor (MC1R) in melanocytes

and induce keratinocyte production of alpha-melanocyte-stimulating hormone, which subse-

quently activates MC1R in melanocytes to initiate melanin production [22].

In this study we found that poly(I:C) stimulated keratinocytes affected melanogenesis in

B16F10 cells, especially via down-regulation of MITF expression. Because MITF overexpres-

sion is related to oncogenic potential as “lineage addiction,” which allows melanoma cells

retain lineage-persistent tumor and promoting cell survival and proliferation [23], poly(I:C)

stimulated keratinocytes possibly can suppress the growth of melanoma cells via MIFT down-

regulation by PD-L1/PD-1 interaction. In addition, PD-L1 from poly(I:C) treated keratino-

cytes might reverse the inhibitory immune regulation mechanism of PD-1 on T cells in tumor

—T cell interactions. It was reported that nanoplexed form of poly(I:C) injection to B16F10

cells-derived tumor showed antitumor activity by increasing tumor-specific CD8+ T cells and

type I interferon pathway [24].

Because melanin is insoluble in all solvents and complexed with other intrinsic proteins,

there are diverse analytical methods for melanin quantification. For example, electron para-

magnetic resonance (EPR) spectrometry [25], pyrrole-2,3,5-tricarboxylic acid (PTCA) or ami-

nohydroxyphenylalanine (AHP) detection by high performance liquid chromatography

(HPLC) [26], and absorption spectroscopy [10]. Although EPR spectrometry and HPLC are

direct method to identify unknown natural pigment, such as from malignant lung cancer tis-

sue, absorption spectroscopy is the most widely used due to simple procedure and does not

require skilled operator or assay machine. The caveats of absorption spectroscopy for melanin

is not specific due to all components of cells are dissolved with strong NaOH solution at high

temperature. However, we chose to use NaOH lysis method to compare melanin content in

B16F10 melanoma cell lines under PD-L1 effect.

In summary, here we show that PD-L1 from poly(I:C)-treated HaCaT cells induced down-

regulation of melanogenesis-related genes and melanin production in B16F10 cells. This sug-

gests that keratinocytes negatively affect melanogenesis via the PD-L1/PD-1 pathway under

inflammatory conditions, such as during TLR3 stimulation. Although studies examining the

negative regulation of melanogenesis human normal melanocyte in vitro as well as in vivo
model are needed, our results provide insight into potential mechanisms underlying normal

and abnormal melanin production, such as in PIH.

Supporting information

S1 Raw images.

(PDF)

Author Contributions

Conceptualization: Minhwa Park, Kyung-Ah Cho, Kyung Ho Lee.

Data curation: Minhwa Park, Kyung-Ah Cho.

Formal analysis: Kyung-Ah Cho.

Funding acquisition: So-Youn Woo.

Investigation: Min-Sun Cho, Kyung Ho Lee.

Methodology: Kyung-Ah Cho, Min-Sun Cho.

PLOS ONE Effect of PD-L1 on melanocytes in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0233448 May 21, 2020 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233448.s001
https://doi.org/10.1371/journal.pone.0233448


Project administration: Kyung Ho Lee.

Resources: Min-Sun Cho, Kyung Ho Lee.

Supervision: So-Youn Woo.

Validation: So-Youn Woo, Kyung-Ah Cho.

Writing – original draft: Minhwa Park.

Writing – review & editing: So-Youn Woo.

References
1. Chuong CM, Nickoloff BJ, Elias PM, Goldsmith LA, Macher E, Maderson PA, et al. What is the ‘true’

function of skin? Exp Dermatol. 2002; 11(2):159–87. Epub 2002/05/08. https://doi.org/10.1034/j.1600-

0625.2002.00112.x PMID: 11994143

2. Nestle FO, Di Meglio P, Qin JZ, Nickoloff BJ. Skin immune sentinels in health and disease. Nat Rev

Immunol. 2009; 9(10):679–91. Epub 2009/09/19. https://doi.org/10.1038/nri2622 PMID: 19763149

3. Bernard JJ, Cowing-Zitron C, Nakatsuji T, Muehleisen B, Muto J, Borkowski AW, et al. Ultraviolet radia-

tion damages self noncoding RNA and is detected by TLR3. Nat Med. 2012; 18(8):1286–90. Epub

2012/07/10. https://doi.org/10.1038/nm.2861 PMID: 22772463

4. Lee KH, Cho KA, Kim JY, Baek JH, Woo SY, Kim JW. Filaggrin knockdown and Toll-like receptor 3

(TLR3) stimulation enhanced the production of thymic stromal lymphopoietin (TSLP) from epidermal

layers. Exp Dermatol. 2011; 20(2):149–51. Epub 2011/01/25. https://doi.org/10.1111/j.1600-0625.

2010.01203.x PMID: 21255094.

5. Silpa-Archa N, Kohli I, Chaowattanapanit S, Lim HW, Hamzavi I. Postinflammatory hyperpigmentation:

A comprehensive overview: Epidemiology, pathogenesis, clinical presentation, and noninvasive

assessment technique. J Am Acad Dermatol. 2017; 77(4):591–605. Epub 2017/09/18. https://doi.org/

10.1016/j.jaad.2017.01.035 PMID: 28917451.

6. Cichorek M, Wachulska M, Stasiewicz A, Tyminska A. Skin melanocytes: biology and development.

Postepy Dermatol Alergol. 2013; 30(1):30–41. Epub 2013/11/28. https://doi.org/10.5114/pdia.2013.

33376 PMID: 24278043

7. Seiberg M. Keratinocyte-melanocyte interactions during melanosome transfer. Pigment Cell Res. 2001;

14(4):236–42. Epub 2001/09/11. https://doi.org/10.1034/j.1600-0749.2001.140402.x PMID: 11549105.

8. Singh SK, Kurfurst R, Nizard C, Schnebert S, Perrier E, Tobin DJ. Melanin transfer in human skin cells

is mediated by filopodia—a model for homotypic and heterotypic lysosome-related organelle transfer.

FASEB J. 2010; 24(10):3756–69. Epub 2010/05/27. https://doi.org/10.1096/fj.10-159046 PMID:

20501793.

9. Lei TC, Virador VM, Vieira WD, Hearing VJ. A melanocyte-keratinocyte coculture model to assess regu-

lators of pigmentation in vitro. Anal Biochem. 2002; 305(2):260–8. Epub 2002/06/11. https://doi.org/10.

1006/abio.2002.5665 PMID: 12054455.

10. Koike S, Yamasaki K, Yamauchi T, Inoue M, Shimada-Ohmori R, Tsuchiyama K, et al. Toll-like recep-

tors 2 and 3 enhance melanogenesis and melanosome transport in human melanocytes. Pigment Cell

Melanoma Res. 2018; 31(5):570–84. Epub 2018/04/01. https://doi.org/10.1111/pcmr.12703 PMID:

29603875.

11. Koike S, Yamasaki K, Yamauchi T, Shimada-Omori R, Tsuchiyama K, Ando H, et al. TLR3 stimulation

induces melanosome endo/phagocytosis through RHOA and CDC42 in human epidermal keratinocyte.

J Dermatol Sci. 2019; 96(3):168–77. Epub 2019/11/30. https://doi.org/10.1016/j.jdermsci.2019.11.005

PMID: 31776046.

12. Cho KA, Kim JY, Park M, Lee KH, Woo SY. Polyinosinic-polycytidylic acid (poly(I:C)) attenuates imiqui-

mod-induced skin inflammation in mice by increasing cutaneous PD-L1 expression. Exp Dermatol.

2017; 26(4):346–8. Epub 2016/11/30. https://doi.org/10.1111/exd.13266 PMID: 27897321.

13. Cho KA, Park M, Kim YH, Ryu KH, Woo SY. Poly I:C primes the suppressive function of human palatine

tonsil-derived MSCs against Th17 differentiation by increasing PD-L1 expression. Immunobiology.

2017; 222(2):394–8. Epub 2016/09/07. https://doi.org/10.1016/j.imbio.2016.08.012 PMID: 27594385.

14. Zou W, Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 pathway blockade for cancer therapy: Mecha-

nisms, response biomarkers, and combinations. Sci Transl Med. 2016; 8(328):328rv4. Epub 2016/03/

05. https://doi.org/10.1126/scitranslmed.aad7118 PMID: 26936508

15. Zitvogel L, Kroemer G. Targeting PD-1/PD-L1 interactions for cancer immunotherapy. Oncoimmunol-

ogy. 2012; 1(8):1223–5. Epub 2012/12/18. https://doi.org/10.4161/onci.21335 PMID: 23243584

PLOS ONE Effect of PD-L1 on melanocytes in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0233448 May 21, 2020 9 / 10

https://doi.org/10.1034/j.1600-0625.2002.00112.x
https://doi.org/10.1034/j.1600-0625.2002.00112.x
http://www.ncbi.nlm.nih.gov/pubmed/11994143
https://doi.org/10.1038/nri2622
http://www.ncbi.nlm.nih.gov/pubmed/19763149
https://doi.org/10.1038/nm.2861
http://www.ncbi.nlm.nih.gov/pubmed/22772463
https://doi.org/10.1111/j.1600-0625.2010.01203.x
https://doi.org/10.1111/j.1600-0625.2010.01203.x
http://www.ncbi.nlm.nih.gov/pubmed/21255094
https://doi.org/10.1016/j.jaad.2017.01.035
https://doi.org/10.1016/j.jaad.2017.01.035
http://www.ncbi.nlm.nih.gov/pubmed/28917451
https://doi.org/10.5114/pdia.2013.33376
https://doi.org/10.5114/pdia.2013.33376
http://www.ncbi.nlm.nih.gov/pubmed/24278043
https://doi.org/10.1034/j.1600-0749.2001.140402.x
http://www.ncbi.nlm.nih.gov/pubmed/11549105
https://doi.org/10.1096/fj.10-159046
http://www.ncbi.nlm.nih.gov/pubmed/20501793
https://doi.org/10.1006/abio.2002.5665
https://doi.org/10.1006/abio.2002.5665
http://www.ncbi.nlm.nih.gov/pubmed/12054455
https://doi.org/10.1111/pcmr.12703
http://www.ncbi.nlm.nih.gov/pubmed/29603875
https://doi.org/10.1016/j.jdermsci.2019.11.005
http://www.ncbi.nlm.nih.gov/pubmed/31776046
https://doi.org/10.1111/exd.13266
http://www.ncbi.nlm.nih.gov/pubmed/27897321
https://doi.org/10.1016/j.imbio.2016.08.012
http://www.ncbi.nlm.nih.gov/pubmed/27594385
https://doi.org/10.1126/scitranslmed.aad7118
http://www.ncbi.nlm.nih.gov/pubmed/26936508
https://doi.org/10.4161/onci.21335
http://www.ncbi.nlm.nih.gov/pubmed/23243584
https://doi.org/10.1371/journal.pone.0233448


16. Dunn KJ, Williams BO, Li Y, Pavan WJ. Neural crest-directed gene transfer demonstrates Wnt1 role in

melanocyte expansion and differentiation during mouse development. Proc Natl Acad Sci U S A. 2000;

97(18):10050–5. Epub 2000/08/30. https://doi.org/10.1073/pnas.97.18.10050 PMID: 10963668

17. Ikeya M, Lee SM, Johnson JE, McMahon AP, Takada S. Wnt signalling required for expansion of neural

crest and CNS progenitors. Nature. 1997; 389(6654):966–70. Epub 1997/11/14. https://doi.org/10.

1038/40146 PMID: 9353119.

18. Uong A, Zon LI. Melanocytes in development and cancer. J Cell Physiol. 2010; 222(1):38–41. Epub

2009/10/02. https://doi.org/10.1002/jcp.21935 PMID: 19795394

19. Vachtenheim J, Borovansky J. "Transcription physiology" of pigment formation in melanocytes: central

role of MITF. Exp Dermatol. 2010; 19(7):617–27. Epub 2010/03/06. https://doi.org/10.1111/j.1600-

0625.2009.01053.x PMID: 20201954.

20. Grichnik JM, Burch JA, Burchette J, Shea CR. The SCF/KIT pathway plays a critical role in the control

of normal human melanocyte homeostasis. J Invest Dermatol. 1998; 111(2):233–8. Epub 1998/08/12.

https://doi.org/10.1046/j.1523-1747.1998.00272.x PMID: 9699723.

21. Grabbe J, Welker P, Rosenbach T, Nurnberg W, Kruger-Krasagakes S, Artuc M, et al. Release of stem

cell factor from a human keratinocyte line, HaCaT, is increased in differentiating versus proliferating

cells. J Invest Dermatol. 1996; 107(2):219–24. Epub 1996/08/01. https://doi.org/10.1111/1523-1747.

ep12329664 PMID: 8757766.

22. Corre S, Primot A, Sviderskaya E, Bennett DC, Vaulont S, Goding CR, et al. UV-induced expression of

key component of the tanning process, the POMC and MC1R genes, is dependent on the p-38-acti-

vated upstream stimulating factor-1 (USF-1). J Biol Chem. 2004; 279(49):51226–33. Epub 2004/09/11.

https://doi.org/10.1074/jbc.M409768200 PMID: 15358786.

23. Garraway LA, Widlund HR, Rubin MA, Getz G, Berger AJ, Ramaswamy S, et al. Integrative genomic

analyses identify MITF as a lineage survival oncogene amplified in malignant melanoma. Nature. 2005;

436(7047):117–22. Epub 2005/07/08. https://doi.org/10.1038/nature03664 PMID: 16001072.

24. Aznar MA, Planelles L, Perez-Olivares M, Molina C, Garasa S, Etxeberria I, et al. Immunotherapeutic

effects of intratumoral nanoplexed poly I:C. J Immunother Cancer. 2019; 7(1):116. Epub 2019/05/03.

https://doi.org/10.1186/s40425-019-0568-2 PMID: 31046839

25. Enochs WS, Nilges MJ, Swartz HM. A standardized test for the identification and characterization of

melanins using electron paramagnetic resonance (EPR) spectroscopy. Pigment Cell Res. 1993; 6

(2):91–9. Epub 1993/03/01. https://doi.org/10.1111/j.1600-0749.1993.tb00587.x PMID: 8391699.

26. Ito S, Wakamatsu K. Chemical degradation of melanins: application to identification of dopamine-mela-

nin. Pigment Cell Res. 1998; 11(2):120–6. Epub 1998/05/19. https://doi.org/10.1111/j.1600-0749.1998.

tb00721.x PMID: 9585251.

PLOS ONE Effect of PD-L1 on melanocytes in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0233448 May 21, 2020 10 / 10

https://doi.org/10.1073/pnas.97.18.10050
http://www.ncbi.nlm.nih.gov/pubmed/10963668
https://doi.org/10.1038/40146
https://doi.org/10.1038/40146
http://www.ncbi.nlm.nih.gov/pubmed/9353119
https://doi.org/10.1002/jcp.21935
http://www.ncbi.nlm.nih.gov/pubmed/19795394
https://doi.org/10.1111/j.1600-0625.2009.01053.x
https://doi.org/10.1111/j.1600-0625.2009.01053.x
http://www.ncbi.nlm.nih.gov/pubmed/20201954
https://doi.org/10.1046/j.1523-1747.1998.00272.x
http://www.ncbi.nlm.nih.gov/pubmed/9699723
https://doi.org/10.1111/1523-1747.ep12329664
https://doi.org/10.1111/1523-1747.ep12329664
http://www.ncbi.nlm.nih.gov/pubmed/8757766
https://doi.org/10.1074/jbc.M409768200
http://www.ncbi.nlm.nih.gov/pubmed/15358786
https://doi.org/10.1038/nature03664
http://www.ncbi.nlm.nih.gov/pubmed/16001072
https://doi.org/10.1186/s40425-019-0568-2
http://www.ncbi.nlm.nih.gov/pubmed/31046839
https://doi.org/10.1111/j.1600-0749.1993.tb00587.x
http://www.ncbi.nlm.nih.gov/pubmed/8391699
https://doi.org/10.1111/j.1600-0749.1998.tb00721.x
https://doi.org/10.1111/j.1600-0749.1998.tb00721.x
http://www.ncbi.nlm.nih.gov/pubmed/9585251
https://doi.org/10.1371/journal.pone.0233448

