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1 | INTRODUCTION

Abstract

Monobenzone is a 4-substituted phenol that can induce vitiligo and antimelanoma
immunity. We investigated the influence of the chemical structure on the biological
activity of a series of structurally related 4-substituted phenols. All phenols inhibited
cellular melanin synthesis, and eight of ten phenols inhibited tyrosinase activity, using
the MBTH assay. These phenols also induced glutathione (GSH) depletion, indicative
of quinone formation and protein thiol binding, which can increase the immunogenic-
ity of melanosomal proteins. Specific T-cell activation was found upon stimulation
with phenol-exposed pigmented cells, which also reacted with unexposed cells. In
contrast, 4-tertbutylphenol induced immune activation was not restricted to pig-
ment cells, analogous to contact sensitization. We conclude that 4-substituted phe-
nols can induce specific T-cell responses against melanocytes and melanoma cells,
also acting at distant, unexposed body sites, and may confer a risk of chemical vitiligo.
Conversely, these phenols may be applicable to induce specific antimelanoma

immunity.
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tyrosinase

spread to distant, unexposed body sites (occupational vitiligo).

This depigmentation is clinically and histologically indistinguish-

Many phenolic compounds are held responsible for skin bleaching
or leukoderma (Bleehen, Pathak, Hori, & Fitzpatrick, 1968; Fisher,
2001). The depigmenting effect of these compounds, in particu-
lar 4-substituted phenols, has been ascribed to direct toxicity to
melanocytes (Manga, Sheyn, Yang, Sarangarajan, & Boissy, 2006;
Manini, Napolitano, Westerhof, Riley, & d'lschia, 2009; Naish,
Holden, Cooksey, & Riley, 1988; Smit et al., 1992). Skin contact
with phenols or catechols, such as monobenzyl ether of hydroqui-
none (MBEH or monobenzone, in this study referred to as 4-ben-
zyloxyphenol, BOP), can induce local depigmentation that can also

able from vitiligo (Boissy & Manga, 2004; Vrijman et al., 2013).
Systemic spread of the depigmentation indicates the presence
of systemic reactivity against melanocytes. We have previously
demonstrated the mechanism of action by which monobenzone
induces immunity against melanocytes.(van den Boorn, Melief, &
Luiten, 2011; van den Boorn, Picavet et al., 2011). Upon interac-
tion with tyrosinase, monobenzone is converted into a reactive
quinone that binds to thiol groups in tyrosinase or other mela-
nosomal proteins (hapten formation), which increases their im-

munogenicity. Monobenzone also induces oxidative stress and

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2019 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd.

540 | wileyonlinelibrary.com/journal/pcmr

Pigment Cell Melanoma Res. 2019;32:540-552.


www.wileyonlinelibrary.com/journal/pcmr
mailto:﻿
https://orcid.org/0000-0002-0800-0721
http://creativecommons.org/licenses/by/4.0/
mailto:r.m.luiten@amc.uva.nl

KAMMEYER ET AL.

the release of exosomes containing melanosomal proteins, which
are taken up by dendritic cells, leading to their activation. These
dendritic cells induce a specific immune response against melano-
cytes, resulting in vitiligo. The induction of melanocyte-reactive
immunity by monobenzone can be further enhanced in combina-
tion with immune-stimulating agents, as a powerful depigmenta-
tion therapy (Webb et al., 2014).

Other skin-bleaching phenols, like 4-methoxyphenol (4-hy-
droxyanisole), have extensively been studied for their interaction
with tyrosinase, resulting in the inactivation of tyrosinase enzy-
matic activity and reactive quinone formation (Cooksey, Jimbow,
Land, & Riley, 1992; Garcia Canovas et al., 1987; Naish, Cooksey, &
Riley, 1988; Naish, Holden et al., 1988; Smit et al., 1992). The role
of quinone formation in the skin depigmentation has been shown
in animal models, in which quinone metabolites of phenols or cat-
echols induced more extensive depigmentation than the parental
compound (Tayama & Takahama, 2002). Moreover, the extent of
depigmentation by catechols in vivo was dependent on quinone
formation by tyrosinase and covalent binding to proteins (Menter,
Etemadi, Chapman, Hollins, & Willis, 1993). However, the immuno-
logical mechanism of these quinones to induce skin depigmentation
has not been described, except for monobenzone. Monobenzone,
4-methoxyphenol, 4-tertbutylphenol, and hydroquinone are known
depigmenting agents, but differ in type of 4-substituted side group
and in the presence or absence of an ether link. Moreover, the mech-
anism of action of 4-tertbutylphenol in inducing melanin inhibition
and melanocyte death has been shown to differ from monobenzone
(Hariharan et al., 2010; Kroll et al., 2005; Manga et al., 2006; Yang,
Sarangarajan, Le Poole, Medrano, & Boissy, 2000). Therefore, the
potential risk of 4-substituted phenols to induce occupational vitiligo
cannot easily be estimated based on their chemical structure. In this
study, we investigated a series of structurally related 4-substituted
phenols for their biochemical and cellular effects and immunizing
ability against pigmented cells.

Depigmenting phenols breakimmunological tolerance to melano-
cyte differentiation self-antigens in the pathogenesis of vitiligo. On
the other hand, these compounds represent an attractive approach
to induce immunity in melanoma patients against melanocyte dif-
ferentiation antigens that are shared by melanoma cells. This study
therefore also provides insight in the usefulness of 4-substituted
phenols as antimelanoma agents. We have shown that the immunity
induced by monobenzone also reacts against melanoma cells (van
den Boorn, Picavet et al., 2011). In combination with the immune-
stimulating agents imiquimod and/or CpG, this immunity can induce
melanoma regression in murine models (van den Boorn et al., 2010)
and in melanoma patients (Teulings et al., 2018). Other phenols may
also be applicable for melanoma immunotherapy. The clinical activ-
ity of 4-methoxyphenol has already been shown for depigmentation
therapy of vitiligo universalis (Njoo, Vodegel, & Westerhof, 2000).
Here, we investigated the immunizing ability of a series of 4-sub-
stituted phenols, structurally related to monobenzone (in this study
referred to as BOP (4-benzyloxyphenol)), to determine their immu-
nizing ability and potential as antimelanoma agents.

WILEY-4

Significance

Skin-bleaching phenols have mostly been studied for their
biochemical interaction with melanin synthesis and toxic-
ity against melanocytes. This study links the biochemical
characteristics of 4-substituted phenols to their immuniz-
ing potential against pigmented cells, which may trigger
vitiligo. This study thereby reveals the similarities and dif-
ferences in mechanism of action of both known skin-
bleaching phenols, such as 4-methoxyphenol, and other
structurally related phenols that have not yet been associ-
ated with leukoderma or vitiligo. This study shows a broad
range of phenols that may confer a risk of skin-bleaching
and chemical vitiligo. In addition, as previously shown for
monobenzone, the immunizing potential of these phenols
may be applicable to raise immune responses against

melanoma.

2 | MATERIALS & METHODS

2.1 | Phenolic compounds and reagents

All 4-substituted phenols of this study, 2-hydroxymethyl-5-
hydroxy-y-pyrone (kojic acid), reduced glutathione (GSH), L-3,4-
dihydroxyphenylalanine (L-DOPA), 3-methyl-benzothiazolinone
(MBTH), and mushroom tyrosinase were supplied by Sigma-
Aldrich, (Zwijndrecht, NL). Ortho-Phtaldialdehyde (OPA) was sup-
plied by Invitrogen (Molecular Probes, Thermo Fisher Scientific,
Bleiswijk, NL). All phenols, MBTH, L-DOPA, and OPA were dis-
solved in argon-purged DMSO and kept in the dark at room tem-
perature. Mushroom tyrosinase was dissolved in argon-purged
sodium phosphate buffer 50 mM pH 7.1 and immediately frozen at
-140°C in small aliquots.

2.2 | L-DOPA assay for tyrosinase
enzymatic activity

This assay measures dopachrome formation from L-DOPA (or tyros-
ine) by tyrosinase by its absorbance at 475 nm. Phenols were incu-
bated at a concentration of 100 or 300 uM with 10 U/ml mushroom
tyrosinase in 50 mM sodium phosphate buffer pH 7.1 (NaP,) (Merck,
Schiphol-Rijk, NL) for 60 min at room temperature (RT) in the dark.
Subsequently, L-DOPA was added at a concentration of 250 uM.
An incubation without test phenol served as a positive control. The
formation of dopachrome was monitored on fixed intervals during
maximal 2 hr. Fixed wavelength measurements were performed in
plastic 1-cm cuvettes on a Jasco V-560 double-beam spectropho-
tometer (Jasco Corp. Jas.co Benelux BV, de Meern, NL). The area
under the curve (AUC) of samples with (B) or without (A) phenolic
compounds were compared. The inhibition of tyrosinase activity on
the conversion of L-DOPA to downstream melanin precursors was
calculated as (A/B) x 100%.
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2.3 | MBTH assay for tyrosinase enzymatic activity

Tyrosinase activity was measured by the MBTH assay as described
(Winder & Harris, 1991) with minor modifications. Phenols were in-
cubated at concentrations of 8, 20, or 50 uM with 10 U/ml mush-
room tyrosinase in the presence of 1,000 uM MBTH in NaP, buffer
for 30 min. Subsequently, L-DOPA was added at a concentration of
100 puM. An incubation without phenol served as a positive control.
The formation of the dopaquinone-MBTH complex was monitored
spectrophotometrically at 500 nm on fixed intervals during maximal
2 hr and analyzed for the percentage tyrosinase inhibition, as de-
scribed for the L-DOPA assay.

2.4 | The GSH depletion assay

Glutathione in the reduced form (GSH, 6.1 mg) was dissolved in
100 pl pure water. DMSO (9.9 ml) was added to obtain a final con-
centration of 2 mM. This solution was argon-purged. Phenols were
incubated at concentrations ranging from 20 to 80 uM with 10 U/mL
mushroom tyrosinase and 40 uM GSH in 980 ul sodium phosphate
buffer (50 mM pH 7.1) for 10 min at RT. Subsequently, 500 ul of OPA
reagent buffer was added, consisting of 200 mM sodium pyrophos-
phate (NaPP), 5 mM disodium EDTA, and pH adjusted to 8.5 with
2 M HCI. This NaPP buffer was used at a favorable pH for the inter-
action of GSH with o-phtaldialdehyde (OPA) to obtain a fluorescent
reaction product, between pH 8 and 10. Finally, 20 pl of 30 mM OPA
in DMSO was added (400 uM OPA final concentration) and the sam-
ple was allowed to react for 45 min. Fluorescence (340/450 nm) was
measured in a 24-well flat-bottomed plate by a Fluo Star Optima ap-
paratus (BMG LABTECH, GmbH, Ortenberg, Germany; Cohn & Lyle,
1966). The fluorescence level of non-depleted GSH was set to 100%,

and 1,2-quinone-induced GSH depletion was related to this value.

2.5 | Celllines and culture conditions

Human melanoma cell lines Mel 88.23 (SK-MEL-5), melWBO and
Mel136.2, murine fibroblast L cells transfected with CD40L and human
keratinocyte cell line HaCaT were cultured in IMDM supplemented
with 8% FCS, 2 mM glutamine, 50 U/ml penicillin, and 50 mg/ml strep-
tomycin (Gibco, Thermo Fisher Scientific, Bleiswijk, NL) at 37°C and 5%
CO,. The murine melanoma cell line B16F10 was cultured in RPMI1640
(Gibco, Thermo Fisher Scientific, Bleiswijk, NL) with 8% FCS and sup-
plements as above. The cells were passaged twice a week at a standard
cell density 0.5 x 10° cells in a T75 flask or 1.0 x 10° cells in a T150 flask
(Corning, New York, USA) by washing with phosphate-buffered saline
(PBS, Fresenius, Zeist, the Netherlands) and cell detachment with 2 mM
EDTA (Sigma-Aldrich). Adherent HaCat cells were passaged in culture
by 0.05% trypsin/EDTA detachment (Gibco, Thermo Fischer Scientific).

2.6 | Cell viability assay

Human melanoma cell lines Mel88.23, Mel136.6 and/or MelWBO,
and HaCat cells were seeded at a density of 8,000 cells per well

in 96-well flat-bottom well plate (Corning, New York, USA) and
cultured overnight. Phenolic compounds were added at 1,000 uM
and a twofold dilution range to 7.8 uM and cultured for 72 hr at
37°Cand 5% CO,. Control incubation was performed without phe-
nol. After incubation, cells were washed twice with PBS and fresh
medium was added, to remove phenol and avoid their potential
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT). Cell viability was measured by the CellTiter96

non-radioactive cell proliferation assay (Promega, Madison, MA)

reaction with

containing MTT, according to the manufacturer's protocol. Optical
density was measured at 570 nm (Versamax ELISA microplate
reader, Molecular Devices, Sunnyvale, CA) with 650 nm as refer-
ence wavelength to reduce the background. The percentage of cy-
totoxicity was calculated relative to the viability of untreated cells.
The inhibitory concentration (IC)50, IC25, and IC12.5 were deter-
mined as the concentration showing a 50%, 25%, or 12.5% decrease
in cell viability, respectively.

2.7 | Tyrosinase protein expression

Mel 88.23 cells were seeded at 0.5 x 10° cells/well in a 6-well plate
and the next day incubated with one of the nine phenols at IC25 con-
centration (Table 1). After 72 hr, cells were harvested and lysed as de-
scribed before (de Bruin et al.., 2016). The protein concentration was
determined using the Bradford assay (#39222, Serva, Heidelberg,
Germany). Equal protein amounts were analyzed by Western blot,
following SDS-PAGE (7.5% gel) and transfer as described before (van
den Boorn, Picavet et al., 2011), using tyrosinase-specific antibody
T311 (#35-6000 Invitrogen, Sanbio, Uden, NL) and anti-actin anti-
body SC-1616 (Santa Cruz Biotechnology, Heidelberg, Germany).

2.8 | Determination of cellular melanin
concentrations

Human melanoma cell line Mel 88.23 (SK-MEL-5) and murine mela-
noma cell line B16F10 were seeded at 0.5 x 10° per well in 6-well
plate and cultured overnight in the presence of 1 mM L-DOPA to
stimulate melanin synthesis. Phenols were added to the cells at IC50
concentration and a twofold dilution range and cultured for 72 hr.
Subsequently, cells were washed in PBS, 300 pul 1 M sodium hy-
droxide was added, and melanin was dissolved at 70°C for 120 min.
Optical density of 200 ul of the dissolved cell solution, transferred
to a 96-well flat-bottom microplate, was measured at 405 nm in a
Versamax ELISA microplate reader. The melanin content of samples
was calculated by a calibration curve of synthetic melanin (Sigma-
Aldrich) ranging from 0.49 to 500 uM melanin. The percentage
inhibition of melanin synthesis in melanoma cells by phenol was cal-
culated relative to untreated cells. Non-pigmented cell lines HaCat
and L cells served as negative controls for human and murine mela-
noma cells, respectively. A Bradford protein assay (Bio-Rad, Utrecht,
NL) was performed to relate the melanin content to the protein con-
centration, using a calibration curve of bovine serum albumin (BSA)
in 1 M NaOH.



KAMMEYER ET AL.

TABLE 1 Toxicity and immunising capacity of 4-substituted phenols

CD8 T-cell activation®

CD4 T-cell activation®

WILEY-—*

Compound Abbrev. Inhib. Conc? Conc? CD137
4-Benzyloxyphenol® BOPf IC25 10 uM 429
1C12.5 5uM 12.5
4-Phenoxyphenol POP IC25 25 uM 25
1C12.5 12.5 uM 25
4-Methoxyphenol MOP IC25 50 uM 0
1C12.5 35uM 25
4-(n-Hexyl)oxyphenol HOP IC25 4 uM 12.5
1C12.5 2 uM 25
4-Benzylphenol BP IC25 130 uM 12.5
1C12.5 95 uM 25
4-Phenylphenol PhP 1C25 200 uM 50
1C12.5 100 uM 12.5
4-Methylphenol MP IC25 250 uM 12.5
IC12.5 125 uM 12.5
4-(n-Pentyl)phenol PP 1C25 100 uM 37.5
1C12.5 50 uM 25
4-(tert-Butyl)phenol TBP 1C25 200 uM 37.5
1C12.5 100 uM 37.5

TNFe INFy ORRY CD137 TNFx INFy ORR‘
57.1 286 43 429 429 429 43
62.5 50 63 12.5 12.5 375 50
50 12.5 50 25 37.5 12.5 50
75 125 75 25 37.5 125 63
50 0 50 12.5 25 25 38
62.5 125 63 37.5 37.5 375 63
50 12.5 63 12.5 25 12.5 25
62.5 375 75 25 25 375 50
375 375 50 12.5 25 25 63
375 125 50 25 12.5 50 50
62.5 0 75 50 37.5 0 75
50 0 50 25 25 25 63
62.5 125 63 25 37.5 375 63
50 25 50 12.5 37.5 375 63
62.5 12.5 63 37.5 50 12.5 63
25 0 25 25 37.5 25 38
75 75 88 37.5 37.5 75 100
75 375 75 375 37.5 625 75

2Inhibitory concentration used in T-cell activation assays. PInhibitory concentration as determined by the MTT toxicity assay. T-cell activation as ana-
lyzed by CD137 expression and TNFa or IFNy production. Data are expressed as response rate (%) of immunising activity in 8 donors. dOverall response
rate (ORR) of unique responders with at least 1 positive T-cell activation marker (n = 8). Also known as monobenzone. 'n = 7 donors in T-cell activation

assays of BOP.

2.9 | T-cell activation assays

PBMC were isolated by Ficoll density gradient centrifugation
PROGEN, Sanbio, Uden,
healthy donor blood provided by Sanquin Blood Supply Foundation

(LymphoPrep, NL) from anonymous
(Amsterdam, NL), according to the Declaration of Helsinki Principles.
Immature monocyte-derived dendritic cells (DC) were generated as
described (de Jong et al., 2002). DC-T cell autologous cocultures and
restimulation were performed as described (van den Boorn, Picavet
et al., 2011), with minor modifications as described below. Melanoma
cell lines were pre-incubated overnight with phenols at IC25 and
1C12.5 concentrations or left unexposed and added to immature DC.
Subsequently, autologous T cells were added and cultured for 7 days.
At day 7, the cocultures were split into four parallel cultures and res-
timulated overnight with autologous DC pre-incubated with either
phenol-exposed melanoma cells, phenol-exposed HaCat cells, unex-
posed melanoma cells, or unexposed HaCat cells. T-cell activation in
the cocultures was analyzed by flow cytometry for T-cell activation
marker CD137 and the production of TNFa and IFNy, as described
(Tjin et al., 2011; van den Boorn, Picavet et al., 2011). Cells stained
with FITC-conjugated CD137-specific Ab (clone 4B4-1, eBioscience,
Thermo Fisher Scientific, Bleiswijk, NL), APC/Fire750™-conjugated
anti-CD8 Ab (clone SK1) and APC-conjugated anti-CD4 Ab (Clone
SK3), both from Biolegend, ITK Diagnostics, Uithoorn, NL, followed
by fixation and permeabilization in fixation buffer (Biolegend, ITK

Diagnostics, Uithoorn, NL)) and intracellular staining permeabilization
wash buffer (Biolegend, ITK Diagnostics, Uithoorn, NL) and staining
with PerCP/Cy5.5-conjugated TNFa Ab (clone MAb11), PE/Cy7-con-
jugated IFNy Ab (clone B27). Both antibodies were obtained from
Biolegend (ITK Diagnostics, Uithoorn, NL). In addition, T-cell activa-
tion during the coculture was measured by IFNy ELISA of the super-
natant at day 7 (eBioscience, Thermo Fisher Scientific, Bleiswijk, NL).

Data were analyzed as follows: Immunizing ability of 4-substituted
phenols was measured by overall response rate (ORR). ORR was defined
as the percentage of unique responders with at least one positive T-cell
activation marker (CD137, TNFa, and IFNy). Response was defined as
an increase of two times standard error of the mean (SEM), calculated
for all donors using the unexposed melanoma cell lines. We determined
response for each T-cell activation marker in both the CD8+ (cytotoxic)
T cell and the CD4+ (helper) T cell population at IC25 and IC12.5 con-

centrations. All analyses were performed using R version 3.5.0.

3 | RESULTS

3.1 | 4-Substituted phenols show increased
absorbance in the standard L-DOPA assay for
tyrosinase activity

Previous data from our group and others have shown the skin-
bleaching and vitiligo-inducing mode of action of monobenzone
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(van den Boorn, Picavet et al., 2011) and 4-tertbutylphenol (TBP)
(Hariharan et al., 2010; Kroll et al., 2005; Manga et al., 2006; Yang
et al., 2000). Monobenzone or 4-benzyloxyphenol (BOP) contains
an ether-linked benzyl group. It is, however, not known whether the
structurally related phenol without ether linkage, 4-benzylphenol,
would have similar skin-bleaching and vitiligo-inducing ability. In this
study, we investigated the biochemical, cellular, and immunological
characteristics of nine structurally related 4-substituted phenols
(Figure 1a). We analyzed a series of commercially available 4-sub-
stituted phenols with and without ether linkage (Figure 1a) for their
inhibitory effect on tyrosinase activity, melanin synthesis, and their
pigment cell-specific immunizing ability. Hydroquinone and kojic
acid were included as positive controls in the biochemical analyses.
We tested the phenols for their ability to inhibit tyrosinase activ-
ity using the classic mushroom tyrosinase activity assay based on the
conversion of L-DOPA into dopachrome and absorbance at 475 nm.
Most of the phenols, including 4-(n-pentyl)phenol (PP), 4-phenylphe-
nol (PhP), 4-phenoxyphenol (POP), TBP, 4-methylphenol (MP), 4-me-
thoxyphenol (MOP), and control compound hydroquinone, showed an
increase in absorbance at 475 nm, suggesting enhanced dopachrome
formation and stimulation of tyrosinase activity, whereas others,

0 4 8 1216 20 24 28 R 36 40

[oorazsoum| reactiontime(min)
ateo min.

T 100um
- 300 UM

FIGURE 1 Tyrosinase inhibition

by 4-substituted phenols. (a) Chemical
structure of the 4-substituted phenols
analyzed. (b) Tyrosinase inhibition

assay with L-DOPA in the absence (O)
or presence of 100 uM BOP or PhP (e)
or 300 uM BOP or PhP (m), showing
increased absorbance of the reaction
mixture at 475 nm in the presence of PhP
and suggesting increased dopachrome
formation and tyrosinase activity by
PhP. Lower panel: Effect of 4-substituted
phenols on the absorbance at 475 nm in
the tyrosinase L-DOPA assay, quantified
as area under the curve (AUC) and
normalized to tyrosinase activity in the
absence of phenol. (c) Inhibitory effect
of 4-substituted phenols on tyrosinase
activity as measured in the MBTH assay

including 4-benzylphenol (BP), BOP, and 4-(n-hexyl)oxyphenol (HOP),
showed a decrease in absorbance at 475 nm (Figure 1b). No increase in
absorbance was seen in the absence of tyrosinase, indicating that there
was no interaction of the phenols with DOPA. Figure 1b shows the
gradual increase in absorbance in the presence of PhP and a decrease in
the presence of BOP. The relative absorbance as measured by the area
under the curve (AUC) of all tested phenols is shown in Figure 1c. These
results did not correlate with the in vivo skin-bleaching properties of
MOP and HQ. Apparently, the quinone that was generated from the
phenol by tyrosinase interfered with the detection of dopaquinone at

475 nm, thereby masking their inhibitory effect on tyrosinase activity.

3.2 | The MBTH assay, an improved assay to determine
inhibition of tyrosinase activity by 4-substituted phenols

Due to the interference of the 4-substituted phenols with the out-
come of the standard L-DOPA tyrosinase activity assay, we also
used a different tyrosinase assay using 3-methyl-benzothiazolinone
(MBTH) with improved specificity and sensitivity to measure tyrosi-
nase activity in vitro (Winder & Harris, 1991). This method is based
on MBTH, an agent that binds to a quinone and is detectable by its
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absorbance at 500 nm. In this MBTH assay, the formation of test
phenol-derived quinone did not interfere with the measurement of
tyrosinase activity. Control incubations without tyrosinase remained
at baseline level, indicating that there was no interaction with DOPA
or MBTH. Moreover, the MBTH assay appeared to be up to tenfold
more sensitive. The results of the MBTH assay also revealed the
variation in tyrosinase inhibitory activity among phenols; BP and
PhP inhibited tyrosinase activity more strongly than BOP, PP, and
POP were comparable to BOP, while the others showed less inhibi-
tion than BOP (Figure 1c). The two strongest inhibitors, BP and PhP,
belong to the group of non-ether phenols, although this structural
feature did not seem to be discriminative, since ether-linked phenols
POP and BOP were superior to PP. Well-known skin-bleaching com-
pound kojic acid (KA) did not inhibit tyrosinase enzyme activity and
HQ appeared to stimulate, rather than inhibit, tyrosinase activity,

as was observed in the standard L-DOPA tyrosinase activity assay.

3.3 | Binding of 4-substituted phenol-derived
quinones to protein thiol groups

We next investigated whether the reaction of the 4-substituted phe-
nols with tyrosinase resulted in quinone formation that bind to thiol
groups of proteins. This reaction can give rise to melanosomal protein-
hapten complexes with increased immunogenicity (Ewens, Wulferink,
Goebel, & Gleichmann, 1999; Menter et al., 1993; Nazih, Benezra,
& Lepoittevin, 1993), as we have previously shown for monoben-
zone (BOP) (van den Boorn, Picavet et al., 2011). We tested this in
a GSH depletion assay that measures the binding of phenol-derived
quinone to glutathione (GSH), a tripeptide (Glu-Cys-Gly), as a model

Phenols with ether linkage

4-benzyloxyphenol (BOP)

WILEY-—*

for proteins with thiol group. The reaction of phenol with tyrosinase
was performed in the presence of GSH, during which GSH reacts
with quinones forming a non-fluorescent complex, while remaining
free GSH forms a fluorescent complex upon addition of the OPA rea-
gent. Phenol-derived quinone binding to GSH was determined by the
depletion of free GSH. The more quinone is formed from a phenol
and tyrosinase, the more GSH will be depleted. GSH could also be
depleted during the reaction by oxidation of GSH to GSSG, but this
was of minor influence on the test outcome. Figure 2 shows the level
of glutathione depletion by the 4-substituted phenols at concentra-
tions ranging from O to 80 uM. Eight out of ten phenols showed GSH
depletion, indicating that the quinones derived from these phenols by
tyrosinase bind thiol groups and can potentially give rise to protein-
hapten complexes. Most efficient quinone-GSH binding was seen
with HOP and MP, followed by POP and PP, whereas the effect of
MOP and BP was comparable to BOP. PhP displayed less quinone-
GSH binding than BOP. In analogy to the tyrosinase inhibition data
(Figure 1c), TBP and hydroquinone did not induce any GSH depletion,

whereas kojic acid induced only low levels of GSH depletion (Figure 2).

3.4 | Inhibition of melanin synthesis by 4-
substituted phenols

Besides the effects of tyrosinase activity, we further investigated
the inhibitory effects of the phenols on the melanin synthesis by
pigmented cells in culture. To this end, we first determined the tox-
icity of the phenols by incubating melanoma cells for 72 hr in the
presence of a phenol, after which cell viability was analyzed. Table 1
shows the inhibitory concentration (IC)25 and IC12.5, representing

Phenols without ether linkage
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FIGURE 3 BP, PP, PhP, and TBP reduce tyrosinase protein levels, whil

e the other phenols do not (a) Immunoblot showing tyrosinase

protein levels (upper panel) in Mel 88.23 cells exposed for 72 hr to the indicated phenols (IC25 concentration) compared to untreated Mel

88.23 cells. Human keratinocytes (HaCaT cells) serve as negative control

for tyrosinase expression. The two black bars indicate different

tyrosinase forms (a mature 80-kDa and an immature 70-kDa form; Halaban, Cheng, Svedine, Aron, & Hebert, 2001). Actin immunostaining
was performed as a loading control (lower panel). (b) Similar analyses as (a) for the effect of HOP, PP, PhP and TBP

the concentration at which 25 or 12.5% of cells have died during
phenol incubation, respectively. The results show a large spread in
toxicity of phenols. HOP is most toxic to pigmented cells, followed
by BOP, POP, and MOP, whereas the other phenols were less toxic.

Next, we analyzed the effect of the phenols on tyrosinase pro-
tein levels by Western blot. As shown in Figure 3, four phenols, BP,
PP, PhP, and TBP, reduced tyrosinase protein levels in pigmented
melanoma cells, whereas the other phenols did not affect tyrosinase
levels. This confirms the previously reported inhibiting effect of TBP
(Yang & Boissy, 1999) and our previous data of monobenzone (BOP)
not affecting tyrosinase levels (van den Boorn, Picavet et al., 2011).

Considering this variety of phenols on cellular toxicity and ty-
rosinase levels, we subsequently analyzed the effect of phenols on
cellular melanin synthesis. For this, we incubated the cells with the
phenols at concentrations with equal cell viability, that is the IC50
and a twofold dilution range. All nine phenols inhibited melanin
synthesis in pigmented melanoma cells (Figure 4), whereas kojic
acid only showed minimal inhibition. TBP most strongly inhibited
melanin synthesis. MOP, PhP, and PP inhibited melanin synthesis
more strongly than BOP, whereas POP and MP were comparable
to BOP. The strong inhibitory effect on melanin synthesis by TBP,
PhP, and PP likely results from the decreased tyrosinase protein
expression and activity. HOP showed the least melanin inhibition.
Inhibition of melanin synthesis by BOP, MOP, HOP, PhP, and PP
was dose dependent, but not for BP, MP, POP, and TBP at the con-
centrations tested.

3.5 | Immunizing ability of 4-substituted phenols

We next investigated whether the phenols can induce immune acti-
vation against pigmented cells in healthy donors, as we have shown
for monobenzone (BOP) (van den Boorn, Picavet et al., 2011). To this
end, pigmented human melanoma cells were exposed to a phenol,
loaded on dendritic cells as antigen-presenting cells, and cultured
with autologous T cells. After one week, activation of the T cells in
the coculture was analyzed by flow cytometry. Phenol exposure of
melanoma cells was performed at both IC25 and 1C12.5, in order
to have two levels of phenol-induced melanoma cell apoptosis or

necrosis in the activation assays. T-cell activation was analyzed by

the increased expression of the activation marker CD137 and by the
production of cytokines TNFa and IFNy, which are associated with a
type 1 T-cell response often observed in vitiligo. Activation of both
CD8+ (cytotoxic) T cells and CD4+ (helper) T cell responses were
analyzed in 8 healthy donors. The results are summarized in Table 1,
showing the percentage of donors with T-cell responses. Since some
donors showed T-cell activity for multiple markers, the overall re-
sponse rate (ORR) was determined as the percentage of unique
responders with at least one positive T-cell activation marker. All
phenols tested were able to induce CD8+ T cell activation in 25%-
75% of donors at IC 12.5 and in 43 to 88% of donors at IC25. The
phenols also induced CD4+ T cell activation in 38%-75% of donors
at1C12.5 and in 25 to 100% of donors at IC25. These results indicate
that exposure of pigmented cells to low doses of 4-substituted phe-
nols can already induce T-cell activation.

T-cell activation was not induced by all 4-substituted phenols in
all donors. The ORR data show that most phenols induced T-cell re-
sponses in part of the donors. However, different donors reacted to
a different subset of phenols, with overlap in reactivity between do-
nors, and every donor reacted to one or more phenols. This suggests
that these phenols all confer a potential risk of skin-bleaching and
vitiligo upon skin exposure.

We further analyzed whether phenol exposure of pigmented
cells leads to more T-cell activation than unexposed pigmented cells
(Figure 5 and Supporting Information Figure S1). T cells were stimu-
lated for one week with DC loaded with phenol-exposed melanoma
cells or unexposed melanoma cells and subsequently tested for T-
cell activation. In responding donors, more T-cell activation was seen
upon stimulation with phenol-exposed melanoma cells than unex-
posed melanoma cells. In non-responding donors, T-cell activation
upon phenol-exposed cell stimulation was comparable to, or lower
than, without phenol exposure. Figure 4 shows the data of CD8 T
cell responses as measured by the production of TNFa (Figure 5a),
IFNy (Figure 5b), or CD137 expression (Figure 5c). The CD4 T cell
responses upon stimulation with phenol-exposed or unexposed cells
are shown in Supporting Information Figure S1. These results show
that phenol-exposed melanoma cells induce more T-cell activation,
than unexposed cells. This indicates that phenol exposure increases

the immunogenicity of pigmented cells.
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obtained in B16.F10 cells

We next investigated whether the T-cell responses induced by
phenol-exposed melanoma cells could also recognize unexposed
melanoma cells. This would be indicative to what extent the phe-
nol-induced T-cell response could induce depigmentation (and vit-
iligo) at distant unexposed body sites. To this end, T cells were first
stimulated with phenol-exposed melanoma cells and subsequently
tested for the recognition of unexposed melanoma cells. Figure 6
shows the recognition of exposed and unexposed melanoma cells
in responding donors by both CD8+ T cells and CD4+ T cells, as
analyzed by T-cell activation markers TNFa, IFNy, and CD137. In
general, the T cells recognized both exposed melanoma cells (black
bars) and unexposed melanoma cells (white bars). Phenol-exposed
cells induced more CD137 expression by T cells than unexposed
cells, but this difference was smaller for the cytokines TNFa and
IFNy. The results in Figure 6a display the level of T-cell activation
at day 7, as analyzed by flow cytometry. However, we noticed that
the kinetics of the T-cell response may vary between phenols.
Figure 6b shows the accumulated levels of IFNy produced during
the 7-day stimulation as analyzed by ELISA. Low levels of T-cell
activation by PhP were found by flow cytometry, but the ELISA

500

0
62.5

1000
[KA] uM

1500 125

[TBP] uM

250

of the 7 day culture supernatant revealed high IFNy production,
indicative of T-cell activation before day 7. These results show that
phenol exposure lowers the threshold for activation of (autoim-
mune) T-cell responses against pigmented cells.

We further addressed the target specificity of the phenol-in-
duced T-cell responses by investigating their recognition of other
skin cells, in particular keratinocytes. This reveals to what extent
phenol exposure induces T-cell responses that only eliminate
pigmented cells or also attack other skin cells resulting in more
general skin damage. Phenol-melanoma cell-stimulated T cells rec-
ognized DC loaded with keratinocyte cell line HaCat to a lesser
extent than DC loaded with melanoma cells (Figure 6, gray pan-
els). Also phenol-exposed HaCat cells were less recognized than
phenol-exposed melanoma cells. An exception was TBP, induc-
ing T-cell responses that recognized both phenol-exposed mel-
anoma cells and phenol-(un)exposed Hacat cells, corresponding
to the mode of action of contact sensitizers. Our data show for
the first time the immunizing ability of the known skin-bleaching
compound MOP and suggest that BOP and MOP have a similar
mechanism of action.

FIGURE 5

Induction of CD8+ T cell responses by 4-substituted phenols. Human T cells were cultured with autologous dendritic cells

loaded with phenol-exposed (IC25 and IC12.5) or unexposed melanoma cells for 1 week and tested for their reactivity against phenol-
exposed melanoma cells and unexposed melanoma cells. Panels show the CD8+ T cell activation in responding donors and non-responding
donors against phenol-exposed cells (Mel+Phen) at IC25 and 1C12.5, as compared to unexposed cells (Mel), as measured by the production
of TNFa (a), IFNy (b), and CD137 expression (c). n, number of responding or non-responding donors per test group
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FIGURE 6 Pigment cell specificity
of the phenol-induced T-cell activation.
Human T cells were cultured with
autologous dendritic cells loaded with
phenol-exposed (IC25 and IC12.5) or

unexposed melanoma cells for 1 week and
tested for their reactivity against phenol-
exposed or unexposed melanoma cells
and against phenol-exposed or unexposed
keratinocytes (HaCat). (a) Panels show
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the percentage CD8+ and CD4+ T
cell activation in responding donors (b)
(standardized by mean), as measured by
the production of TNFa, IFNy, and CD137
expression. (b) Total T-cell activation
against phenol-exposed melanoma cells
during one week culture, as measured by
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3.6 | Combined analyses of biochemical,
cellular, and immunizing effects of 4-
substituted phenols

In order to evaluate the influence of biochemical and cellular effects
on the immunizing ability, the characteristics of the 4-substituted
phenols were compared those of BOP (Table 2). Since the melano-
cyte destruction in vitiligo is predominantly mediated by CD8+ T
cell responses that are specific for pigmented cells, we combined
the induction of CD8 T cell activation with the pigment cell speci-
ficity of the response, as primary read out for vitiligo-inducing ac-
tivity. Table 2 shows that the presence of an ether link in chemical
structure of the compound does not determine its biochemical ef-
fects and immunizing ability, since these effects were found in both
phenols with and without ether link. Similarly, the level of tyrosi-
nase inhibition and cellular melanin synthesis inhibition did not show
clear associations with immunizing ability. All phenols tested, except
TBP and hydroquinone, induced (some level of) quinone binding and

pigment cell-specific T-cell responses, but no clear association was

found between the level of quinone binding and pigment cell-spe-
cific T-cell activation. TBP did not induce any quinone formation,
probably due to its low or absent reactivity with tyrosinase, and only
induced broad T-cell activation that was not pigment cell specific.
This suggests that quinone formation may contribute to the immu-

nizing ability specifically against pigmented cells.

4 | DISCUSSION

We evaluated a series of 4-substituted phenols for their biochemi-
cal, cellular, and immunizing ability against pigmented cells. The
observed differences in these characteristics among phenols were
not related to the presence or absence of an ether linkage at the
fourth position. All phenols tested inhibited melanin synthesis in pig-
mented melanoma cells. Four phenols, all lacking an ether linkage,
decreased tyrosinase protein levels in pigmented cells. Eight of ten
phenols tested inhibited tyrosinase activity and induced GSH deple-
tion by phenol-derived reactive quinone binding, but the strength of
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TABLE 2 Summary of biochemical, cellular, and immunizing effects of 4-substituted phenols, relative to monobenzone (BOP)
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responses induced by TBP were generally more reactive against
TBP-exposed cells than unexposed cells, regardless of cell type. This
indicates the reactivity was mostly directed against TBP only and cor-
responds to the mechanism of action of contact sensitizers that form
haptens to cysteine containing proteins as carrier and raise hapten-
specific immunity (Gorbachev & Fairchild, 2001). Indeed, a patient at
our institute with TBP-induced vitiligo showed a positive delayed type
hypersensitivity reaction to skin TBP exposure (Vrijman et al., 2019).

This study shows the immunizing ability of known skin-bleaching
compound MOP. This indicates that, similar to BOP, the mechanism
of action of vitiligo induction or depigmentation therapy by MOP
includes both melanin synthesis inhibition and immunization. Our
data also indicate the immunizing ability of 4-substituted phenols
that were chosen based on the structural similarity to BOP, but were
not previously associated with skin-bleaching and are new to the
pigment cell research field.

The eight phenols that induced pigment cell-specific immunity
may be applicable to induce antimelanoma immunity, similar to
monobenzone (BOP) (van den Boorn et al., 2010; van den Boorn,
Melief et al., 2011). In view of the risk of undesired off-target im-
mune activation in melanoma patients, TBP is less attractive for mel-
anoma immunotherapy, because of the hapten-specific response,
being not restricted to pigmented cells. The other phenols tested in
this study did not differ greatly in immunizing ability from monoben-
zone and none of the phenols was largely superior to monobenzone.
This justifies the choice of monobenzone for antimelanoma immuno-

therapy development.
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