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Introduction

Summary

All-trans retinoic acid (atRA), the main biologically active metabolite of
vitamin A, has been implicated in immunoregulation and anti-cancer. A
recent finding that vitamin A could decrease the risk of melanoma in
humans indicates the beneficial role of atRA in melanoma. However, it
remains unknown whether topical application of atRA could inhibit mela-
noma growth by influencing tumour immunity. We demonstrate topical
application of tretinoin ointment (atRA as the active ingredient) effec-
tively inhibited B16F10 melanoma growth. This is accompanied by mark-
edly enhanced CD8" T-cell responses, as evidenced by significantly
increased proportions of effector CD8" T cells expressing granzyme B,
tumour necrosis factor-a, or interferon-y, and Ki67* proliferating CD8' T
cells in atRA-treated tumours compared with vaseline controls. Further-
more, topical atRA treatment promoted the differentiation of effector
CD8" T cells in draining lymph nodes (DLN) of tumour-bearing mice.
Interestingly, atRA did not affect tumoral CD4" T-cell response, and even
inhibited the differentiation of interferon-y-expressing T helper type 1
cells in DLN. Importantly, we demonstrated that the tumour-inhibitory
effect of atRA was partly dependent on CD8" T cells, as CD8" T-cell
depletion restored tumour volumes in atRA-treated mice, which, however,
was still significantly smaller than those in vaseline-treated mice. Finally,
we demonstrated that atRA up-regulated MHCI expression in B16F10
cells, and DLN cells from tumour-bearing mice had a significantly higher
killing rate when culturing with atRA-treated B16F10 cells. Hence, our
study demonstrates that topical atRA treatment effectively inhibits mela-
noma growth partly by promoting the differentiation and the cytotoxic
function of effector CD8" T cells.
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tumour role in melanoma, primarily through the release
of cytotoxic mediators such as granzymes and interferon-

Malignant melanoma is the most aggressive type of skin
cancer, accounting for 90% of skin cancer mortality, and
has been recognized as one of the most immunogenic
malignancies with abundant infiltration of various
immune cells." The types and activation status of immune
cells have great impacts on the progression of melanoma
and the responsiveness to immunotherapy.>® Cytotoxic
CD8" T cells are well-known to play a crucial anti-

7 (IEN-y) upon the recognition of MHCI molecule-asso-
ciated tumour antigens,* whereas CD4" T cells with dif-
ferent functional subsets play a complex role in
melanoma, for example, IFN-y-producing T helper type 1
(Thl) cells and Foxp3" regulatory T (Treg) cells play
anti-tumour and pro-tumour roles, respectively.”® In
addition, tumour infiltrating myeloid cells including
and myeloid-derived

macrophages suppressor  cells

Abbreviations: atRA, all-trans retinoic acid; CTL, cytotoxic T lymphocyte; DLN, draining lymph node; LDH, lactate dehydroge-
nase; Mg, macrophage; MDSC, myeloid-derived suppressor cell; Treg, regulatory T cell
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(MDSCs) could suppress anti-tumour T-cell immunity
via various mechanisms, thereby leading to tumour
immune escape and less responsiveness to immunother-
apy./®

Vitamin A and its main biologically active metabolite
all-trans retinoic acid (atRA) have been extensively stud-
ied to determine their role in immunoregulation and
anti-cancer.”'® AtRA is known to influence both CD4"
and CD8" T cells by regulating the migration, differentia-
tion and activation under different conditions."' Accumu-
lating evidence suggests a critical role of atRA in mucosal
tolerance by imprinting the homing of CD4" T cells to
the gut and enhances the induction of regulator T cells
while reciprocally inhibiting the development of Thl7
cells in the intestinal lamina propria.'®"? On the other
hand, atRA was reported to promote effector T-cell
responses under some inflammatory conditions. For
example, conditional ablation of atRA signalling in CD4"
T cells suppressed the inflammatory responses that medi-
ate the rejection of allogeneic skin grafts,'* and genetic or
pharmacological manipulation of the atRA-RARo axis
influenced effector functions of Thl, Thl7 cells and
CD8" T cells in response to infection.”'>'” Additionally,
atRA has been shown to induce the differentiation of
immature myeloid cells, which directly promoted T-cell-
mediated tumour-specific immune responses, leading to
improved effect of cancer vaccines.'®'® AtRA is also a
well-known anti-cancer drug that is used clinically to
treat leukaemia®® and pre-clinically for the treatment of a
number of types of cancer including hepatoma and breast
cancer.”*> Most studies have been focused on the direct
effect of atRA on the apoptosis and differentiation of
tumour cells; however, little is known about the contribu-
tion of the immunoregulatory effect of atRA to its anti-
cancer role.

A recent study showed that taking vitamin A supple-
ments may be able to decrease the risk of developing mel-
anoma,” suggesting a beneficial effect of atRA in
melanoma. Most previous studies focused on the direct
inhibitory effect of atRA on the biology of melanoma
cells in vitro.** *® There are only two studies focusing on
the immunoregulatory role of atRA in melanoma, show-
ing the opposing effect. Guo et al.*’ demonstrated that
genetic interruption of RARw, the primary functional
receptor of atRA, in CD8" T cells aggravated B16F10
tumour growth in CD4-depleted mice. In contrast, Galvin
et al.”® reported that treatment with a RAR« inhibitor
enhanced the protective efficacy of a DC vaccine against
B16F10 tumours by suppressing the induction of Treg
cells and promoting Thl responses. It is noted that both
experiments studied the role of endogenous atRA sig-
nalling in melanoma, and accumulating data indicate that
atRA at physiological or pharmacological concentrations
could have opposing effects on T-cell immunity.”* ' We
therefore aimed to investigate whether topical application
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of atRA was able to inhibit the established melanoma and
the underlying immunological mechanism.

In this study, our results demonstrated that topical
application of tretinoin ointment (with atRA as the active
ingredient) effectively inhibited B16F10 melanoma growth
in vivo, which was partly dependent on its ability to pro-
mote anti-tumour CD8" T-cell immunity.

Materials and methods

Mice and cell lines

Six- to eight-week-old female wild-type C57BL/6 mice
were purchased from the Chinese Academy of Sciences
(Shanghai, China). All mice were kept and bred in a
specific pathogen-free environment. All animal experi-
ments were conducted in accordance with protocols
approved by the Animal Care and Use Committee at
Shanghai Medical College, Fudan University. Murine mel-
anoma B16F10 cell line was obtained from the American
Type Culture Collection (Manassas, VA). Cells were
grown in complete RPMI-1640 media supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin
(Gibco, Grand Island, NY, USA).

Animal tumour model

B16F10 cells (5 x 10° in 100 pl PBS) were subcuta-
neously inoculated into the right flanks of C57BL/6 mice,
and tumour sizes were measured every 2 days using cali-
pers. The tretinoin ointment (0-15 g, PanGeo Pharma
Inc., Montreal, Canada) or vaseline as control was locally
rubbed on the tumour and the skin adjacent to the
tumour every day when tumours were palpable. The
tumour volume was calculated by the following formula:
V = (larger diameter) x (smaller diameter)?/2.

CDS8" T-cell depletion

Neutralizing anti-mouse CD8x antibody (500 mg, clone
YTS169.4; BioXCell, West Lebanon, NH, USA) was injected
intraperitoneally into C57BL/6 mice once a week starting
from the day when B16F10 cells were inoculated. The
control group received the same amount of isotype con-
trol antibody (clone LTF2; BioXCell). The efficiency of
CD8" T-cell depletion was determined by flow cytometric
analysis of tumour, spleen, lymph nodes and blood (see
Supplementary material, Fig. S1).

Preparation of single-cell suspension from draining
lymph nodes and tumours

Tumour-bearing mice were killed and their surgically
removed axillary lymph nodes (skin-draining) were
mechanically disrupted and filtered through a 200-pm
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nylon mesh. Lymph node cells were stimulated with «-CD3
(2 pg/ml, eBioscience, San Diego, CA, USA) for 3 days.
The supernatants were harvested for determining the con-
centrations of IFN-y and tumour necrosis factor-o (TNF-a)
using mouse ELISA kits (eBioscience), and cells for flow
cytometry. Tumours were collected, cut into pieces and
digested by Collagenase IV (1 mg/ml) and DNAase I (5 U/
ml) for 20 min in 37°, and filtered through a 100-pum nylon
mesh. A single-cell suspension was used for flow cytometry.

Flow cytometry

After blocking the Fc-receptors with anti-mouse CD16/32
(eBioscience), the following fluorochrome-labelled anti-
mouse antibodies were used: CD45 (30-F11), CD11b
(M1/70), Gr-1 (RB6-8C5), F4/80 (BMS8), CD4 (GKL.5),
CD8 (APA5), CD3 (17A2), CD25 (M-A251), NKI.I
(PK136), EpCAM (1B7), Foxp3 (FJK-16s), CD31 (390),
CD1lc (N418), IFN-y (AN-18), TNF-o0 (MP6-XT22),
Granzyme B (NGZB), (all from BD, Franklin Lakes, NJ).
For intracellular staining, cells were stimulated with cell
stimulation cocktail (Cat#00-4970; eBioscience) for 5 hr,
and then cell surface staining of CD8 or CD4 was per-
formed. Intracellular staining of IFN-y, TNF-a, Granzyme
B and Foxp3 were carried out after cells were fixed and
permeabilized using the intracellular staining kit
(Cat#560409 BD). Samples were acquired by FACS Cyan
instrument (Beckman Coulter, Brea, CA, USA) and analysed
by FrowJo 7-6-1 software (FlowJo, LLC, Ashland, OR).

RNA isolation and quantitative real-time PCR

Total RNA was extracted using TRIZOL (Ambion, Aus-
tin, TX), then cDNA was generated using a high-capacity
cDNA Reverse Transcription kit (Takara, Shiga, Japan).
Quantitative real-time PCR (qPCR) was performed using
an SYBR green Gene Expression Assay (Takara). The data
are represented as fold changes of the atRA-treated group
compared with the vaseline-treated group. The primer
sequences of all genes for PCR were used as followed:
Gzmb: 5'-TGTGCTGACTGCTGCTCACT-3" and 5-TCCT
CTTGGCCTTACTCTTC-3', Prfl: 5'-AACCTCCACTCC
ACCTTGAC-3' and 5-GTGCGTGCCATAGGAGGAG
A-3', Ifng: 5'-GGATGGTGACATGAAAATCCTGC-3' and
5'-TGCTGATGGCCTGATTGTCTT-3/, Cxcl9: 5'-TCCTTT
TGGGCATCATCTTCC-3" and 5-TTTGTAGTGGATCGT
GCCTCG-3, Cxcl10: 5'-CCAAGTGCTGCCGTCATTTT
C-3' and 5-GGCTCGCAGGGATGATTTCAA-3', Cxcll:
5'-CTGGGATTCACCTCAAGAACATC-3" and 5'-CAGGG
TCAAGGCAAGCCTC-3/, Cxcl2: CCAACCACCAGGCTA-
CAGG-3' and 5-GCGTCACACTCAAGCTCTG-3/, Ccl2:
5'-GTTGGCTCAGCCAGATGCA-3" and 5'-AGCCTACTC
ATTGGGATCATCTTG-3', f-actin: 5'-CCAGCCTTCCTT
CTTGGGTATG-3' and 5-TGTGTTGGCATAGAGGTCT
TTACG-3'.

© 2017 John Wiley & Sons Ltd, Immunology, 152, 287-297

In vitro stimulation of cells

For in vitro experiments, BI6F10 cells were treated with
atRA (Sigma, St Louis, MO) at different concentrations
(1 um, 5 um or 10 pm) or DMSO as control with or with-
out 10 ng/ml IFN-y (Peprotech, Rocky Hill, NJ) for
48 hr. Cells were harvested for further flow cytometry.

Cytotoxic T lymphocyte assay

Cytotoxicity was determined by lactate dehydrogenase
(LDH) release from B16F10 cells into the culture med-
ium, as LDH is a cytoplasmic enzyme released by dying
cells. draining lymph nodes (DLN) cells were prepared
from atRA-treated B16F10 tumours, and then incubated
with B16F10 cell lysates prepared by a repeated freeze—
thaw process in the presence of interleukin-2 (Peprotech,
10 ng/ml) for 5 days. B16F10 (target cells) cells treated
with or without atRA were seeded in 96-well plates as tar-
get cells for DLN cells (effector cells) at the effector : tar-
get (E : T) ratio of 50 : 1 and 100 : 1 for 5 hr, and then
supernatants were collected for the measurement of LDH
cytotoxicity activity according to the manufacturer’s
instructions of the LDH Cytotoxicity Assay Kit (Bey-
otime, Shanghai, China). DLN cells or B16F10 cells alone
were set up as controls for spontaneous LDH release.
Maximum LDH release of target cells was determined by
lysing B16F10 cells for 1 hr with the lysis buffer provided
by the assay kit. The killing rates were calculated using
the following formula: killing rates = [(experimental
release — target spontaneously release — effector sponta-
neously release group)/(target maximum release — target
spontaneously release)] x 100.

Statistical analysis

The comparisons between two groups were performed by
two-tailed Student’s f-tests. Multiple-group comparisons
were performed by two-way analysis of variance. The sta-
tistical analysis was performed with GraPHPAD PrisM 6
(GraphPad Software, Inc., San Diego, CA). Significant
difference was defined as P < 0-05.

Results

Topical treatment with atRA suppresses B16F10
tumour growth

We first attempted to examine whether topical treatment
with atRA was able to influence the murine melanoma
growth. Briefly, tretinoin ointment with atRA as the
active ingredient or vaseline as control was locally rubbed
on the tumour and the skin adjacent to the tumour every
day when tumours were palpable on day 4 after subcuta-
neous inoculation of B16F10 melanoma cells, and mice
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were killed on day 14 (Fig. la). We found that atRA
treatment significantly slowed down B16F10 tumour
growth (Fig. 1b) and reduced the volume and weight of
B16F10 tumours (Fig. 1b—d), demonstrating a therapeutic
effect of topical treatment with atRA on murine mela-
noma.

Topical treatment with atRA causes a pronounced
CD8" T-cell response in the tumour
microenvironment

Given the immunogenic property of melanoma and the
immunoregulatory role of atRA, we next investigated
whether topical treatment with atRA influenced the type
and the activation of immune cells in tumour sites. Sig-
nificantly increased frequency of CD45" leucocytes was
observed in atRA-treated B16F10 tumours compared with
those treated with vaseline by flow cytometric analysis of
enzymatically dissociated cell suspensions (Fig. 2a). Fur-
ther analysis revealed that atRA treatment significantly
increased the frequency of tumour-infiltrating CD8" T
cells, but not CD4" T cells, in atRA-treated mice com-
pared with control mice (Fig. 2b). Moreover, there were
significant decreases in the frequencies of tumour-infil-
trating MDSCs (CD11b* Gr-1¥) and macrophages
(CD11b" F4/80" Gr-17) in atRA-treated mice (Fig. 2c).
Importantly, atRA treatment significantly increased the
ratios of tumour-infiltrating CD8" T cells to MDSCs or
macrophages (Fig. 2d), suggesting an enhanced anti-
tumour immune response in the tumour microenviron-
ment.

(a)
Day 0 4 14
B16F10 L T
tretinoin ointment
or vaseline
Killed
© vaseline atRA

Furthermore, atRA treatment significantly increased
gene expression of several important anti-tumour effector
molecules including granzyme B, perforin and IFN-y,
which are primarily expressed by activated CD8" T cells.
There was a significant increase in gene expression of
chemokines that are important for T-cell migration,
including CXCL9 and CXCL10, whereas there was a sig-
nificant decrease in those that are important for tumour
recruitment of MDSCs, including CXCLI1, CXCL2 and
CCL2, in atRA-treated B16F10 tumours compared with
those treated with vaseline (Fig. 2e, f). This is consistent
with the changes in the composition of immune cells
upon atRA treatment. Taken together, these results
demonstrate that topical treatment with atRA changes the
balance between pro- and anti-tumour immune responses
in the tumour microenvironment, skewing toward anti-
tumour CD8" T-cell immunity.

Topical treatment with atRA promotes the activation
and proliferation of anti-tumour CD8" T cells

We next investigated whether topical treatment with atRA
activated effector CD8" T cells in tumour sites. The por-
tions of CD8" T cells expressing granzyme B, TNF-o or
IFN-7, which are closely related to the cytotoxic activities,
significantly increased in atRA-treated B16F10 tumour
compared with controls (Fig. 3a). Moreover, atRA treat-
ment significantly enhanced the proliferation of CD8" T
cells, as evidenced by much higher frequency of Ki67"
proliferating CD8" T cells in atRA-treated BI16F10
tumours (Fig. 3b). In contrast, comparable frequencies of
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Figure 1. Topical all-trans retinoic acid (atRA) treatment suppresses the growth of murine melanoma. (a) Experimental protocol for the develop-
ment of a mouse model of melanoma. B16F10 cells (5 x 10° in 100 pl PBS) were subcutaneously inoculated into the right flanks of 6- to 8-
week-old female C57BL/6 wild-type mice, and tretinoin ointment (0-15 g), or vaseline used as control, was locally rubbed on the tumour and the
skin adjacent to the tumour every day on day 4 when tumours were palpable. (b) Tumour growth was measured at the indicated time-points.
Statistical significance calculated by analysis of variance (c) Representative images of melanoma. (d) the tumour weight. Columns and error bars
represent mean = SEM (n = 5 to n = 7 per group). *P < 0-05, ***P < 0-001. Similar results were obtained from three independent experiments.

290

© 2017 John Wiley & Sons Ltd, Immunology, 152, 287-297



atRA promotes CD8" T-cell immunity and inhibits melanoma

@ Leucocytes (b) CD8* T cells CD4* T cells
vaselir_le_ 25 - vaseline 25 o 15 ns
106 | 2 2 £ 20 g
| © o o 10
- S 15 o 15 5
@ 5 10 Q & 10 S s
» = o o 5 (&)
2 5 2 2
3 0
0 & & 0 @ \e @ \e
N & & K & KL
& o > o >
o & &
(c)
(d)
_ 25 MDSCs Mo § 1.5 - 0-4
5 a .
© 2 29 2 40 " = = 2 03
» g * [ ~ 1.0 "
3 o 15 i 30 L a8 02
[ 10 é 20 g os e
L o o 2 01
© § = 5 = 10 s £
o 0 - 0L - & 00 S 0.0 =
8 S L S L P S L
& & & Ky
(e) ® 10
8 Il vaseline 8 4 Il vaseline
. [ atRA o 61 JatRA
o 6 =
g -
2 4 ©
o ok *x ke]
3 g
£ 2 |""
0 I ol
Gzmb Prf1 Ifng Cxcl9 Cxcl10 Cxcl1 Cxcl2 Ccl2

Figure 2. Topical all-trans retinoic acid (atRA) treatment leads to significantly increased tumour-infiltrating CD8" T cells and decreased myeloid
cells. Enzymatically disassociated single-cell suspensions were prepared from atRA- or vaseline-treated tumuors. (a—c) Representative flow cytome-
try data and averaged percentages of CD45" leucocytes in total cells (a), CD4" T cells and CD8" T cells (b), as well as myeloid-derived suppressor
cells (MDSCs) (CD11b* Gr-1%) and macrophages (Mg, CD11b" F4/80% Gr-17) in CD45" leucocytes (c). (d) Ratios of CD8" T cells to MDSCs
or macrophages (Mg) in tumours. (e, f) Quantitative RT-PCR analysis of gene expression of anti-tumour effector molecules incuding Gzmb,
Prfl, Ifng (e) and chemokines including Cxcl9, Cxcl10, Cxcll, Cxcl2, Ccl2 (f) in melanoma of mice treated with atRA or vaseline. Columns and
error bars represent mean + SEM (n =5 to n = 7 per group). *P < 0-05, **P < 0-01, ***P < 0-001, NS = no significance. Similar results were

obtained from three independent experiments.

IFN-y-expressing CD4" T cells and Ki67" proliferating
CD4" T cells were detected in B16F10 tumours treated
with atRA or vaseline (Fig. 3c). These results demonstrate
that atRA treatment favourably promotes a robust effec-
tor CD8" T-cell response in the tumour microenviron-
ment.

Topical treatment with atRA promotes the
differentiation of effector CD8" T cells in DLN of
B16F10 tumour-bearing mice

AtRA is well-known as a differentiation factor in develop-
mental biology, and accumulating data demonstrate the
role of atRA in determining T-cell differentiation under
homeostatic or inflammatory conditions.” We then asked
whether topical treatment with atRA influenced T-cell
differentiation in B16F10 tumour-bearing mice. To this

© 2017 John Wiley & Sons Ltd, Immunology, 152, 287-297

end, DLN were collected from tumour-bearing mice on
day 7 when the tumour size was similar between atRA-
treated and vaseline-treated mice to avoid the influence
of the size of tumour on T-cell immunity. Greatly ele-
vated concentrations of TNF-« and IFN-y were detected
in the cultures of DLN cells of atRA-treated mice com-
pared with those of vaseline-treated mice upon «-CD3
stimulation (Fig. 4a). Furthermore, there were significant
increases in the portions of CD8" T expressing granzyme
B, TNF-o or IFN-y in «-CD3-stimulated DLN cells of
atRA-treated mice (Fig. 4b). In contrast, significantly
decreased portion of IFN-y-expressing CD4" T cells was
detected in a-CD3-stimulated DLN cells from atRA-trea-
ted mice (Fig. 4c). Taken together, these results demon-
strate that topical treatment with atRA promotes the
differentiation of effector CD8" T cells in DLN of B16F10
melanoma-bearing mice.

291



W. Yin et al.

vaseline atRA T cells

20

871

Hkk

10°9

Granzyme B
% CD8* Cells
>

0_

20, Tcells
15 4 X

10 4

TNF-a
3

% CD8* cells

q' 2 3 @
100 10 10 10 0 -

IFN-y* CD8*
T cells

ke

254
20
154
10 1
54

IFN-y

10' 10> 10° 10

% CD8* cells

Granzyme B* CD8*

TNF-o* CD8*

vaseline atRA

(b) Ki67+ CD8* T cells

li atRA
vaseline 60 X

S
o

N
o

% CD8* Cells

.
102 10° 10 10° 10 10% 10°  10°
CD8

10° 10

0
vaseline atRA

IFN-y* CD4* T cells
© § vaseline ) atRA 157

IFN-y

Ki67+ CD4* T cells
40

30

Ki67

20 1

10

% CD4* cells

10° . 10° .
10° 10" 10° 10° 10° 10° 10' 10®° 10° 10

04
CD4 vaseline atRA

Figure 3. Topical all-trans retinoic acid (atRA) treatment enhances effector CD8" T-cell response at tumour sites. (a, b) Representative flow
cytometry data and averaged percentages of Granzyme B*, TNF-o" and IFN-y" (a) as well as Ki67" (b) cells in CD8" T cells. (c) Representative
flow cytometry data and averaged percentages of IFN-y" and Ki67" cells in CD4" T cells. Columns and error bars represent mean + SEM (n = 5

to n =7 per group). *P < 0-05, **P < 0-01, ***p < 0-001, NS = no significance. Similar results were obtained from three independent experi-

ments.

Depletion of CD8" T cells greatly impairs the
melanoma-inhibitory effect of atRA

We then investigated the role of CD8" T cells in the
melanoma-inhibitory effect of atRA by depleting CD8"
T cells in atRA-treated melanoma-bearing mice. CD8"*
T-cell depletion significantly impaired the tumour-inhi-
biting effect of atRA, as evidenced by significant increases
in the tumour volume and weight in mice treated with
neutralizing anti-CD8 antibody compared with those with
isotype antibody (Fig. 5a—c). However, atRA treatment
still significantly decreased the tumour volume and
weight of CD8" T-cell-depleted mice (Fig. 5a—c), suggest-
ing that both CD8" T-cell-dependent and T-cell-indepen-
dent mechanisms mediate the melanoma-inhibitory effect
of atRA. Consistently, depletion of CD8" T cells drasti-
cally reduced gene expression of granzyme, perforin and
IFN-y (Fig. 5d), underscoring that CD8" T cells are the
primary source of these molecules in our model. Interest-
ingly, significantly decreased frequency of CD4" T cells
was detected in tumours of atRA-treated mice with neu-
tralizing anti-CD8 antibody compared with those with
isotype antibody (Fig. 5e). Significantly increased MDSCs
and macrophages were detected in tumours of atRA-trea-
ted mice with CD8" T-cell depletion (Fig. 5¢). CD8"
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T-cell depletion had no effect on gene expression of
CXCL1, CXCL2 and CCL2 in tumours of atRA-treated
mice (Fig. 5d). Taken together, these results demonstrate
that the therapeutic effect of atRA is partly dependent on
CD8" T cells in our model.

AtRA directly enhances the cytotoxic activity of
effector CD8" T cells by up-regulating MHCI
expression in melanoma cells

We next attempted to determine the possible mechanism
by which atRA promoted anti-tumour CD8" T-cell
responses. Since CD8" T-cell-mediated cytotoxicity is
MHC class I restricted, we evaluated whether atRA treat-
ment altered the expression of MHCI on B16F10 cells.
AtRA treatment significantly up-regulated MHCI expres-
sion in CD45~ CD31  cells, the majority of which were
B16F10 cells, from enzymatically dissociated B16F10 mel-
anoma tumours (Fig. 6a, b). Consistently, in vitro treat-
ment of B16F10 cells with atRA up-regulated MHCI
expression in a dose-dependent manner (Fig. 6¢). AtRA
at only 10 pum could lead to cytotoxicity as evidenced by
significantly increased apoptotic B16F10 cells (see Supple-
mentary material, Fig. S2). Interferon-y is well-known to

© 2017 John Wiley & Sons Ltd, Immunology, 152, 287-297
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Figure 4. Topical all-trans retinoic acid (atRA) treatment enhances the differentiation of effector CD8" T cells in draining lymph nodes (DLN)
of melanoma-bearing mice. Axillary lymph nodes were collected from tumour-bearing mice on day 7 when similar tumour size was detected in
atRA- and vaseline-treated mice to avoid the influence of the tumour size on T-cell immunity. DLN cells were cultured with «-CD3 for 3 days.
(a) The concentrations of tumour necrosis factor-o (TNF-) and interferon-y (IFN-y) in the cultures were determined by ELISA. (b) Representa-
tive flow cytometry data and averaged percentages of Granzyme B*, TNF-o" and IFN-y* cells in CD8" T cells. (c) Representative flow cytometry
data and averaged percentages of IFN-y* cells in CD4" T cells. Columns and error bars represent mean 4+ SEM (n =5 to n =7 per group).

*P < 0-05, ¥*P < 0-01, ***P < 0-001. Similar results were obtained from three independent experiments.

increase  MHCI expression. We therefore examined
whether atRA treatment could amplify the promoting-
effect of IFN-y on B16F10 cells. As expected, IFN-y signif-
icantly increased MHCI expression on BI16F10 cells
(Fig. 6¢). The addition of atRA could further increase the
MHCI expression on B16F10 cells (Fig. 6¢). To determine
whether up-regulated MHCI expression on B16F10 cells
enhanced the ability of CD8" T cells to kill these cells,
the cytotoxicity assay were performed by co-culturing
DLN cells of the tumour-bearing mice and B16F10 cells
treated with atRA or DMSO at different ratios. We
demonstrated that DLN cells co-cultured with atRA-trea-
ted B16F10 cells had significantly higher killing rates than
those with DMSO-treated B16F10 cells (Fig. 6d). These
results show that atRA directly up-regulates MHCI
expression on B16F10 cells, thereby rendering them sensi-

tive to CD8" T-cell-mediated killing.

© 2017 John Wiley & Sons Ltd, Immunology, 152, 287-297

Discussion

We here demonstrate that topical application of atRA
effectively inhibits BI16F10 tumour growth, which is
accompanied by pronounced CD8" T-cell responses in
tumour sites and DLN. Furthermore, we reveal that the
therapeutic effect of atRA is partly dependent on CD8" T
cells, as depletion of CD8" T cells partly restored B16F10
tumour growth in atRA-treated mice. Moreover, our
in vitro study reveals that atRA is able to up-regulate
MHCI expression in B16F10 cells in a dose-dependent
manner, which in turn enhances the cytotoxic activity of
CD8" T cells, while atRA at higher concentrations also
enhances the apoptosis of B16F10 cells.

The beneficial role of atRA in melanoma is implicated
by a recent finding that vitamin A supplementation could

decrease the risk of melanoma in humans. We here
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Figure 5. CD8" T cells partly mediate the melanoma-inhibitory effect of all-trans retinoic acid (atRA). For CD8" T-cell depletion, 500 g neu-
tralizing anti-mouse CD8u antibody (clone YTS169.4, BioXCell) was intraperitoneally injected into C57BL/6 female mice once a week starting
from the day when B16F10 cells were inoculated into mice (a) Tumour growth was measured at the indicated time-points. Statistical significance
calculated by analysis of variance n = 5 to n = 7. (b) Representative images of melanoma. (c) The tumour weight. (d) Quantitative RT-PCR anal-
ysis of gene expression of Gzmb, Prfl, Ifng, Cxcll, Cxcl2, Ccl2. (e) Averaged percentages of CD4" T cells, myeloid-derived suppressor cells
(MDSCs) and macrophages (Mg) in enzymatically dissociated melanoma cell suspensions and was gated at CD45" leucocytes. Columns and error
bars represent mean £ SEM (n =5 to n =7 per group). *P < 0-05, **P < 0-01, **P < 0-001, NS = no significance. Similar results were

obtained from three independent experiments.

demonstrated the therapeutic effect of topical application
of atRA on murine B16F10 melanoma. Considering the
profound effects of atRA on immune cells, particularly T
cells, and the relatively high sensitivity of melanoma to
immunotherapy, the melanoma-inhibitory effect of atRA
observed in our study was probably due to its
immunoregulatory functions. We found that topical treat-
ment with atRA markedly increased the frequency of leu-
cocytes in Bl6F10 tumour, which was primarily
attributed to increased tumour-infiltrating CD8" T cells.
Furthermore, atRA treatment promoted the activation of
effector CD8" T cells, as evidenced by marked increases
in the proportions of CD8" T cells that expressed effector
molecules including granzyme B, TNF-o or IFN-y and
proliferating CD8" T cells in tumours. Interestingly, atRA
treatment had no effect on the activation state and prolif-
eration of tumour-infiltrating CD4" T cells. Additionally,
topical atRA treatment on established B16F10 tumours
did not affect the frequency of tumour-infiltrating Treg
cells (see Supplementary material, Fig. S3a), although
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inhibition of endogenous atRA-RARa signalling was
shown to suppress tumour-infiltrating CD4" CD25" Fox-
p3* Treg cells.’® This could be due to the different effects
of atRA on CD4" T cells in physiological or pharmaco-
logical concentrations. Notably, in addition to elevated
CD8" T-cell response in tumour sites, topical treatment
with atRA could enhance effector CD8" T-cell differentia-
tion, as significantly increased effector CD8" T cells
expressing granzyme B, TNF-o or IFN-y were detected in
DLN of tumour-bearing mice on day 7 after BI6F10 cell
inoculation. This is supported by previous studies show-
ing that administration of atRA provides protection
against infection by promoting the differentiation of
effector CD8" T cells."” In contrast, there was significantly
decreased IFN-y-expressing CD4" T cells in DLN of
atRA-treated mice, which is consistent with the previous
findings that exogenous atRA inhibited IFN-y production
during the early phase of Thl differentiation.”> Collec-
tively, these results indicate that topical treatment with
exogenous atRA promotes a robust CD8" T-cell response,

© 2017 John Wiley & Sons Ltd, Immunology, 152, 287-297



atRA promotes CD8" T-cell immunity and inhibits melanoma

(b) MHCI
isotype 1001 —
T
80
vaseline 60
<
p atRA 40+
)
o 20 4
04
Vaseline atRA
()
oy isotype
A, MHCI (d)
DMSO
,/\_— 1 250 —IFBS 301 WM DMSO
S S I IFN-y [ atRA PR
atRA | @ 200 1 -
A_ ° (M) 150 1 — 2 204
~ A\ 10 = 01 =il Y
— ] s T [
L . DMSO - 104 . o
/_/f 1 g < 107
b | atRA | 54 154
/"‘\_ 5 | (MM)
T T i T 0-
100 10! 102 108 _10% & Ve s 0° ‘ )
N N = 50:1 100:1
MHCI atRA (uM) atRA (uM) ’ )

Effector/Target cells

Figure 6. All-trans retinoic acid (atRA) directly up-regulates MHCI expression in melanoma cells and enhances the cytotoxic activity of cytotoxic

T lymphocytes. (a, b) The gating strategy of CD45~ CD31" cells in enzymatically disassociated single-cell suspensions prepared from tumours,
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assay. DMSO was used as control in (c) and (d). Columns and error bars represent three replicate wells from a representative of three indepen-

dent experiments in (c) and (d). *P < 0-05, **P < 0-01, ***P < 0-001.

which could contribute to the inhibition of BI6F10 mela-
noma.

We further confirmed the requirement of CD8" T cells
for the melanoma-inhibiting effect of atRA by showing
that depletion of CD8" T cells restored B16F10 tumour
growth in atRA-treated mice. However, atRA treatment
still had the inhibitory effect on B16F10 tumour growth
in the absence of CD8" T cells, suggesting the existence
of a CD8" T-cell-independent mechanism. Natural killer
(NK) cells were reported to be in synergy with CD8" T
cells to inhibit established BI16F10 tumour.”* However,
we found that topical treatment with atRA had no effect
on the frequency of NK cells and IFN-y-expressing NK
cells in B16F10 tumours regardless of the presence of
CD8" T cells (see Supplementary material, Fig. S3b),
which excluded the possibility that NK cells mediate the
therapeutic effect of atRA on established B16F10 tumour.
AtRA can induce apoptosis of many types of cancer cells
including melanoma at high non-physiological concentra-
tions.?>>® Consistently, we found that atRA at higher con-
centration (10 um) could significantly induce the
apoptosis of B16F10 cells, suggesting that the direct

© 2017 John Wiley & Sons Ltd, Immunology, 152, 287-297

pro-apoptotic effect of atRA on melanoma cells may also
contribute to the inhibition of B16F10 tumour growth
in vivo.

Early studies have demonstrated that MHCI is a
direct transcriptional target of atRA.***” A recent study
also demonstrated that the therapeutic effect of atRA
on murine colon cancer is dependent on its ability to
directly up-regulate MHCI expression in tumour epithe-
lial cells, thereby rendering them susceptible to CD8*
T-cell-mediated killing.”® We also found that atRA
treatment could up-regulate MHCI expression in
B16F10 cells that are not transformed from epithelial
cells in a dose-dependent manner. Furthermore, atRA
could further amplify the ability of IFN-y to up-regu-
late MHCI expression in B16F10 cells. More impor-
tantly, we demonstrated that DLN cells from tumour-
bearing mice exhibited a significantly higher killing abil-
ity when cultured with atRA-treated B16F10 cells. These
results indicate that topical treatment with atRA could
up-regulate MHCI expression in BI6F10 cells, which in
turn makes them a better target of CD8" cytotoxic T-
cell killing.
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In summary, our study provides the evidence that topi-
cal treatment with atRA effectively inhibits murine mela-
noma growth, and indicates that the melanoma-
inhibitory effect of atRA is partly dependent on its ability
to promote anti-tumour CD8" T-cell immunity. Given
the fact that systemic administration of atRA has a risk to
cause retinoid toxicity, and topical atRA has long been
clinically used, our results suggest that topical application
atRA may be an effective and safe therapeutic strategy for
combination treatment of melanoma.
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Figure S3. Topical all-trans retinoic acid treatment has no
effect on tumour-infiltrating regulatory T cells and natural
Additional Supporting Information may be found in the killer cells.
online version of this article:

Figure S1. The efficiency of CD8" T-cell depletion.

Figure S2. All-trans retinoic acid at 10 pm induced apoptosis
of B16F10 cells.
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