ONCOIMMUNOLOGY
2025, VOL. 14, NO. 1, 2437211
https://doi.org/10.1080/2162402X.2024.2437211

Taylor & Francis
Taylor &Francis Group

BRIEF REPORT

8 OPEN ACCESS ’ M) Check for updates

Hyperdifferentiated murine melanoma cells promote adaptive anti-tumor immunity
but activate the immune checkpoint system
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ABSTRACT

Accumulating evidence suggests that phenotype switching of cancer cells is essential for therapeutic resis-
tance. However, the immunological characteristics of drug-induced phenotype-switching melanoma cells
(PSMCs) are unknown. We investigated PSMC elimination by host immunity using hyperdifferentiated mela-
noma model cells derived from murine B16F10 melanoma cells. Exposure of B16F10 cells to staurosporine
induced a hyperdifferentiated phenotype associated with transient drug tolerance. Staurosporine-induced
hyperdifferentiated B16F10 (sB16F10) cells expressed calreticulin on their surface and were phagocytosed
efficiently. Furthermore, the inoculation of mice with sB16F10 cells induced immune responses against tumor-
derived antigens. Despite the immunogenicity of sB16F10 cells, they activated the PD-1/PD-L1 immune
checkpoint system and strongly resisted T cell-mediated tumor destruction. However, in vivo treatment with
immune checkpoint inhibitors successfully eliminated the tumor. Thus, hyperdifferentiated melanoma cells
have conflicting immunological properties — enhanced immunogenicity and immune evasion. Inhibiting the
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ability of PSMCs to evade T cell-mediated elimination might lead to complete melanoma eradication.

1. Introduction

A major problem in cancer treatment is the development of
resistance to therapeutic agents. Cancer chemotherapy has
shifted from cytotoxic drugs to molecular-targeted drugs such
as kinase inhibitors." However, neither of these drug types can
eliminate all malignant cells and a small number of cells that
survive chemotherapy can lead to future clinical relapse.” The
survival of these cancer cells is conventionally understood to
result from genetic mutations in the cells.” Recently, it has
become clear that cancer cells without genetic mutations can
survive in a harsh environment by phenotype switching.’ Using
single-cell RNA sequencing, Rambow et al. analyzed minimal
residual lesion samples derived from melanoma patients.* They
found that melanoma phenotypes could be classified into four
cell states.* This classification was further subdivided into six
subtypes based on the expression of melanocyte differentiation
and neural crest stem cell (NCSC) marker molecules: hyperdif-
ferentiated, melanocytic, intermediate, starved, NCSC-like, and
undifferentiated, which is now considered the standard
classification.™® Targeted therapy induces phenotypic conver-
sion to the highly differentiated, starved, NCSC-like, and undif-
ferentiated types, and these phenotypes are known to be drug-
resistant.” These cells survive anticancer therapy and resume
proliferation when the effects of the drugs on the microenviron-
ment wane.’ Based on the above findings, measures to eliminate
multiple phenotypes of melanoma cells are needed to develop
more effective melanoma treatment protocols.
Immunotherapy, which stimulates the host immune system
using immune checkpoint blocking antibodies such as anti-PD

-1, has allowed significant advances in cancer treatment over the
past decade.” The anti-tumor immune response consisting of
several sequential components is known as the cancer immunity
cycle.® The first step in the cancer immunity cycle is for a cancer
cell to undergo immunogenic cell death (ICD), which is induced
by exposure to ionizing radiation and anthracycline anticancer
drugs.” Cancer cells that undergo ICD are phagocytosed by
antigen-presenting cells (APCs), a process that promotes the
maturation of APCs. APCs that have phagocytosed ICD cancer
cells and subsequently matured, present cancer cell-derived anti-
gens to lymphocytes. This sequential process induces an anti-
tumor lymphocyte response. In addition, it was recently reported
that cancer cells that have escaped cell death from damage caused
by cytotoxic agents become senescent via the irreversible arrest of
cell division, and these senescent cancer cells have immunogeni-
city similar to that of ICD cancer cells."” In this context, the
question arises whether drug-induced phenotype-switching cells
are recognized and eliminated by host immunity in the same way
as senescent cells whose cellular state has been permanently
altered, including the irreversible arrest of cell proliferation.
Phenotype switching has been reported in melanomas
treated with BRAF/MEK kinase inhibitors.” However, the
immunological characteristics of phenotypic switching mela-
noma cells (PSMCs) remain incompletely characterized. No
reports have examined immune responses to PSMCs using
immunocompetent animal models. In this study, we gener-
ated an experimental PSMC model using staurosporine,
a multi-kinase inhibitor. This model allows for the use of
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the traditional B16 murine melanoma cell line and several
established methods to study anti-tumor immunity. We gen-
erated hyperdifferentiated melanoma model cells derived
from BI6F10 cells and analyzed the anti-tumor immune
response against these cells to investigate their elimination
by host immunity.

2. Materials and methods
2.1. Animals, plasmids, and cells

C57BL/6] mice were purchased from Charles River Laboratories
Japan, Inc. (Yokohama, Japan). B6.Cg-Thyla/Cy Tg(TcraTcrb)
8Rest/] mice (Pmel-1)'" were originally purchased from The
Jackson Laboratory (Bar Harbor, ME, USA; JAX stock #005023).
Eight-to-12-week-old mice were used for all experiments. Mice
were housed in an appropriate animal care facility at Saitama
Medical University (Saitama, Japan) and handled according to
the international guidelines for experiments on animals. The
Animal Care and Use Committee of Saitama Medical University
(Saitama, Japan) approved the procedures for this study (approval
numbers 3740 and 3742).

B16F10 melanoma and RAW264.7 mouse macrophage cell
lines obtained from the American Type Culture Collection were
cultured in DMEM medium (Nacalai Tesque, Kyoto, Japan)
supplemented with 10% fetal bovine serum (FBS). The DC2.4
mouse dendritic cell line, provided by Dr. Takashi Imai (National
Institute of Infectious Diseases, Tokyo, Japan), was cultured in
RPMI1640 medium (Nacalai Tesque) supplemented with 10%
FBS. To generate B16F10 cells expressing the green fluorescent
protein, ZsGreen, the lentiviral vector pLVSIN-ZsGreen
(Clontech, Mountain View, CA, USA) was used. To generate
B16F10 cells expressing a fluorescent ubiquitination-based cell
cycle indicator (FUCCD)"? (B16F10-FUCCI), the retroviral vector
pMX-Venus-hGem-IRES-mKO-hCdt (a gift from Dr. Michio
Tomura, Osaka Ohtani University, Osaka, Japan) was used.
pLVSIN-deltaOVA was generated by inserting deltaOVA cDNA
from pcDNA3-deltaOVA (a gift from Drs. Sandra Diebold and
Martin Zenke; Addgene plasmid #64595; http://n2t.net/
addgene:64595.; RRID: Addgene 64595) into the EcoRI-
Xbal site of the pLVSIN-CMV-Pur vector (Clontech). Lentiviral
transduction was used to generate BI6F10 cells expressing
B16F10-ZsGreen (B16F10-ZsG) or ovalbumin (B16F10-OVA).
These viral vectors were used in accordance with the manufac-
turer’s instructions. In addition, B16F10-OVA were cultured
overnight in the presence of 100 U IFN-y and stained with a PE-
labeled monoclonal antibody that specifically reacts with the
ovalbumin-derived peptide SIINFEKL bound to H-2K® (25-D1.
16, BioLegend, San Diego, CA, USA). Then, B16F10 cells expres-
sing the H-2K"-OVA-peptide complex on the cell surface were
sorted by FACS using a FACSAria ITu (Becton Dickinson,
Franklin Lakes, NJ, USA). To generate PD-L1 knockout B16F10
(B16F10-PD-L1 KO) cells, Pdcd-1L1 CRISPR/Cas9 Knockout
Plasmid (Santa Cruz Biotechnology, Dallas, Tx, USA) was used.

2.2. Phenotype switching melanoma cell induction

B16F10 cells were plated in 6-well plates (2 x 10° per well) and
incubated overnight (18h). Staurosporine (100 ng/ml,

Alomone labs, Jerusalem, Israel) was then added to cultures
for 48 h to induce phenotype switching. An equal volume of
the solvent dimethyl sulfoxide was added to the control group.
After 48 hours, the medium was replaced with fresh complete
medium without the reagent. Staurosporine-treated phenotype
switching cells were analyzed 5-6 days after treatment.

2.3. In vitro phagocytosis assay

In vitro phagocytosis assays were performed as previously
described.”? Briefly, staurosporine-treated or untreated
B16F10-ZsGreen cells (B16F10-ZsG; 1 x 10°/well) were cocul-
tured with RAW264.7 or DC2.4 at a 1:1 ratio for 18 h. At the
end of the incubation, the cells were harvested and stained with
an Alexa 647-conjugated anti-mouse CD45 mAb (clone 30-
F11, BioLegend). Phagocytosis was assessed using a flow cyt-
ometer. Colocalization of Alexa647 and ZsGreen fluorescence
indicated the phagocytosis of tumor cells. Thus, the percentage
of ZsGreen™ CD45" cells among CD45" cells was determined
as the percentage of phagocytes engulfed tumors. This percen-
tage was used as an indicator of the avidity of tumor cells to be
phagocytosed.

2.4. Lymphocyte-mediated cytotoxic assay

Pmel-1 splenocytes were cultured in culture medium with
interleukin (IL)-2 (175 IU/ml in KBM550 medium, KOHJIN
BIO, Saitama, Japan) in the presence of H-2D"-restricted pep-
tide hgp100,5 33 (KVPRNQDWL) for 10 days and used as
activated effector cells. In vitro cytotoxicity assays were per-
formed as previously described.*

2.5. In vivo evaluation of the impact of PD-1 blockade on
tumor progression

Control or staurosporine-treated hyperdifferentiated B16F10-
OVA cells (1 x10°) were inoculated subcutaneously into the
left flank of mice. Anti-mouse PD-1 mAb (200 ug; clone
29F.1A12; BioXCell, West Lebanon, NH, USA) was injected
into the intraperitoneal cavity of mice 2, 4, 7, and 10 days
following tumor inoculation, and isotype-matched mAb (rat
IgG2a x; BioXCell) was administered intraperitoneally at the
same time. The tumor size (length x width x 3.14) was mea-
sured with a caliper every 2-3 days. Mice were sacrificed when
the tumor area reached 470 mm?” or when ulceration occurred.

3. Results

3.1. Melanoma cells that survive treatment with low
concentrations of staurosporine exhibit characteristics of
hyperdifferentiated cells

The murine malignant melanoma B16 line has been widely
used to analyze anti-tumor immune responses.'”'> On the
basis of this, we used the BI6F10 cell line as a model to
evaluate the immunological aspects of surviving cells
exposed to cytotoxic agents. We exposed B16F10 cells to
staurosporine in graduated dilutions and assessed cytotoxi-
city. We found cells survived at a staurosporine
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concentration of 0.1 ug/ml (Figure la). The staurosporine
sensitivity of 10 clones established from B16F10 cells was
examined. The results showed no significant differences in
the staurosporine sensitivity of the clones (Figure 1b).
Therefore, the cell survival described above is not an
expression of subclonal traits but a transient effect of the
cell line responding to a low dose of staurosporine. To
confirm cell survival, the fate of B16F10 cells exposed to
0.1 pug/ml staurosporine was monitored by time-lapse
microscopy, which revealed the survival of very few cells
(Movie S1). Phase contrast microscopy of surviving B16F10
cells 5days after staurosporine exposure showed that the
cells were enlarged and flattened, and some cells were also
multinucleated (Figure 1c). These features were reminiscent
of senescent cells. Furthermore, surviving cells had an
apparent accumulation of senescence-associated (-
galactosidase (Figure 1c).

Next, we evaluated DNA polyploidy in the surviving cells.
Compared with the findings in controls, there was an increase
in surviving cells with duplicated DNA content, and tetraploid
cells were also present (Figure 1d). The FUCCI assay'” showed
that the cell cycle of surviving cells was arrested at the G2 phase
in the presence of staurosporine. The removal of staurosporine
led to a shift from the G2 to GI1 phase, followed by a gradual
increase of cells in the G2 phase (Figure le). During the
transition from G2 arrest to G1 phase, we observed mitosis
slippage - a G2 to Gl transition without cell division
(Figure 1f, Movie S2). These features are similar to those of
senescent cells reported by Johmura et al.'®

Interestingly, surviving cells gradually resumed prolifera-
tion and appeared to have a morphology similar to that before
staurosporine exposure (Movie S3). The general definition of
a senescent cell is one with irreversible cell cycle arrest.'”
However, because B16F10 cells that survived staurosporine
exposure resumed proliferation, these cells do not fully meet
the definition of senescent cells. We re-treated repopulated
cells with staurosporine 15 days after the initial exposure. At
this point, remaining cells that had become larger, flattened,
and multinucleated following the first staurosporine exposure
were mixed with cells that had repopulated with morphology
similar to normal B16F10 cells (Figure 1g). The larger, multi-
nucleated cells survived the second staurosporine exposure,
but the repopulating cells were sensitive to staurosporine
(Figure 1g,h). Thus, the resistant trait that survived the initial
staurosporine exposure was considered transient and not
a permanent trait based on a genetic mutation.

Melanoma cells have different drug sensitivities depending
on their differentiation status.>® Therefore, we investigated the
differentiation status of surviving cells based on the expression
of differentiation marker molecules. Staurosporine-survivor
cells were devoid of nerve growth factor receptor (NGFR),
a marker molecule of dedifferentiation, and highly expressed
glycoprotein 100 (gp100), a marker molecule of melanocyte
differentiation (Figure 1i). This feature is consistent with
hyperdifferentiated melanoma cells (HMCs) tolerant to MAP
kinase inhibitors. This phenotype was also observed after four
repeated exposures to staurosporine, in which cells were repo-
pulated after exposure to staurosporine and then exposed to
staurosporine again (Figure 1j).
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3.2. Hyperdifferentiated melanoma cells upregulate MHC
class | and PD-L1

Abnormal cells are eliminated in vivo by cytotoxic
T lymphocytes (CTLs), and CTL cytotoxicity is based on the
recognition of antigens presented by major histocompatibility
complex (MHC) class I molecules. In contrast, immune check-
point molecules such as PD-L1 on the surface of target cells
attenuate immune cell-mediated cytotoxicity.'® To evaluate the
sensitivity of surviving cells to immunological elimination, we
examined the expressions of MHC class I and PD-L1 on the
surfaces of staurosporine-induced hyperdifferentiated B16F10
(sB16F10) cells. Compared with the solvent control B16F10
(cB16F10) cells, sB16F10 cells showed increased MHC class
Iand PD-L1 expressions (Figure 1k). These results suggest that
CTLs can recognize sB16F10 cells; however, PD-1-PD-L1
binding may allow sB16F10 cells to escape elimination by
activated CTLs.

3.3. Efficient phagocytosis of hyperdifferentiated
melanoma cells by APCs

The activation of tumor antigen-specific CTLs requires the
engulfment of tumor antigens by APCs such as dendritic cells
(DCs) and macrophages, and antigen presentation to T-cells by
activated phagocytes.® To investigate the possibility of HMCs
as a source of tumor antigens, we examined the susceptibility of
sB16F10 cells to phagocytosis.

The recognition of target cells for phagocytosis by DC and
macrophages requires the exposure of “eat me” signaling mole-
cules on the cells to be phagocytosed.® Therefore, we exam-
ined the exposure of calreticulin, an “eat me” signaling
molecule, on the cell surface of sB16F10 cells. Compared with
the findings in cB16F10 cells, calreticulin exposure was signifi-
cantly increased on sB16F10 cells (Figure 2a). Cocultures of
RAW?264.7 and DC2.4 cells showed that sB16F10 cells were
phagocytosed more efficiently than control B16F10 cells
(Figure 2b). Furthermore, the coculture of DC2.4 cells with
sB16F10s cells led to the enhanced expressions of CD40 and
CD86 on DC2.4 cells, indicative of APC activation (Figure 2c).
These results suggest that sB16F10 cells can be a source of
tumor antigens for the host immune system and that sB16F10-
derived antigens are potentially presented to the acquired
immune system.

3.4. Antigens derived from hyperdifferentiated
melanoma cells are recognized by the host T-cell immune
system

Next, we investigated the possibility of eliciting antigen-
specific T-cell responses to sB16F10-derived antigens in vivo.
To analyze antigen-specific T-cell responses, we established
a BI6F10-OVA cell line expressing ovalbumin (OVA) as
a model antigen and generated hyperdifferentiated B16F10-
OVA cells by staurosporine treatment (Figure 3a). The expres-
sion of the MHC class I-OVA peptide complex on the cell
surface was equivalent to that of the control and hyperdiffer-
entiated states (Figure 3b,c). Mice were then inoculated sub-
cutaneously with hyperdifferentiated B16F10-OVA cells or
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Figure 1. Characterization of melanoma cells surviving exposure to low dose staurosporine. (a) The percentage of viable cells 24 hours after exposure to staurosporine
was measured by MTT assay. Data are expressed as the mean = SD (n =4). (b) The sensitivity of cell populations derived from 10 subclones isolated from parental
B16F10 cells to 0.1 ug/ml staurosporine. (c) Morphological changes and senescence-associated B-galactosidase accumulation of surviving cells. Scale bars, 50 pm. (d)
DNA polyploidy in surviving cells. (e) The cell cycle of surviving cells was evaluated using a FUCCI probe. Percentages indicate the fraction of G1 or S/G2/M cells for
each day. (f) Representative images of mitosis slippage between days 2 and 3. Arrows indicate the timelapse images of the same cell. () Enlarged multinucleated cells
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Figure 2. Hyperdifferentiated melanoma cells are efficiently engulfed by phagocytes and promote phagocyte activation. (a) Calreticulin exposure on the cell surface.
A representative histogram (upper panel) and comparison of the mean fluorescent intensity between cB16F10 and sB16F10 cells. Data are shown as the mean = SD in
the panels (n =4 per group). Statistical significance was determined by Student’s t-test (****p < 0.0001). (b) Flow cytometric analysis of phagocytosis by DC2.4 and
RAW264.7 cells. Phagocytes were cocultured with cB16F10 or sB16F10 cells expressing ZsGreen. Representative flow cytometry plots and data quantification are
shown. Data are shown as the mean + SD in the panels (n =4 [DC2.4] or n =3 [RAW264.7] per group). Statistical significance was determined by Student’s t-test
(****p < 0.0001). (c) Flow cytometric analysis of CD40 and CD86 (an APC activation marker) expressions by DC2.4 cocultured with cB16F10 or sB16F10 cells.
Lipopolysaccharide (LPS) was used as a positive control. Representative flow cytometry plots and data quantification are shown. Data are shown in the panels as the
mean £ SD (n =3 per group). Statistical significance was determined by one-way ANOVA (**p < 0.01, ***p < 0.001, ****p < 0.0001, Dunnett's test).

present at the time of staurosporine re-exposure. Upper panel: before exposure. Lower panel: large multinucleated cells surviving 6 hours after exposure. (h) Recovery of
staurosporine sensitivity in cells that survived staurosporine exposure and repopulated. The upper panel shows the induction of cell death by initial exposure to
staurosporine and the lower panel shows the induction of cell death when repopulating cells were re-exposed to staurosporine. Right: comparison of the average
percentage of cell death between initial exposure and re-exposure (n = 3). (i) The expression level of gp100 and NGFR in control and staurosporine-exposed surviving
cells. Left: Representative FACS plot. Upper right: comparison of gp100 expression (n = 3). Lower right: comparison of the percentage of ngfr-positive cells (n = 3). (j) The
expression level of gp100 and NGFR in the first and fourth repeated staurosporine-exposed surviving cells. Left: Representative FACS plot. Right: comparison of gp100
expression (n = 3). (g) The expression levels of PD-L1 and MHC class | in control and staurosporine-exposed surviving cells. Left: Representative FACS plot. Upper right:
comparison of PD-L1 expression (n = 3). Lower right: comparison of MHC class | expression (n = 3).
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Figure 3. Hyperdifferentiated melanoma cells elicit antitumor immune responses. (a) Establishment of B16F10-OVA. Histograms show the cell surface expression of ova-
derived epitope peptide-mhc complexes. (b) and (c) comparison of the expressions of cell surface ova-peptide-mhc complexes in control and staurosporine-exposed
surviving B16F10-OVA cells. (d) and (e) an ELISpot assay was used to evaluate tumor-derived antigen-specific immune responses. Representative ELISpot images (d) and
data quantification (e) are shown. Data are shown as the mean + SD in the right panels (n =9 per group). Statistical significance was determined by one-way ANOVA
(****p < 0.0001, Dunnett’s test). (f) Establishment of a PD-L1 knockout B16F10 cell line. Histograms show the expression of PD-L1 on the cell surface of B16F10 cells
48 hours after culture in the presence of 100 U ifn-y. (g) Measurement of the immunological elimination of cB16F10 or sB16F10 cells by CTLs derived from pmel-1 mice
over time. The cell counts are shown relative to the initial time of measurement. (h) Altered susceptibility of sB16F10 cells to T cell mediated cytotoxicity in the presence
or absence of PD-L1. Data are shown as the mean =+ SD. Statistical significance was determined by Student’s t-test (***p < 0.001). (i) C57BL/6J mice were subcutaneously
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The effect of immune checkpoint inhibition on the tumor growth (j) and survival time (k) of tumor-bearing mice. In (k), the data were analyzed by log-rank test (***p <
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0.001). The images in (c) are from TogoTV (https://togotv.Dbcls.jp © 2016 DBCLS TogoTV, CC-BY-4.0 https://creativecommons.Org/licenses/by/4.0/deed.Ja).
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control BI6F10-OVA cells. Fifteen days after inoculation, we
harvested splenocytes, stimulated them with OV A antigen, and
performed an IFN-y ELISpot assay. Splenocytes producing
IFN-y in response to OVA epitope peptides were significantly
increased in mice inoculated with hyperdifferentiated B16F10-
OVA cells compared with the findings in mice inoculated with
control BI6F10-OVA cells (Figure 3d,e). These results suggest
that the immunogenicity of HMCs was enhanced. Thus, HMCs
might induce CTL immune responses against tumor-derived
antigens.

3.5. Hyperdifferentiated melanoma cells escape
CTL-mediated cytokilling via the PD-1/PD-L1 signaling
pathway

We examined whether tumor antigen-specific activated CTLs
eliminated HMCs. First, gp100-specific CTLs derived from
Pmel-1 mice were cocultured with sB16F10 or cB16F10 cells,
and the cytokilling of CTLs was monitored by live cell imaging.
gp100-specific CTLs killed most tumor cells when targeting
cB16F10 cells (Figure 3g and Movie S4). When sB16F10 cells
were used as the target cell, the CTLs did kill the target cells
(Figure 3g and Movie S5). To evaluate the influence of PD-L1
on the evasion of sB16F10 killing by CTLs, we performed the
same experiments as above using PD-L1 knockout (KO)
B16F10 cells (Figure 3f) as target cells. The results showed
that PD-L1-KO sB16F10 cells were eliminated by Pmel-1
CTL (Figure 3g and Movie S6). The CTL sensitivity of PD-L1-
KO sB16F10 cells was significantly higher than that of wild-
type sB16F10 cells, even under conventional CTL assay condi-
tions, in which effector cells and target cells were cocultured for
4 hours (Figure 3h). These results suggest that the PD-1/PD-L1
signaling pathway has a critical role in the immune escape of
HMCs.

3.6. Immune checkpoint blockade inhibits tumor
formation caused by hyperdifferentiated melanoma cells

We investigated the differences in tumor growth between
control and hyperdifferentiated melanomas in vivo using
a mouse transplantation tumor model. We also examined
tumor growth inhibition using an anti-PD-1 antibody,
which functions as an immune checkpoint inhibitor
(Figure 3i). When sB16F10 cells or cB16F10 cells were
implanted subcutaneously into mice inoculated with an iso-
type control antibody, palpable tumors developed in
sB16F10-transplanted mice compared with the findings in
cB16F10-transplanted mice (Figure 3j). However, the time
from tumor onset to death was 9.1 +2.85 days in cB16F10-
transplanted mice compared with 10.7£2.75days in
sB16F10-transplanted mice, which did not reach statistical
significance. This suggests that the delay in tumorigenesis of
sB16F10 cells represents the time it takes for growth-arrested
HMCs to resume proliferation in vivo. Finally, when using
hyperdifferentiated and control B16F10 cells, tumor develop-
ment was observed in all mice transplanted with tumor cells.

In cB16F10-transplanted mice, we observed a trend toward
slightly slower tumor progression in response to anti-PD-1
antibody treatment compared with that in response to isotype
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control antibody administration (Figure 3k). However, all mice
were euthanized because of tumor progression. In contrast, we
observed tumor development in only two of eight mice trans-
planted with sB16F10 cells and treated with anti-PD-1 anti-
body. Tumor progression was slower in the anti-PD-1-treated
sB16F10-transplanted mice than in the other groups (Figure 3j,
k). However, the tumor-bearing anti-PD-1-treated sB16F10-
transplanted mice all died before the tumor size reached the
endpoint for determining euthanasia (Figure 3j,k).

4. Discussion

The present study provides information about the immuno-
logical characteristics of certain types of HMCs that remain
in the cancer cell population after targeted therapy, leading
to cancer recurrence. Similar to our observations, the upre-
gulation of MHC class I and PD-L1 have been reported in
human melanoma cells following their hyperdifferentiation
upon exposure to BRAF inhibitors.”” An immunocompetent
mouse model with implanted tumors is beneficial when
investigating the impact of such hyperdifferentiated mela-
noma cells on the host immune system. However, experi-
mental  studies that mimic human melanoma
hyperdifferentiated cells are not easy because murine immu-
nogenic melanoma cell lines that respond to clinically-used
targeted drugs such as BRAFi/MEKIi are not a standard type
of cell line. Our results suggest how to overcome the above
challenges. Using mice inoculated with HMCs induced by
staurosporine, we observed the activation of HMC-derived
antigen-specific T cells. These results suggest that the immu-
nogenicity of HMCs was improved compared with those
before drug exposure. However, HMCs also had an
enhanced ability to evade elimination by T cells. This sug-
gested they might escape elimination by host immunity and
remain in vivo. We found that inhibiting the ability of HMCs
to evade elimination by T cells through immune checkpoint
inhibitory therapy using anti-PD-1 antibodies, led to the
elimination of HMCs. This elimination of HMCs by immune
checkpoint inhibition is reminiscent of the prolonged treat-
ment-free survival often observed in patients treated with
immune checkpoint inhibitors.*'

The cascade of effects of HMC elimination by immune
checkpoint inhibition begins with the priming of CD8"
T cells by APCs. The exposure of calreticulin, an “eat me”
signal, on the surface of cells undergoing apoptosis induced
by cytotoxic drugs is a well-known feature of immunogenic
cancer cell death.”” In the present study, exposure to stauros-
porine enhanced calreticulin exposure on the surface of live
HMC:s. This increased calreticulin exposure by living cells was
also reported for cancer cells undergoing cellular senescence.'’
The cells we observed were considered to be in a different
cellular state than senescent cells because their growth arrest
was not irreversible. Nonetheless, the increased calreticulin
exposure was similar to the findings of Marin et al. regarding
senescent cells.'® This calreticulin exposure induced by cyto-
toxic stress can render HMCs more susceptible to phagocytosis
by APCs, triggering the priming of CD8" T cells to HMC-
derived antigens.
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In the history of tumor immunology, numerous studies
have described the importance of immunogenic cell death as
an initiator of the anti-tumor immune response. However,
Sriram et al. demonstrated that damaged surviving cells were
more immunogenic by comparing the immunogenicity of dead
cells with that of damaged surviving cells.”>** Given the find-
ings of Sriram et al. as well as the activation of anti-tumor
immunity by senescent cells reported by Marin et al. as well as
our observations in this study, immunogenic cell death as well
as damaged surviving cells may have an essential role in trig-
gering immune responses against tumor cell-derived antigens.

As a result of phagocytosis by APCs, a variety of HMC-
derived antigens are incorporated into the host immune sys-
tem, leading to the priming of an acquired immune response
with a broad immune repertoire. The unleashing of this multi-
valent immune response by immune checkpoint inhibitors
may have led to the inhibitory tumor growth effect in vivo, as
shown in Figure 3j. The actual impact of the presence or
absence of HMCs on the abundance of the immune repertoire
is an exciting subject for future studies.

A more detailed immunological characterization of PSMCs
will provide the basis for a strategy to immunologically elim-
inate PSMCs, which is the key to therapeutic resistance.
Targeting melanoma phenotypic plasticity is an attractive strat-
egy that will ultimately reduce the emergence of therapeutic
resistance.
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