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Tyrosinase in melanoma inhibits anti-tumor
activity of PD-1 deficient T cells
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Abstract

Background Melanoma is one of the most commonly diagnosed malignancies and serves as a model for studying
immunotherapy. The B16 melanoma model, resembling human cold tumors that lack T cell infiltration and show mini-
mal response to PD-1 blockade, is widely used for studying melanoma and its resistance to immunotherapy. There-
fore, understanding the molecular basis that prevents T cell-mediated anti-tumor activity in B16 melanoma is of great
significance.

Results In this study, we generated tyrosinase knockout B16 melanoma cells using CRISPR/Cas9 and discovered

that tyrosinase in melanoma significantly inhibits the anti-tumor activity of T cells. Tyrosinase deficiency leads

to a 3.80-fold increase in T-cell infiltration and enhances T-cell activation within the tumor. Single-cell RNA sequenc-
ing reveals an altered cold tumor immunophenotype in tyrosinase-deficient B16 melanoma. In wild-type mice, T cells
in tyrosinase-deficient tumors express elevated levels of PD-1 and Foxp3. However, strikingly, in PD-1 deficient mice,
the loss of tyrosinase in B16 melanoma unleashes the anti-tumor activity of PD-1 deficient T cells. This enhanced anti-
tumor activity is explained by significantly increased tumor T cell infiltration accompanied by reduced frequencies

of regulatory T cells in PD-1 knockout mice.

Conclusions These findings suggest that targeting tyrosinase could convert cold tumors into an immune-responsive
state in vivo using murine models. Inhibiting tyrosinase could enhance the effectiveness of PD-1 blockade, offering
a new approach for melanoma patients who fail in current PD-1 inhibitor treatment.
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Background

Melanoma, an aggressive and dangerous form of skin
cancer, arises from the transformation of melanocytes,
the pigment-forming cells of the skin. Previous studies
have established that pigmentation influences the prog-
nosis and treatment response in melanoma. Melanin
pigmentation has been associated with reduced over-
all survival and disease-free survival in patients with
advanced melanoma stages [1]. The enzyme tyrosinase
(Tyr) plays a pivotal role in initiating melanin synthesis
within melanosomes. Previous genome-wide associa-
tion studies have identified associations between tyrosi-
nase genetic loci and melanoma risk, suggesting a link
with pigmentation-related genes [2]. Notably, reducing
systemic tyrosine levels has been shown to impede mela-
noma growth both in vitro and in vivo [3-5]. However,
the underlying mechanisms of melanin synthesis in can-
cer progression have not yet been elucidated.

In recent years, checkpoint inhibition immunotherapy,
particularly PD-1/PD-L1 blockades, has emerged as one
of the most successful strategies for cancer treatment,
functioning through the stimulation of the patient’s
immune system [6-9]. Although promising results from
early clinical trials suggest that anti-PD-1 therapy extends
survival among the current melanoma therapeutic agents
[10, 11], the efficacy of anti-PD-1 therapy remains vari-
able, particularly in patients with tumors demonstrating
low T cell infiltration and an immune-excluded pheno-
type [12, 13]. Therefore, a combination of complemen-
tary therapeutic strategies may have a better chance of
success.

The B16 mouse melanoma model is highly immu-
nosuppressive, with an immune-excluded tumor
microenvironment (TME) characterized by low T cell
infiltration, and blockade of the PD-1 pathway has no
evident anti-tumor activity, resembling the cold-tumor
immunophenotype observed in melanoma patients.
Previous studies indicated that the efficacy of PD-1
blockade was largely confined to patients with tumors
that have robust baseline T cell infiltrates [14, 15]. In
our study, we utilized the CRISPR/Cas9 system to gen-
erate tyrosinase knockout (KO) B16 melanoma cells
and discovered that tyrosinase significantly inhibits
the anti-tumor activity of T cells in melanoma. Single-
cell RNA sequencing (scRNA-seq) and flow cytometry
analyses revealed an altered cold-tumor immunophe-
notype in tyrosinase-deficient B16 melanoma, charac-
terized by increased T cell infiltration and activation
within the tumor microenvironment. Remarkably, the
T cells infiltrating tyrosinase-deficient tumors exhib-
ited an exaggerated expression of PD-1 and Foxp3,
which are critical markers associated with T cell
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exhaustion and regulatory T cell function, respectively.
Our further research showed that the loss of tyrosinase
in B16 melanoma enhances the anti-tumor potential of
PD-1-deficient T cells, as evidenced by increased tumor
T cell infiltration and reduced regulatory T cell (Treg)
frequencies in PD-1 knockout mice.

Collectively, our study provides compelling evidence
that tyrosinase in melanoma plays a crucial role in
inhibiting the anti-tumor activity of PD-1-deficient T
cells, revealing a novel mechanism by which tyrosinase
contributes to the suppression of anti-tumor immu-
nity in cold tumors with an immune-excluded micro-
environment. Targeting tyrosinase in melanoma could
enhance the anti-tumor response when T cell exhaus-
tion from PD-1 is blocked, providing a promising target
for immunotherapy.

Results

Generation of Tyr knockout B16 melanoma cells by CRISPR/
Cas9

Tyrosinase plays a critical role in regulating the early
stages of melanin synthesis by catalyzing the initial two
steps in melanin biosynthesis, which involve the ortho-
hydroxylation of L-tyrosine and the oxidation of L-DOPA
[16]. However, its implication in cancer progression and
prognosis has not been elucidated. Analysis of data from
The Cancer Genome Atlas (TCGA) reveals elevated Tyr
expression in Skin Cutaneous Melanoma (SKCM) tumor
samples compared to normal skins, indicating an evi-
dent involvement of Tyr in SKCM in humans (Fig. 1A).
An important finding is the correlation between high
Tyr expression and reduced overall survival in SKCM
patients (p< 0.05) (Fig. 1B), suggesting the potential of
Tyr as a prognostic marker for the disease. In our study,
CRISPR/Cas9 technology was employed to disrupt the
Tyr gene in B16-F10 melanoma cells, a well-established
murine melanoma cell line. Guide RNAs were specifi-
cally designed to target exon 1 of the mouse Tyr gene
(ENSMUST00000004770.6) (Fig. 1C). Plasmids contain-
ing the Cas9 nuclease and single guide RNAs (sgRNAs)
were introduced into cells along with two fluorescent
reporters, ECFP and DsRed2, to aid in the identification
and sorting of successfully edited cells as described in
the Material and Methods section. Mutant clones were
isolated and validated by PCR and three independent
clones were used for further experiments, namely ClI,
C2 and C3 (Fig. 1D). Sanger sequencing further validated
deletions of Tyr gene which affected the protein coding
sequence in three distinct clones (Additional file 1: Fig.
S1). A remarkably visible result from the Tyr gene knock-
out is an obvious change in pigmentation of the B16-F10
cells, indicating disruption of melanin synthesis (Fig. 1E).
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Fig. 1 Generation of Tyr knockout B16 melanoma cells by CRISPR/Cas9. A Elevated Tyr expression in SKCM tumor tissues compared to normal
tissues. The data were obtained from the GEPIA2 database (http://gepia2.cancer-pku.cn). T: SKCMtumor tissues, N: Normal tissues. (*p < 0.05). B
Analysis of the correlation between Tyr expression and clinical prognosis in SKCM patients, indicated by overall survival rates from the GEPIA2
database. C lllustration of sgRNA sequences targeting Tyr gene in B16-F10 cells. A visual depiction of the three guide RNA sequences designed

to target exon 1 of the Tyr gene in B16-F10 cells is presented in this schematic. The protospacer adjacent motifs (PAMs) are highlighted in red. D
Identification of Tyr knockout clones in B16-F10 cells through PCR screening. The three deletion clones are identified as C1, C2, and C3. M referred
to the DNA size marker, WT referred to the wild-type B16-F10 control, and H,O was used as a negative control for PCR amplification. E Visual
comparison of pigmentation in wild-type (WT) and Tyr knockout (KO) B16-F10 cells
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Tyrosinase deficiency turns B16 melanoma

from cold-tumor into hot-tumor

Using the Tyr KO cells, we first aimed to evaluate the
effects of Tyr deficiency on tumor progression by graft-
ing wild-type (WT) B16-F10 and Tyr~'~ B16-F10 cells
to genetically identical C57BL/6 (B6) mice. After four-
teen days, we observed a change in the pigmentation of
tumors grown from the mixture of three Tyr KO clones
(Fig. 2A), which was consistent with the in vitro cell
line findings (Fig. 1E). Additionally, the Tyr~'~ B16-F10
cells exhibited a significantly reduced tumor mass com-
pared to the WT cells (Fig. 2B). To further explore the
impact of Tyr KO on the TME, we used single-cell RNA
sequencing to analyze sorted CD45" cells in tumors
from WT or KO melanoma (Additional file 1: Fig. S2).
CD45" tumor-infiltrating immune cells were isolated
and analyzed using BD Rhapsody scRNA-seq technol-
ogy. A total of 8, 658 cells (4,198 in KO and 4,460 in
WT cells) from pooled samples of three mice in each
group were analyzed using SeqGeq.

Our analysis identified 14 distinct cellular clusters
within the tumors, including macrophages (cluster
1-4), CD4* T cells (cluster 5), neutrophils (cluster 6),
conventional dendritic cells (cDCs, cluster 7), natu-
ral killer cells (NK, cluster 8), granulocytes (cluster 9),
CD8* T cells (cluster 10), B cells (cluster 11), dendritic
cells (DCs, cluster 12), tumor cells (cluster 13), and
plasmacytoid dendritic cells (pDCs, cluster 14) (Fig. 2C,
Additional file 1: Fig. S3). Notably, tumors derived from
Tyr~/~ B16-F10 cells exhibited distinct immune cell
infiltration compared to those derived from WT B16-
F10 cells, characteristic of an increase in CD4*" and
CD8* T cells (Fig. 2D). We also conducted flow cytom-
etry analysis to validate the findings from scRNA-seq
(Fig. 2E), and found a significantly higher number of
CD45% immune cells within Tyr™/~ B16-F10 tumors
(Fig. 2F). In Tyr~/~ B16-F10 tumors, T cells made up
12.08% of all tumor-infiltrating immune cells, totaling
1.72 million T cells per gram of tissue, 3.80-fold higher
than T cell numbers in WT B16-F10 tumors (Fig. 2G,
I). Additionally, the cell numbers of both CD4* and
CD8" T cells also increased significantly in Tyr~/~
tumors (Fig. 2I), while the overall percentages and the
cell numbers of CD11b™" remained unaffected (Fig. 2H,
J). Our findings validate that the deficiency of tyrosi-
nase in B16-F10 melanoma led to a reduction in tumor
weight and changes in immune cell infiltration, notably
an increase in T cells within the tumor. Our research
indicates that tyrosinase exerts a notable impact on the
TME, particularly in converting “cold tumors” into a
more immune-responsive state.
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Tyrosinase in B16 melanoma prevents expression of PD-1
and Foxp3 in tumor infiltrating T cells

After observing a notable rise in the quantity of T cells
in tyrosinase-deficient tumors in comparison to controls,
we proceeded to analyze the immune checkpoint mol-
ecules on T cells within the tumors. As shown in Fig. 3A,
we analyzed the T-cell phenotype in Tyr™'~ tumors and
WT controls. Notably, tyrosinase deficiency in tumor
increases the expression of PD-1 in both CD4" and CD8"*
T cells, with a more dramatic increase in CD8' T cells
from 25.67% to 47.22% (Fig. 3B, C). In the Tyr_/_ tumors,
the flow cytometric analysis revealed a higher percentage
of CTLA-47" cells in both CD4* and CD8" T cell popula-
tions, compared to the WT tumors (Fig. 3D, E). Consid-
ering the dominant roles of Tregs in immune tolerance,
we subsequently analyzed the Tregs in Tyr”'~ and WT
tumors. Strikingly, the average frequency of Foxp3™ cells
was 29.46% in CD4* T cells, representing a 2.24-fold
increase in Tregs in Tyr~/~ tumors compared to WT con-
trols (Fig. 3F). Tyrosinase deficiency increases numbers
of tumor infiltrating T cells, and increases expression of
PD-1 and CTLA-4, which therefore targeting of tyrosi-
nase may strengthen the therapeutic efficacy when block-
ade of immune checkpoint molecules is applied.

Tyrosinase deficiency significantly increases production
of effector cytokines in tumor infiltrating T cells
Data above show elevated numbers of tumor infiltrat-
ing T cells and PD-1 expression in tyrosinase-deficient
tumors. To gain a deeper understanding of the tran-
scription factor and cytokine response program in these
tumors, we performed Quantitative real-time PCR
(g-PCR) analysis on total mRNAs extracted from tumor
to quantify the expression levels of hallmark genes. The
gene expression data illustrated upregulation of Tbx21,
Nr4al, TNF-a and IFN-y in tyrosinase-deficient tumors,
as depicted in Fig. 4A. Nr4al is a key transcription fac-
tor that dominates expression of PD-1 [17, 18], and our
finding that Nr4al mRNA displayed 1.79-fold increase in
tyrosinase-deficient tumors was in line with the signifi-
cantly elevated co-inhibitory molecule PD-1. The effector
cytokines IFN-y and TNF-q, crucial in T cell responses
against tumor [19], exhibited over a 15-fold increase in
tyrosinase-deficient tumors. Tbx21, a master transcrip-
tion factor governing IFN-y production [20], was 15.51-
fold higher in Tyr™'~ tumors compared to W'T tumors.
Furthermore, we analyzed the gene expression pro-
files of T cells corresponding to Cluster 5 and Cluster 10
in Tyr~'~ and control tumors using scRNA-seq data as
described above. T cells were visualized based on CD3
expression in the ¢-SNE cluster map generated by Seurat
through unsupervised clustering analysis, which included
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Fig. 2 Characterization of tumor-infiltrating immune cells in WT and Tyr”~ B16-F10 melanoma model. A Representative images of WT and Tyr ™~

B16-F10 tumors from female C57BL/6 mice on day 14. B The weight of WT and Tyr = B16-F10 tumors on day 14. C The immune infiltration profiling
in WT and Tyr”~ B16-F10 tumors through scRNA-Seq. CD45" immune cells from WT and Tyr~ B16-F10 tumors were sorted and analyzed. Pooled
samples from three mice per group were used. Dimensionality reduction was done with the -SNE algorithm and cell clustering using Seurat.

Each cluster was denoted a unique color. t-SNE, t-distributed stochastic neighbor embedding. D Proportions of different immune cell types in WT
and Tyr”~ B16-F10 tumors. E Gating strategy for tumor-infiltrating immune cells, including CD11b* cells and T cells, in WT and Tyr /= B16-F10
tumors. Cells were gated based on CD45%, CD11b*, CD19%, CD3* TCR-B*, CD4*, and CD8* markers. F Quantification of tumor-infiltrating CD45* cells
inWT and Tyr’/’ B16-F10 tumors. G The proportion of T cells, CD4* T cells and CD8* T cells among tumor-infiltrating CD45™" cells in WT and Tyr ™~
B16-F10 tumors. H Proportion of CD11b* cells among tumor-infiltrating CD45* cells in WT and Tyr/~ B16-F10 tumors. I-J Cell counts of T cells, CD4*
T cells, CD8* T cells (I), and CD11b™ cells (J) per gram of tissue in WT and Tyr’/’ B16-F10 tumors. Data are presented as mean + SEM (WT tumors, n=
9; Tyr/~ tumors, n= 8 or 9). All data are pooled from two independent experiments. Statistical significances were calculated using Student’s t-test (*
p<0.05;** p< 0.01; ** p< 0.001; ns, not significant)



Huang et al. BMC Biology =~ (2025) 23:135 Page 6 of 15
A cD45* Lin” CD5*TCRB* B cp4a* cps*
. 55.1 15.5 294 c
< S 61.2 40 * 80 *
21 270 /A |8 3 Q a a N R
WT 3 A o o wr g a kS o -
% O o o
: @ 25.8 30 60 o
i i i
a o 8 40
o
520 201 o 2 o
= g g
/- 36.8 : o2 - i/ 10 i’ 20
Tyr Tyr a a
& 0 & 0
Tin TERB b o6 O wr o Tyrh
D cp4* cog* F cp4*
16.8 1.67 E - .
3 3 50 o = 50
wr 3 : 2 5 .
& ) 2 2 40 wr & 2 40 )
8 8 ° ) S
I+ S+ wF 30
<+ < + 30 D+
23 28 88
476 287 0o 00 20 Lo 20 o
5 5 o bt
Tyr‘/ - @ @ & E\i 10 i\o, 10
Z Tyr/-
0 Y 0
WT  Tyr/-
/-
o ) O wr O Tyr

Fig. 3 Enhanced PD-1 and Foxp3 expression in tyrosinase-deficient tumors T Cells. A-B Flow cytometric analysis of PD-1 expression in WT

and Tyr/~ tumors. Cells were firstly gated on CD45" and Lin™ (CD19, CD11b, NK1.1, Ly6G), then further gated on CD5" TCR-B¥, CD4*, and CD8*
cells. C Percentage of PD-1* cells within CD4* and CD8* T cells in WT and Tyr/~ B16-F10 tumors. D-E Flow cytometric analysis of PD-1 expression
inWT and Tyr™~ tumors. Proportion of CTLA-4* cells within CD4" and CD8* T cells in WT and Tyr™~ B16-F10 tumors (E). F Flow cytometric analysis

of Foxp3 expression in WT and Tyr ™/~

tumors. Histograms on the right show the proportion of Foxp3 in CD4* T cells in WT and Tyr ™~ tumors. Data

are presented as mean +SEM (WT tumors, n= 6;Tyr’/’ tumors, n=5). All data are representative of two independent experiments. Statistical
significances were calculated using Student’s t-test (* p < 0.05; ** p< 0.01; *** p< 0.001)

gated CD4" and CD8" T cell populations (Figs. 2C and
4B). Marker genes for CD4 (cluster 5) and CD8 (clus-
ter 10) are listed in the supplementary file (Additional
file 1: Fig. S3). In CD4™ T cells, Tyr™'~ tumors exhibited
increased expression of the transcription factors Nr4al,
Tbx21, and IL-2, with no obvious differences in TNF-a
and IFN-y expression compared to control tumors
(Fig. 4C). We did not find obvious changes in expression
of such genes in CD8" T cells (Fig. 4D), which is probably
due to the scarcity of CD8* T cells analyzed. Our find-
ings demonstrate that tyrosinase-deficient tumors exhibit
elevated levels of T cells and PD-1 expression, along with
upregulation of key transcription factors and cytokines
involved in T cell responses. At single-cell level, we found
in CD4% T cells increased expression of Nr4al, Thx21,
and IL-2 in tyrosinase-deficient tumors.

To investigate the direct interaction between tyrosi-
nase sufficient and deficient melanoma cells and T cells,
we performed in vitro co-culture assays. T cells were

(See figure on next page.)

co-cultured with B16-F10 cells, including WT, Tyr KO,
and Tyr knock-in (KI) cells which was a genetic rescue on
the background of tyrosinase knockout and resulted in
fully restored tyrosinase expression in Tyr-deficient B16-
F10 melanoma cells (Additional file 1: Fig. S4). Remark-
ably, q-PCR analysis revealed that Tyr KO cells induced
1.62 to 2.65-fold higher expression of Tbx21, Nr4al,
TNF-a and IFN-y in T cells compared to WT controls,
but strikingly such effects were totally abolished in the
Tyr KI cells (Additional file 1: Fig. S5). These findings
suggest that tyrosinase is critical in suppressed T cell
activation.

Loss of tyrosinase in B16 melanoma unleashes T
cell-mediated tumor immunity of PD-1 deficient mice

In both animal models and human patients, the thera-
peutic effects of immune checkpoint molecule blockade
depend on the levels of these molecules expressed by T
cells. In our study, we observed that tyrosinase deficiency

Fig. 4 Altered cold-tumor immunophenotype revealed by single-cell RNA sequencing in tyrosinase-deficient B16 melanoma. A g-PCR analyses
of Tbx21, Nr4a1, TNF-a and IFN-y mRNAs in WT and Tyr”~ B16-F10 tumors (WT tumors, n= 5; Tyr /= tumors, n= 5). Each point represents the mean
value obtained from two replicates for an individual mouse. Statistical significances were calculated using Student’s t-test (* p< 0.05; ** p< 0.01). B

The expression levels and distribution of CD3 in WT and Tyr”/~

tumors demonstrated by t-SNE. C t-SNE visualization of the expression of IL-2, Tbx21,

Nrdal, TNF-a, and IFN-y in CD4 cells (cluster 5). D t-SNE visualization of the expression of IL-2, Tox21, Nr4a1, TNF-q, and IFN-y in CD8 cells (cluster 10)
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Fig. 4 (Seelegend on previous page.)
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led to elevated T cell numbers and elevated PD-1 expres-
sion in CD4* and CD8" T cells. The primary objective of
our research was to investigate whether loss of tyrosinase
could unleash T cell-mediated tumor immunity of PD-1
deficient mice. Pdcd1-deficient C57BL/6 mice were gen-
erated using CRISPR/Cas9 targeting the Pdcdl gene and
the knockout mice were validated by loss of surface PD-1
expression in FACS experiments, as described in our pre-
vious study [21].

Subcutaneous injection of tyrosinase sufficient Tyr*/*
B16-F10 melanoma cells into syngeneic C57BL/6 W'T
mice and B6 Pdcdl™'~ mice led to the formation of
largely comparable tumor weight in both groups of mice
(Fig. 5A). Further analysis of tumor-infiltrating immune
cells showed no significant differences in cell numbers
of T cells within the tumors of Pdcdl™'~ mice com-
pared to the B6 WT controls (Fig. 5B). Additionally, the
numbers of CD45" cells, including CD4* and CD8" T
cells, remained unchanged (Additional file 1: Fig. S6).
Our results were consistent with findings from previ-
ous studies [22-24]. In our study, we did not observe
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any significant changes in the frequencies of CTLA-4
(Fig. 5C, D) and Foxp3 (Fig. 5E, F) expressing T cells in
tumor, when we compared B6 WT mice and PD-1 knock-
out mice following engraftment of tyrosinase sufficient
B16-F10 tumor cells.

In tyrosinase-sufficient Tyr*/* tumors, T cells in
Pdcd1™'~ mice did not demonstrate improved ability to
inhibit tumor growth compared to B6 WT mice. Hence,
it was of interest to investigate if tyrosinase deficiency
could unleash the anti-tumor potential of Pdcdl™'~ T
cells. Tyr™'~ B16-F10 cells transplanted subcutaneously
into both Pdcd1~'~ mice and B6 W'T control mice. Inter-
estingly we first found that the weight of Tyr™'~ tumor
was significantly reduced in Pdcd1~'~ mice compared to
the B6 controls (Fig. 6A). This reduction was associated
with a significant increase in T cell infiltration (Fig. 6B,
Additional file 1: Fig. S7), indicating that tyrosinase defi-
ciency was able to boost T cell response in Pdcd ™'~ mice.
Analysis of tumor-infiltrating T cells showed a significant
decrease of CTLA-4 expressing CD4" T cells in tumors
from Pdcdl™'~ mice compared with B6 mice (Fig. 6C,
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Fig.5 The effects of PD-1 blockade on tumor growth and T cells in Tyr"”* B16-F10 tumors. A The tumor weight of Tyr*’* B16-F10 cell grafted
Pdcd17/~ and B6 mice. B Quantification of tumor-infiltrating T cells by flow cytometry in Tyr™* B16-F10 tumors from Pdcd 1™~ and B6 mice. C
Representative flow cytometry analysis of CTLA-4" cells in Tyr*’* B16-F10 tumors from Pdcd1~'~ and B6 mice. Cells were identified based on CD45",
TCR-B*, CD4*, and CD8* markers. D Quantification of the frequency of CTLA-4* cells within CD4* and CD8* T cells in Tyr*/* B16-F10 tumors

from Pdcd 1™~ and B6 mice. E-F Flow cytometric analysis of Foxp3 expression in Tyr/* B16-F10 tumors from Pdcd 1™~ and B6 mice. Proportion

of Foxp3 in CD4* T cells onyr*/* B16-F10 tumors from Pdcd 1™~ and B6 mice (F). Data are presented as mean +SEM (B6 mice, n=6; Pdcd1™"~ mice,
n= 8). Statistical significances were calculated using Student’s t-test (ns, not significant)
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D). Surprisingly, in Tyr~'~ tumor, there was a notable
decrease in Foxp3* Tregs in Pdcdl™'~ mice compared
with B6 controls (Fig. 6E). Furthermore, elevated expres-
sion of Tbx21, TNE-a, and IEN-y was found in Pdcd1™/~
mice (Fig. 6F). From our experiments comparing T cell
response in Pdcdl~~ and WT mice using Tyr~/'~ tumor,

we found that tyrosinase deficiency could unleash the
anti-tumor potential of Pdcd1™~ T cells (Fig. 7).

To directly assess the impact of tyrosinase deficiency on
anti-PD-1 therapy, we performed in vivo PD-1 blockade
experiments using anti-PD-1 antibodies in mice bearing
WT and Tyr~/~ B16-F10 tumors. In WT tumors, PD-1
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~/~ tumor, the tumor weight is significantly reduced

in Pdcd1™'~ mice compared to the B6 WT controls. This reduction is associated with a significant increase in T-cell infiltration and a decrease in Treg

frequencies in the Pdcd1™~ mice

blockade failed to reduce tumor weight (Additional file 1:
Fig. S8A) or alter T cell infiltration (Additional file 1:
Fig. S8B-F). Strikingly, in Tyr~~ tumors, PD-1 antibody
treatment significantly suppressed tumor weight (Addi-
tional file 1: Fig. S9A), accompanied by increased T cell
infiltration (Additional file 1: Fig. S9B), reduced CTLA-4
expression (Additional file 1: Fig. S9C-D), and decreased
Foxp3™ Tregs (Additional file 1: Fig. S9E). These data
demonstrate that tyrosinase deficiency sensitizes mela-
noma to PD-1 blockade treatment.

Discussion

Melanoma, a type of cancer arising from melanocytes,
ranks among the most commonly diagnosed malignan-
cies. Despite the success of immunotherapies targeting
checkpoint molecules such as PD-1 in treating a part of
melanoma patients, the phenomena of immune toler-
ance and resistance to immunotherapy warrant further
investigations. In particular, the molecules expressed by
cancer cells that suppress T cell responses remain only
partially understood, highlighting the need for a deeper
exploration into the molecular basis of these processes.
Our analysis of TCGA data has revealed a significant
link between increased Tyr expression in human mela-
noma and diminished overall survival rates. This find-
ing implies that elevated levels of tyrosinase play a role
in disease progression and a less favorable prognosis in
melanoma. Despite this insight, the specific mechanisms
through which tyrosinase influences cancer progression
remain to be fully understood.

In our study, we investigated the influence of tyrosi-
nase on melanoma progression and its modulation of the
TME. By employing CRISPR/Cas9 to eliminate tyrosi-
nase in B16-F10 melanoma cells, we observed a reduc-
tion in tumor growth, heightened T cell infiltration,
increased expression of immune checkpoint molecules
such as PD-1 and CTLA-4, and elevated levels of effec-
tor cytokines. Particularly notable was the synergistic
effect of tyrosinase deficiency and PD-1 knockout, which
boosted the anti-tumor immune response. Our findings
highlight the immunomodulatory role of tyrosinase in
melanoma by revealing that its deficiency unleashes the
anti-tumor potential of PD-1 deficient T cells.

The TME within melanomas plays a critical role in
disease progression, being categorized as either “cold”
or “hot” based on T cell infiltration levels [25]. In our
investigation, the ablation of tyrosinase in B16-F10
melanoma cells converted a “cold” tumor into a “hot”
tumor, characterized by enhanced infiltration of CD4*
and CD8" T cells, as confirmed through single-cell
RNA sequencing and flow cytometry analyses. Further-
more, the deficiency of tyrosinase led to upregulation
of the proinflammatory cytokines IFN-y and TNF-q,
with Tbx21, a key transcription factor regulating IFN-y
production [20], being upregulated in tyrosinase-defi-
cient tumors, supported by q-PCR and single-cell RNA
sequencing data. The heightened expression of these
proinflammatory cytokines aids in the activation of
effector immune responses [26], thereby facilitating the
transition of immunologically “cold” tumors into “hot”
tumors. NR4 A transcription factors, especially Nr4al,
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are crucial in inducing T cell exhaustion in cancers,
especially in CD8" tumor-infiltrating lymphocytes in
human melanoma where Nr4al’s expression correlates
positively with PD-1 levels [18, 27]. Genetic research
has pinpointed Nr4al as a pivotal driver of T cell dys-
function by boosting inhibitory receptors like PD-1 and
influencing Treg development through enhanced Foxp3
expression [17, 28, 29]. Deletion of Nr4al and Nr4a2
has been shown to weaken the suppressive functions of
tumor-infiltrating Tregs, highlighting the significance
of NR4 A transcription factors in Treg-mediated immu-
nosuppression within the TME [30]. Our study on
tyrosinase-deficient tumors reveals heightened expres-
sion levels of PD-1 and Foxp3 in T cells. Using q-PCR
and scRNA-seq analyses, we observed a significant
upregulation of Nr4al within the TME. In this study,
our findings demonstrate that tyrosinase-deficient mel-
anoma exacerbates the expression of PD-1 and Tregs,
potentially due to the increased of transcription factors
like Nr4al.

Our in vitro co-culture assays provide direct evidence
that the presence of tyrosinase in melanoma suppresses
T cell activation. This conclusion is further supported
by the completely reversed cytokine profiles observed
in Tyr KI co-cultures, which highlights the specificity of
tyrosinase’s function in this process. To consolidate our
findings observed from tyrosinase deficient melanoma,
we performed a genetic knock-in experiment to restore
expression of tyrosinase on the background of Tyr defi-
cient melanoma cells. Our results showed that restored
expression of tyrosinase abolished the enhanced T cell
activation in Tyr deficient cells, thereby confirming the
specific role of tyrosinase in regulating T cell responses.
It is noteworthy that future studies are valuable to extend
these findings to models on diverse genetic backgrounds
and human cellular models.

Previous research has demonstrated that melanogen-
esis can contribute to resistance to various therapies,
including chemotherapy and radiotherapy, in human
melanoma. While there is extensive knowledge on tyrosi-
nase’s involvement in melanin biosynthesis and mela-
noma susceptibility [31, 32], as well as the impact of the
PD-1 pathway on T cell activation and exhaustion. The
overall effect and relationship between tyrosine and PD-1
checkpoint inhibition immunotherapy have not been
thoroughly investigated. Our research has revealed that
the loss of tyrosinase in B16 melanoma enhances the
anti-tumor potential of PD-1-deficient T cells, leading to
3.80-fold increase in tumor T cell infiltration and a sub-
stantial reduction in Treg frequencies in PD-1 knockout
mice. The study introduces a novel discovery highlight-
ing that tyrosinase deficiency can unleash the anti-tumor
capabilities of Pdcdl™'~ T cells, as evidenced by our
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comparisons of T cell responses in Pdcdl™'~ and WT
mice bearing Tyr-deficient cells.

The in vivo PD-1 blockade experiments further validate
the therapeutic potential of targeting tyrosinase. While
PD-1 inhibition failed in WT tumors, its remarkable effi-
cacy in Tyr~/~ tumors demonstrates that tyrosinase defi-
ciency converts immunologically “cold” melanomas into
“hot” tumors responsive to checkpoint inhibition. This
synergism mirrors clinical observations where combina-
tion therapies targeting tumor-intrinsic immunosuppres-
sive pathways enhance immune checkpoint inhibitors
efficacy [33]. Our data suggest that tyrosinase inhibitors
could serve as adjuvants to overcome resistance in PD-1
blockade-refractory melanoma patients.

Our findings demonstrate that tyrosinase deficiency
remodels the tumor microenvironment, converting
“cold” melanomas into “hot” tumors responsive to PD-1
blockade. However, the clinical application of these
results must consider the heterogeneity of melanoma
subtypes. Notably, amelanotic melanomas, which lack
pigmentation, are associated with increased aggressive-
ness and poorer prognoses compared to their pigmented
counterparts. A recent spatial transcriptomic study of
acral melanomas revealed distinct molecular charac-
teristics in amelanotic tumors, including heightened
translational reprogramming and immune evasion sig-
natures [34]. These findings underscore the necessity of
stratifying melanoma patients based on subtype-specific
molecular profiles when developing combination thera-
pies. Importantly, given the multifaceted roles tyrosinase
may play beyond melanin synthesis, further exploration
of its additional functions and mechanisms in the tumor
microenvironment and immune regulation is warranted
and could yield even more comprehensive insights for
cancer therapy.

Conclusions

These findings suggest that targeting tyrosinase could
convert cold tumors into an immune-responsive state
in vivo using murine models. Inhibiting tyrosinase could
enhance the effectiveness of PD-1 blockade, offering a
new approach for melanoma patients who fail in current
PD-1 inhibitor treatment.

Methods

Animals

Female B6 mice aged 8 weeks were purchased from Bei-
jing Vital River Laboratory Animal Technology Co., Ltd.
Pdcd1™'~ mice on the B6 background were prepared
according to our previous study [21]. The mice were
housed under specific pathogen-free conditions with
free access to food and water. All animal procedures were
performed in accordance with the guidelines approved



Huang et al. BMC Biology =~ (2025) 23:135

by the animal care committee at Xinxiang Medical
University.

Cell culture

Murine melanoma B16-F10 cells were obtained from the
Cell Bank of the Chinese Academy of Sciences (Shang-
hai, China). B16-F10 cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum
(FBS) and maintained in a humidified incubator at 37
°C with 5% CO,. When cell confluence reached approxi-
mately 80%, B16-F10 cells were detached using a trypsin—
EDTA (0.25%) solution (Thermo Fisher Scientific) and
collected.

Generation of knockout cell lines

To generate gene-specific deletion using the CRISPR/
Cas9 system, three sgRNAs targeting the Tyr gene were
designed and cloned into the CRISPR-expression vec-
tors pX458-DsRed2 and pX458-ECFP, which contained
fluorescent reporters for single-cell sorting [35, 36].
The specific target site for the Tyr gene (Gene ID: ENS-
MUSGO00000004651) was identified using the mouse
genome database Ensembles (http://asia.ensembl.org).
Using the online design software CRISPOR (http://crisp
or.tefor.net/crispor.cgi), three sgRNAs (sgRNA1:5 -CTG
CCTGAA AGCTGGCCGCAGGG-3; sgRNA2:5 -CGG
TCATCCACCCCTTTGAAGGG-3; sgRNA3:5 ‘-CAA
GAAATTCGAGAACTAACTGG-3’) were designed and
synthesized.

For transfection, a Neon® Transfection System
(Thermo Fisher Scientific) electroporation instrument
was used. B16-F10 cells were washed twice by PBS with-
out Ca*" and Mg?", then resuspended in Neon® Resus-
pension Buffer R. Plasmids containing the Cas9 nuclease
and sgRNAs were introduced into cells, along with two
fluorescent reporters (ECFP and DsRed2). The cell-DNA
electroporation mixture was incubated at room tem-
perature for 10 min before being transferred to a 10 pL
Neon® tip. Electroporation of B16-F10 cells was per-
formed using the following conditions: 1400 V/20 ms/2
pulses. Post-electroporation, cells expressing both fluo-
rescent proteins were sorted using a BD FACSAria""
Fusion flow cytometer and plated in individual wells for
isolation. PCR amplification of each sorted single cell was
performed to confirm successful gene editing, and the
resulting PCR products were subsequently subjected to
Sanger sequencing for analysis.

Generation of Tyr knock-in in Tyr-deficient B16-F10
melanoma cells

To generate a gene knock-in at the Rosa26 safe har-
bor locus, the mouse Tyr coding sequence (ENS-
MUST00000004770.7) was amplified using B16-F10
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cDNA as a PCR template. The amplified sequence was
then cloned into the targeting vector pKR26-iBFP using
the NEBuilder HiFi DNA Assembly Master Mix (New
England Biolabs). The resulting plasmid was utilized as
a template for homologous recombination to create a
knock-in cell line expressing both the Tyr protein and
a BFP fluorescent reporter. The plasmids were subse-
quently transfected into Tyr-deficient B16-F10 melanoma
cells using the Neon® Transfection System (Thermo
Fisher Scientific), following established protocols from
previous studies [35, 37]. The Transfection cells were
then sorted and profiled as described before [36, 38]. All
the proliferated cells were screened for BFP expression by
flow cytometry to confirm successful recombination.

Melanoma cells and T-cell co-culture assay

T cells were isolated from mouse lymph nodes using the
Dynabeads” Untouched " Mouse T Cells Kit (Thermo
Fisher Scientific). These isolated T cells were then seeded
into 6-well plates that had been pre-coated with anti-
CD3 monoclonal antibody (1 pg/mL, eBioscience), along
with soluble anti-CD28 monoclonal antibody (1 pg/mL,
eBioscience) and 10 ng/mL of mouse interleukin-2 (IL-2,
PEPROTech). The T cells were cultured for an additional
3 days to achieve activation before further experimenta-
tion. Following activation, the stimulated T cells were
harvested and co-cultured with WT, Tyr KO, and Tyr KI
B16-F10 melanoma cell lines at a 2:1 ratio for 4 h. The
relative expression levels of Tbx21, Nr4al, TNF-«a and
IFN-y mRNA in the cells were assessed using q-PCR
assays.

Tumor graft

Tumors were established in 8- to 10-week-old mice
through subcutaneous injection. Each mouse received an
injection of 2.0 X 10° B16-F10 cells suspended in 100 pL
of sterile PBS in the right flank. Tumor volume was meas-
ured by recording the length and width every 2 to 3 days
starting on day 6, using a digital caliper to record length
and width. Volume was calculated using the formula 1/2
Iw?, [ represents the length and w represents the width.
At the endpoint of the experiments, the mice were eutha-
nized using CO,. Subcutaneous tumors were then surgi-
cally excised and weighed.

In vivo treatment with anti-PD-1 antibody

For in vivo cancer therapy, 100 ug of anti-mouse PD-1
monoclonal antibody (RMP1-14, BioXCell) or an IgG2a
isotype control (BioXCell) was administered intraperito-
neally every 2 days following tumor injection.
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Immune cell extraction

Tumors were minced and digested in RPMI1640 medium
containing 0.8 mg/mL Collagenase IV (Sigma), 0.2 mg/
mL DNase I (Sigma), and 10% FBS for 30 min at 37 °C
with gentle agitation. The resulting cell suspensions were
passed through 70 pm nylon cell strainers, collected by
centrifugation, and resuspended in FACS buffer (1 X PBS,
pH 7.4, 2 mM EDTA, pH 8.0, 1% EBS).

Flow cytometry and antibodies

For flow cytometry analysis, cells isolated from the
tumors were stained using a standard protocol as
described in previous studies [39, 40]. Single-cell suspen-
sions were incubated with 2.4G2 antibody for Fc receptor
blocking at 4°C for 20 min, followed by a 30-min incu-
bation with the specified antibodies (Additional file 2:
Table S1) at 4 °C. The stained cells were then acquired
using a FACS Canto flow cytometer (BD Biosciences),
and FACS analyses were performed using FlowJo 10.0
software.

Single-cell RNA sequencing

For scRNA-seq analysis of tumor-infiltrating immune
cells (TIICs), WT and Tyr knockout B16-F10 melanoma
cells were implanted in the right flank of female C57BL/6
mice (n= 3). At the endpoint, the tumors were dissected
from the surrounding fascia, and single cell suspensions
were prepared from both the Tyr knockout and the W'T
melanoma cells. TIICs were isolated using the FACSAria
II cell sorter (BD Biosciences, USA) and stained with
anti-mouse CD45.2 PE-Cy7 (eBioscience). CD45" TIICs
were labeled with the BD Single-Cell Multiplexing Kit
(BD Biosciences) according to the manufacturer’s pro-
tocol. Cells from each group were labeled with sample
tags, washed, and pooled. The pooled sample was then
counted, resuspended, and subjected to single-cell cap-
ture and cDNA Synthesis using the BD Rhapsody Express
Single-Cell Analysis System (BD Biosciences). cDNA
libraries were prepared using the mRNA Targeted and
Sample Tag Library preparation method along with the
BD Rhapsody Targeted mRNA Amplification and BD
Single-Cell Multiplexing Kits and protocols from BD Bio-
sciences. The libraries were sequenced on the Illumina
NovaSeq platform (Novogene), and clustering analy-
sis and high-dimensional visualization were performed
using the SeqGeq'" software.

Quantitative real-time PCR

Total RNA was extracted from tumors using the TaKaRa
MiniBEST Universal RNA Extraction Kit (Takara)
according the manufacturer’s instructions. The extracted
RNA was reverse-transcribed into ¢cDNA using the
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RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific). q-PCR was performed on the ABI
PRISM 7500 Fast Real-Time PCR System (Applied Bio-
systems, USA) with TB Green Premix Ex Taq (Takara).
The expression levels of individual genes were normal-
ized to GAPDH expression, with fold changes between
samples determined using the 2724 method. Sequences
for the q-PCR primers can be found in Additional file 2:
Table S2.

Analysis of TCGA data and overall survival data

Gene expression data for SKCM patients from TCGA
were accessed via the website (http://gepia2.cancer-pku.
cn) [41]. Tyr mRNA levels in normal tissue and SKCM
tumor tissues were generated using GEPIA2 online soft-
ware. Survival analysis was performed using the same
tool.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism software version 9.0. Student’s f-test was used
for comparing two groups. One-way ANOVA was used
when comparing several groups vs control. p< 0.05 val-
ues were considered significant. The statistical details of
experiments can be found in the figure legends.

Abbreviations

Tyr Tyrosinase

TME Tumor microenvironment
KO Knockout

scRNA-seq  Single-cell RNA sequencing

Treg Regulatory T cell

TCGA The Cancer Genome Atlas
SKCM Skin Cutaneous Melanoma
SgRNAs Single guide RNAs

WT Wild-type

B6 C57BL/6

g-PCR Quantitative real-time PCR

Ki Knock-in

FBS Fetal bovine serum

TICs Tumor-infiltrating immune cells
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