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TYRP1 directed CAR T cells control tumor
progression in preclinical melanoma models
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Despite therapeutic efficacy observed with immune checkpoint
blockade in advanced melanoma, many tumors do not respond
to treatment, representing a need for new therapies. Here, we
have generated chimeric antigen receptor (CAR) T cells target-
ing TYRP1, a melanoma differentiation antigen expressed on
the surface of melanomas, including rare acral and uveal mela-
nomas. TYRP1-targeted CAR T cells demonstrate antigen-spe-
cific activation and cytotoxic activity in vitro and in vivo against
humanmelanomas independent of theMHC alleles and expres-
sion. In addition, the toxicity to pigmented normal tissues
observed with T lymphocytes expressing TYRP1-targeted
TCRs was not observed with TYRP1-targeted CAR T cells.
Anti-TYRP1 CAR T cells provide a novel means to target
advanced melanomas, serving as a platform for the develop-
ment of similar novel therapeutic agents and as a tool to inter-
rogate the immunobiology of melanomas.

INTRODUCTION
Therapeutic immune checkpoint blockade (ICB)1 and tumor infil-
trating lymphocytes (TILs)2 have resulted in tremendous improve-
ments in clinical outcomes in advanced melanoma and demonstrate
the susceptibility of these tumors to T cell-mediated therapies. How-
ever, roughly half of patients ultimately progress on these therapies.1,3

BRAF/MEK inhibitors are effective for the 50% of melanoma patients
harboring BRAF mutations4 and promising results have been
observed with bispecific antibodies in uveal melanoma.5 However,
treatment options for ICB-refractory tumors (including tumors with
low mutation burden), BRAF wild-type (WT) tumors, BRAF-mutant
tumors that have developed resistance to BRAF/MEK blockade, and
uveal, acral, and mucosal melanomas remain limited. These cases
result in over 7,000 deaths annually in theUnited States6 and represent
an urgent unmet medical need for new therapies. Given the overall
susceptibility of melanomas to immune-mediated therapies, alterna-
tive means of targeting T cells to tumor cells outside of classical
T cell receptor (TCR)-mediated antigen recognition are of great inter-
est. One mechanism by which melanomas evade T cells is through
Published by Elsevie
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down-regulation of components of the antigen-presenting machinery
required for tumor cell recognition by T cells and T cell activation.7,8

Chimeric antigen receptors (CARs) are synthetic receptors containing
an extracellular antigen recognition domain fused to a linker, trans-
membrane domain, and intracellular T cell activation and costimula-
tory domains.9 These CARs give the T cells the ability to identify and
eliminate tumor cells expressing surface antigens recognized by the
CAR. Importantly, CARs target cell-surface molecules directly, rather
than relying on antigen presentation by tumor cell antigen-presenting
major histocompatibility (MHC) machinery, thus overcoming one
mechanism of immune evasion by tumors.10 Additionally, CARs
can be designed to target endogenous antigens on tumor cells. This
aspect overcomes some limitations of endogenous T cells, including
TCR immune tolerance of naturally occurring antigens and the neces-
sity for recognition of novel neo-antigens on tumors. These character-
istics provide a potentialmeans to target tumors that do not respond to
current therapies in an HLA-independent manner.

The melanoma differentiation antigen tyrosinase-related protein 1
(TYRP1, gp75) is expressed on many melanomas, with expression
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Figure 1. Analysis of TYRP1 mRNA expression in

tumors

(A) TYRP1 RNA-seq expression in 17 TCGA cohorts (n =

13,325 samples) and Zhang C. et al. data (n = 57

samples), grouped by cancer type, sorted by median

expression. Bolded groups represent melanoma subtypes.

The dashed red line depicts the mean expression in the

TCGA cohort. Abbreviations are explained in Table S1. (B)

TYRP1 log2 TPM RNA-seq expression in the CCLE,

grouped by cell line disease and sorted by median

expression. Bolded groups represent melanoma subtypes.

Abbreviations are explained in Table S2.
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in normal tissues limited to melanocytes and other pigmented tis-
sues.11–13 Both human TYRP1 and mouse TRP-1 are recognized by
the mouse monoclonal antibody TA99.11–14 Of note, the monoclonal
antibody IMC-20D7S, which binds the same TYRP1 epitope as TA99,
demonstrated limited clinical efficacy with no dose-limiting toxicities
in a Phase I clinical trial in melanoma patients,15 suggesting TYRP1 is
a valid and potentially safe target for melanoma therapy. TA99-based
CAR T cells have been tested in syngeneic murine models,16–19 and
IMC-20D7S was recently demonstrated by another group as a valid
binder to direct CAR T cells to melanomas in preclinical systems.20

Here, we have used the antigen recognition domains of the TA99 anti-
body to generate a CAR targeting human melanoma cells. Human
T cells transduced with this TYRP1-targeted CAR construct recognize
and kill TYRP1+ melanoma cells in vivo. Importantly, in contrast to
TYRP1 TCR T cells, which showed profound T cell-mediated damage
to pigmented tissues in the retina and uvea in mice,21 the TA99-CAR
showed minimal toxicity to normal tissues. While we did not observe
frank tissue damage or inflammation in normal tissues, we did
2 Molecular Therapy: Oncology Vol. 32 September 2024
observe a loss of TYRP1+ cells in some tissues,
notably the uvea/choroid. These CAR T cells
present a novel means to target immune-therapy
refractory melanomas through an approach that
overcomes limitations of TCR-dependent im-
mune therapies and establish a platform to
develop advanced CAR designs for solid tumors.

RESULTS
TYRP1 is expressed in melanomas

To confirm that TYRP1 is a suitable target for
CAR T cells in melanoma, we assessed expres-
sion of TYRP1 mRNA in the Cancer Genome
Atlas (TCGA)22 and the Acral and Cutaneous
Melanoma Focused Dataset (ACMFD).23 We
noted particularly high expression in uveal, cuta-
neous, and acral melanoma; expression in uveal
was considerably higher than the other two types
(Figure 1A; the full names of the abbreviated
TCGA cancer types are listed in Table S1). A
separate analysis based on a query of the Cancer
Cell Line Encyclopedia (CCLE)24 again showed
increased expression of TYRP1 in multiple mel-
anoma subtypes, with relatively higher expression of TYRP1 in cell
lines derived from uveal (UM), cutaneous (CM), and some other un-
annotated subtypes (ULM) of melanoma tumors, and to a much
lesser extent in amelanotic melanoma (AMM) (Figure 1B; the full
names of the abbreviated CCLE cancer types are listed in Table S2).
We next assessed TYRP1 surface expression on several human and
mouse melanoma cell lines demonstrating detectable TYRP1 on a
subset of melanoma cell lines (Figure S1). To assess TYRP1 expres-
sion in normal tissue, we next examined the genotype-tissue expres-
sion (GTEx) project data, a database of gene expression in normal tis-
sue.25 We noted relatively higher expression in skin, heart, kidney,
and lung tissues compared with the other normal tissues (Figure 2A).
Early work on TYRP1 noted that the protein was only expressed in a
subset of melanomas.12,13 In order to differentiate TYRP1 high vs. low
tumor samples based on RNA expression, we next plotted the distri-
bution of TYRP1 mRNA expression levels of melanomas in
TCGA and ACMFD datasets, noting a bimodal distribution (Fig-
ure 2B). To illustrate the difference in mRNA expression between



Figure 2. Analysis of TYRP1 mRNA expression in normal tissues and in comparison with melanomas

(A) TYRP1 expression in GTEx is shown grouped by detailed tissue type (SMTSD). Expression was measured by RNA-seq and log2 and TPM normalized. The tissue groups

are ordered by median expression. (B) The density of TYRP1 RNA-seq expression in melanomas in the TCGA and Zhang et al. ACMFD tumor tissues (log2 TPM normalized).

The dashed red line depicts the threshold used to separate samples into high and low expressers of TYRP1. (C) TYRP1 RNA-seq expression (log2 TPM normalized) was

compared between melanoma tumor tissues and normal tissues. Three melanoma cohorts from TCGA and Zhang C. et al. were divided into high and low TYRP1 expression

using log2 TPM of 5 (left, in red), and plotted with the 12 top TYRP1-expressing normal tissues grouped by detailed tissue type (SMTSD) from GTEx (right, in blue), sorted by

median expression. The dashed red line depicts the mean expression of TYRP1 in all TCGA cohorts.
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TYRP1-high melanomas (which may be candidates for targeted ther-
apy) vs. normal tissues, we next split the melanomas into high vs. low
expressors using log2 TPM of 5 as a cutoff, and plotted these groups
vs. normal tissues with above-average mRNA expression compared
with the average of all normal tissues, noting a substantial gap in
expression between TYRP1-high melanomas and normal tissues
Molecular Therapy: Oncology Vol. 32 September 2024 3
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Figure 3. IHC for TYRP1 on mouse normal tissues
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positive tissues are shown. Cells staining brown

are immunoreactive against the anti-TYRP1 antibody
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(Figure 2C). To further characterize tissue expression of TYRP1 in
mice and assess changes mediated by TYRP1-targeted CAR T cells,
we next stained normal tissues in tumor-bearing mice treated with
off-target (MUC16) CAR T cells26 for TYRP1 using immunohisto-
chemistry (IHC). We noted immunoreactivity in skin, eyes
(choroid/uvea), trachea, thymus, dorsal root ganglion, meninges, ol-
factory bulb, and ureter (Figure 3), but in no other normal tissues. Of
note, we did not detect protein immunoreactivity in heart or kidney
despite RNA expression noted in the GTEx database.

Human TA99-CAR T cells demonstrate antigen-specific

cytotoxicity and cytokine release in vitro

To construct a human TYRP1-targeted CAR, we used the heavy and
light chain variable regions of the TA99 antibody12,13 to generate an
FLAG-tagged scFv, then fused this to a portion of CD28 containing
the extracellular juxta membrane, transmembrane, and intracellular
portions, followed by the CD3z chain (Figure 4A). We used a
GalV9 SFG gamma retroviral vector to introduce this construct
into primary human T cells, routinely achieving transduction effi-
ciencies of 60% to over 90% (representative profile shown in Fig-
ure S2A). We next validated that negative control cell lines Nalm6
did not express TYRP1 (Figure S2B), and that the human melanoma
4 Molecular Therapy: Oncology Vol. 32 September 2024
cell lines did not express CD19 (a protein ex-
pressed on B cells and targeted by the CD19-
CAR27) (Figure S2C) or MUC16 (an ovarian
tumor antigen targeted by the 4H11 CAR26)
(Figure S2D). We next transduced TYRP1�

Chinese hamster ovary (CHO) cells with a trun-
cated, surface localized human TYRP1 (Fig-
ure S2E). To assess antigen-specific tumor
killing activity of human TA99-CAR T cells
in vitro, we co-cultured TA99-CAR T cells
with TYRP1+ SK-MEL-19 and SK-MEL-188
human melanoma cells at different ratios. We
observed significant killing of melanoma cells
by TA99-CAR T cells compared with CD19-
targeted (CD19-28z)27 CAR T cell and
MUC16-targeted (4H11-28z)26 CAR T cell
negative controls (Figures 4B, S3A, and S3B).
In addition, at effector to tumor cell ratios below
1, TA99-CAR T cells were unable to kill
TYRP1� CD19+ NALM-6 leukemia cells tar-
geted by the CD19-CAR or the TYRP1-low
melanoma cell line SK-MEL-28 (Figures 4C,
S3C, and S3D). To assess antigen-specific
T cell activation, we next co-cultured TA99-CAR T cells with either
WT or TYRP1(truncated) CHO cells. In comparison with TA99-
CAR T cells alone or TA99-CAR T cells co-cultured with TYRP1�

WT CHO cells, TA99-CAR T cells co-cultured with
TYRP1(truncated)+ CHO cells released cytokines granulocyte-
macrophage colony-stimulating factor (GM-CSF), interferon (IFN)
g, interleukin (IL)-2, and tumor necrosis factor (TNF)a, indicating
antigen-specific T cell activation (Figure 4D). Similarly, TA99-CAR
T cells demonstrated higher levels of cytokine release when co-
cultured with TYRP1+ SK-MEL-19 human melanoma cells compared
with B cell-targeted CD19-CAR T cells and ovarian cancer-targeted
4H11-CAR T cells (Figure 4E). Altogether, these observations sug-
gested that TA99-CAR T cells are functional and show specific cyto-
lytic activity against TYRP1-expressing human melanoma cells.

Human TA99-CAR T cells demonstrate anti-melanoma efficacy

in vivo

To further assess the efficacy of TA99-CAR T cells against TYRP1+

human melanomas, we next established an in vivo xenograft model.
Two million SK-MEL-19 human melanoma cells transduced with a
retrovirus encoding a green fluorescent protein-firefly luciferase
fusion protein (GFPffLuc) construct were implanted subcutaneously
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Figure 4. Human TA99-CAR T cells have efficacy against human melanomas in vitro

(A) Schematic of TA99-CAR harboring a TYRP1 scFv binder based on themurine anti-TYRP1 TA99 antibody, CD28 transmembrane and costimulatory domain, and CD3zeta

activation domain in an SFG gamma retroviral vector. (B) Human CAR T cells were co-cultured with TYRP1+ SK-MEL-19 and SK-MEL-188 melanoma cells expressing firefly

luciferase at varying effector:T cell ratios and cytotoxicity was assessed using bioluminescence after 24 h. TA99-CAR T cells demonstrated superior antitumor efficacy

compared with ovarian-targeted 4H11-CAR and anti-CD19 CAR T cells. (C) Human CAR T cells were co-cultured with CD19+, TYRP1�Nalm6 leukemia cells and TYRP1low

SK-MEL-28 human melanoma cells. TA99-CAR T cells showed minimal cytotoxicity compared with the CD1-CAR controls in Nalm6 cells, and no CAR T cells demonstrated

cytotoxicity against the SK-MEL-28. For (B) and (C), *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.00005 by unpaired t test adjusted for multiple comparisons. NS = not

significant. Means (SDs) are plotted. (D) Cytokine levels of TA99-CAR T cells cultured alone or with various CHO cell lines, demonstrating that CAR T cells only released

cytokines in response to CHO cells expressing TYRP1. MT = mock transduced, TYRP1 tr = exogenous expression of truncated (membrane localized) TYRP1. (E) Cytokine

levels of various CAR T cells co-cultured with TYRP1+ SK-MEL-19melanoma cells, demonstrating that TA99-CAR T cells showed increased cytokine release compared with

CAR T cells targeted to non-melanoma antigens.
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into the flanks of NSGmice and allowed to establish tumor masses for
10 days. We then administered 5 million or 0.5 million CAR T cells
intravenously via tail vein injection (Figure 5A). Tumor volume
was assessed weekly using caliper measurements (Figures 5B, S4A,
and S4B) and in vivo imaging of firefly luciferase bioluminescence
(Figures 5C, S4C, and S4D). We observed a significant reduction in
tumor volume in mice that received TA99-CAR T cells compared
with negative control mice that received a CAR targeting MUC16
(4H11),26 an ovarian cancer antigen not expressed on SK-MEL-19
cells, or CD19, present on B cell leukemias and lymphomas but not
on melanomas, and compared with mice that received no T cells.
As expected, all mice that had received a dose of 5 million human
T cells developed clinical signs of xenogeneic graft vs. host disease
(xGvHD; usually presenting with lethargy and unkempt coat) by
2 months of age and were euthanized. Although tumors in the
TA99-CAR T cell-treated group were considerably smaller than those
in the control groups, the remaining tumor mass contained viable
tumor cells. Staining for TYRP1 in the residual TA99-CAR T cell-
treated tumors demonstrated strong expression of TYRP1 (Fig-
ure 5D), suggesting that antigen escape was not the mechanism of
Molecular Therapy: Oncology Vol. 32 September 2024 5
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Figure 5. TA99-CAR T cells have efficacy against human melanomas in vivo

(A) Schematic of in vivo experiments. Two million SK-MEL-19 melanoma cells were injected subcutaneously. After 10 days of engraftment, CAR T cells were injected

(5million, with the exception of 0.5million for one cohort of TA99-CAR T cells). Tumor growth was assessedweekly using bioluminescence and caliper measurements. Image

created with the assistance of BioRender.com. (B) Tumor growth of mice treated with various CAR T cells (note that one mouse in the 0.5M TA99 CAR T cell cohort died of

unknown causes during week 2 and was excluded from analysis). **p = 0.000561 at day 45 by unpaired t test. All mice who received human CAR T cells developed

xenogeneic graft vs. host disease (xGvHD); mice were euthanized when clinically indicated per our IACUC protocol and analysis of the cohort was stopped when the first

mouse developed xGvHD. (C) Quantitation of the bioluminescence signal from mice in (B). (D) TYRP1 was assessed by IHC in residual tumor tissue from the mice treated in

Figures S4B and S4C. Scale bars represent 50 mm. For (B) and (C), means (SEMs) are plotted.
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incomplete tumor clearance. These observations suggested that, while
TA99-CAR T cells are capable of human melanoma control, they do
not achieve complete eradication of TYRP1+ tumor cells.

TA99-CAR T cells cause minimal toxicity to normal tissue

A primary concern with CAR T cell therapy is toxicity to normal tis-
sue due to the CAR T cells recognizing antigen expressed in non-ma-
lignant cells (“on-target, off-tumor” toxicity). To further assess for
potential CAR T cell toxicity to normal tissues, we performed full
pathological analysis on mice treated with human TA99-CAR
T cells, using mice treated with human 4H11-CAR T cells as the nega-
tive control, once mice reached a clinical toxicity endpoint driven by
6 Molecular Therapy: Oncology Vol. 32 September 2024
xGvHD during week 5 post T cell infusion. Postmortem histological
analysis of normal tissues in a subset of mice revealed that all mice
that had received human T cells developed minimal to mild lympho-
cyte infiltrate with morphological features consistent with xGvHD in
several organs, including skin and liver. This pattern was observed in
multiple animals from both the TA99-CAR and 4H11-CAR treat-
ment cohorts (Figure S5).

The antibody TA99 recognizes both human and mouse TYRP1,11,14

suggesting that TA99-CAR T cells may recognize TYRP1 on
normal mouse tissues in a way that might predict antigen-specific
clinical toxicity in humans. TYRP1 is expressed on normal

http://BioRender.com
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melanin-producing cells11–14 including the skin and the pigmented
choroid, and prior investigations targeting TYRP1 using a TCR re-
sulted in profound ocular toxicity.21 We investigated the uvea of
mice treated with both TA99-CAR and 4H11-CAR and found no
lymphocytic infiltrate into uveal or retinal tissues in either group
(Figures 6A–6D). In contrast to experiments using a TYRP1-targeted
TCR,21 we did not see inflammation, edema, or other evidence of im-
mune-mediated damage to eye tissue by standard histology
(Figures 6A–6D). However, we did note partial loss of TYRP1+ cells
in the posterior choroid by IHC for TYRP1 in five of five mice in
the treated cohort, although the anterior eye demonstrated compara-
ble staining for TYRP1 (Figures 6E and S6).

We next compared other TYRP1+ normal tissues in control mice
compared with mice that had received the TA99-CAR T cells. We
also noted loss of TYRP1+ cells in the skin, meninges, and thymus,
although these tissues did not demonstrate other evidence of inflam-
mation or immune infiltration (Figure 7). Interestingly, we did not see
loss of TYRP1+ cells in the hair follicle, olfactory bulb, or dorsal root
ganglia of mice treated with TA99-CAR T cells (Figure S7). The lack
of inflammation and minimal tissue toxicity observed after infusion
of human TA99-CAR T cells suggests that TYRP1 is a suitable target
for CAR T cell therapy against melanoma, though the loss of TYRP+
Molecular
cells in some tissues, particularly in the eye, war-
rants further investigation.

DISCUSSION
Immune checkpoint blockade and tumor infil-
trating lymphocyte therapies have resulted in
improvements in advanced melanomas, demon-
strating an increased sensitivity to T cell-medi-
ated therapies compared with other solid tu-
mors.2,28,29 Nevertheless, many melanomas do
not respond to or develop resistance to these
therapies,30 likely for numerous reasons that
are not fully characterized, necessitating alterna-
tive treatment approaches. CAR T cells targeted
tomelanomas could complement these therapies
by providing an opportunity to target T cells to
melanomas using melanoma-specific surface antigens rather than
MHC-presented antigens. CAR T cells may recognize antigens over-
expressed on the surface of tumor cells in a way that endogenous
TCRs, which have undergone selection for tolerance of native anti-
gens and depend on the MHC antigen-presentation machinery,
cannot.10 In this way, optimized CAR T cells have the potential to
be effective against melanomas that do not respond to current im-
mune and cellular therapies, particularly melanomas with low muta-
tional burden (and thus few unique tumor associated antigens),
including uveal, acral, and mucosal melanomas, as well as those
with a disruption in antigen-presentation machinery.

We have generated CAR T cells targeting TYRP1 on melanomas using
the antigen recognition regions of the well-characterized antibody
TA99. TA99-CAR T cells demonstrate antigen-specific antitumor ac-
tivity in vitro and in vivo. This novel CARmay serve as both a basis for
potential therapy for advancedmelanomas, as well as a platform to test
and optimize further CAR modifications and combination therapies.

Antigen-dependent toxicity to normal tissues is a primary concern
for targeted cellular therapies and has been observed in clinical
trials of CAR T cells.31,32 As TYRP1 is expressed in pigmented
melanin-producing tissues, there is a theoretical concern for
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on-target, off-tumor toxicity to tissues such as skin, eye, and sub-
stantia nigra. Encouragingly, meaningful albeit transient clinical re-
sponses were observed without any dose-limiting or other concern-
ing toxicities in a clinical trial of a human anti-TYRP1 antibody,15

suggesting that targeting TYRP1 in melanomas is feasible. However,
cellular therapies have the potential for more dangerous toxicities
compared with antibody therapies. Concerningly, profound ocular
and dermatologic toxicity was seen in a preclinical model of trans-
genic TYRP1-targeted TCRs.21 While our group has also observed
this ocular and dermatologic toxicity with the TYRP1 TCR (data
not shown), we do not observe any equivalent toxicity using
TA99-CAR constructs. This discrepancy may be due to multiple fac-
tors. Notably, TCRs recognize intracellular antigens presented on
MHC/HLA molecules, while CARs recognize antigens expressed
directly on the cell surface.33 Most TYRP1 in normal tissues is
confined to melanosomes within the cell, with only a small fraction
on the cell surface,34 which may be below the threshold necessary to
activate a TYRP1-targeted CAR. However, melanosomal TYRP1 an-
tigens may be presented on MHC/HLA molecules and “visible” to a
T cell expressing a TYRP1-targeted TCR. In contrast to normal tis-
sue, many melanomas express TYRP1 on the cell surface, which is
accessible to a T cell expressing a CAR at a level sufficient to induce
T cell activation. TCR may be more sensitive to low levels of TYRP1
by an additional mechanism. A single TCR may be activated by
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binding to a single antigen molecule, as antigen binding to the a

and b chains alters the intracellular conformation of the receptor
in a way that activates downstream signaling pathways. In contrast,
CAR receptors may require over 100 antigen molecules for activa-
tion of intracellular signaling through aggregation of CAR mole-
cules,35 since antigen binding to the CAR alone does not induce a
conformational change in the intracellular signaling domains in a
way similar to the way antigen binding to the TCR components in-
duces the assembly of the TCR intracellular signaling complex. Thus,
the threshold for CAR activation may be much higher than an equiv-
alent TCR even in cases where the CARs are based on antibodies
with much higher antigen affinities than TCRs. Due to this, CAR
T cells may require much higher levels of antigen expression on tu-
mor cells for activation compared with TCRs,36,37 providing a ther-
apeutic window if antigen expression levels are higher on tumor than
on normal tissues. Thus, CAR T cells may distinguish tumor cells
from normal tissues in cases where the target antigen is expressed
at high levels on the tumor cell surface but at relatively lower levels
and with more intracellular localization in normal tissues. Interest-
ingly, we did see reduction of TYRP1+ cells in some tissues, though
without other evidence of immune-mediated tissue destruction.
Further and more thorough preclinical safety testing will be required
prior to clinical trials of TYRP1-targeted CAR T cells against mela-
noma. Nevertheless, this system provides a platform for further
development of “armored” CAR T cells that overcome inhibitory
signals in solid tumors,9 potentially introducing novel treatment op-
tions for melanomas and illuminating avenues to clinical efficacy for
other solid tumors.

MATERIALS AND METHODS
Assessment of TYRP1 mRNA in tumors and normal tissues

The expression of TYRP1 was obtained from TCGA RNA-
sequencing (RNA-seq) data22 and compared among the 17 different
cohorts (cancer types) with a total of 13,325 samples. Due to the
lack of an acral melanoma cohort in TCGA, bulk RNA data from
Zhang et al.23 were obtained, which contained 57 samples (42 acral
[AM], 15 cutaneous [SKCM]). The GTEx Bulk RNA-seq tissue
expression25 V8 release data were used. The expression of TYRP1 is
shown based on detailed tissue type (SMTSD). Both TCGA and
Zhang et al. RNA expression data were obtained as raw counts,
TPM normalized,38 and then log2 transformed with a pseudo count
of 1. CCLE gene expression data were obtained in log2 TPM normal-
ized format, therefore, no further normalization was applied. GTEx
data were only log2 normalized as they were obtained in TPM format.
The boxplots were generated using the ggplot2 R package39 (v3.4.3).

Generation of TA99-CARs and control CARs

The heavy and light chain variable regions were sequenced from the
TA99 hybridoma generated at MSK. A single-chain variable fragment
(scFv) was created by fusing the heavy chain variable fragment, a
G4S3 linker, and the light chain variable fragment. The scFv sequence
was modified to remove cryptic polyadenylation signals. To create a
human CAR construct, the signal peptide from human CD8 was
fused to the TA99 scFv, which was fused to an FLAG epitope tag,
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the extracellular juxtamembrane, transmembrane, and intracellular
signaling domains of human CD28, followed by the intracellular
domain of the human CD3 zeta chain. All constructs were generated
by inserting custom-synthesized DNA gblocks (IDT, Coralville, IA)
using the NEBuilder HiFi DNA Assembly master mix protocol
(Cat# E262, New England Biolabs, Ipswich, MA). These constructs
were cloned into an SFG gamma retroviral vector as previously
described.40 The anti-CD19 SJ25C1 CAR27 was re-cloned to harbor
V5 and myc epitope tags between the scFv and the CD28 hinge/trans-
membrane domain. The anti-MUC16 4H11 CAR26 was re-cloned to
harbor V5 and HA tags between the scFv and the CD28 hinge/trans-
membrane domain.

Cell lines and reagents

All SK-MEL cell lines were acquired from theWolchok/Merghoub lab
or through the MSK Biorepository. Nalm6 cells were obtained from
ATCC. SK-MEL and Nalm6 cell lines were cultured in RPMI supple-
mented with 10% FBS (Thermo Fisher, Waltham, MA) and peni-
cillin-streptomycin (pen/strep) (Cat# 15140163, Thermo Fisher,Wal-
tham, MA). CHO cells were obtained from the Merghoub/Wolchok
lab stock and maintained in RPMI supplemented with 10% FBS,
pen/strep, 2 mM L-glutamine, sodium pyruvate, and non-essential
amino acids (MSK Media Core Facility). Cells were tested for myco-
plasma and validated by STR testing through ATCC. Cell lines used in
bioluminescence assays were transduced with an SFG vector contain-
ing EGFP and firefly luciferase (GFPffLuc) and sorted for GFP-posi-
tive cells and maintained in RPMI as above. Human T cells were
cultured with RPMI supplemented with 10% FBS and pen/strep
and stimulated with IL-2 (Proleukin; Novartis, Basel, Switzerland)
every 2–3 days in culture.

CAR T cell production

Human T cells were isolated from buffy coats obtained from the New
York Blood Center or from Leukopacks obtained from STEMCELL
Technologies (Vancouver, BC, Canada) using a T cell selection kit
(Cat# 17951, STEMCELL Technologies, Vancouver, BC, Canada)
and transduced with CAR-containing retroviral supernatants as pre-
viously described.41 Briefly, to generate SFG viral producer cell lines,
SFG plasmids were either transfected into H29 VSVg viral producing
cells (MSK) or co-transfected with pgag/pol (Addgene clone 14887, a
gift from Dr. Tannishtha Reya42) and VSVg-expressing pMD2.g
(Addgene clone 12259, a gift from Dr. Didier Trono) using the
ProFection Mammalian Transfection System (Cat# E1200, Promega,
Madison, WI). Twenty-four-hour supernatants were collected on
days 5 and 6 post-transfection and filtered through 45-mm filters
(Cat# 431220, Corning, Glendale, AZ), and used to transduce
293TGalV9 retroviral packaging cells lines (MSK) with the addition
of polybrene (Cat# TR-1003-G, Millipore, Burlington, MA) at a final
concentration of 8 mg/mL. Viral supernatants from these cells were
used for transduction into T cells to generate TA99-CAR T cells.
T cells were plated on retronectin-coated plates (Cat# T100B, Takara,
Kusatsu, Japan), combined with retroviral supernatants, and spinocu-
lated for 1 h at 2,000 � g at room temperature in an Eppendorf
(Hamburg, Germany) 5810R centrifuge (rotor A-4-81). Transduction
efficiency was assayed using flow cytometry for the FLAG epitope on
the CAR for the TA99 CAR and V5 epitope tag for the control CAR
constructs, or for the G4S linker in the CAR scFvs.

In vitro cytotoxicity assays

Human CAR T cells were co-cultured with tumor cells over a range of
effector (T cell) to tumor cell (E:T) ratios. A total of 5 � 104 tumor
cells were plated into black flat-bottom 96-well plates (Cat# 655086,
Greiner, Kremsmünster, Austria). Appropriate amounts of CAR
T cells were added to achieve the appropriate E:T ratios. All condi-
tions were plated in triplicate, and all constructs were tested using
three separate T cell donors (all comparisons use cells from the
same donor). Plates were then incubated for 24 h at 37�C in a tissue
culture incubator. Five microliters of D-Luciferin (15 mg/mL, Cat#
LUCK-1G, Gold Biotechnology, St. Louis, MO) was added to each
well of the 96-well plate. Luminescence was measured using a micro-
plate reader (Tecan, Männedorf, Switzerland), and results were ex-
ported to Excel (Microsoft, Redmond, WA). For each condition,
mean luminescence readings from three wells were averaged and
normalized to the average of empty wells, then compared with the
average of untreated tumor cells to calculate a percent tumor cell
killing value. Negative values (compared with the normalized empty
wells) were replaced with zero for analysis. Results were then analyzed
and plotted using Prism (GraphPad, San Diego, CA/Boston, MA).
Cytotoxicity assays were repeated with human T cells from at least
three different donors.

Cytokine measurement

Tumor cells and CAR T cells were co-cultured with tumor cells at
equal ratios (1� 106 cells each) for 24 h. Supernatant from cocultures
was collected and assayed using the Milliplex Human Cytokine/che-
mokine/growth Factor Panel (Cat# HCYTA-60K-PX48, Millipore,
Burlington, MA) and assayed on a Luminex Magpix machine using
the supplied Xponent software (Luminex, Austin, TX). Kit reagents
apart from the standard were diluted 1:5; otherwise, samples were
analyzed per the supplier’s instructions.

In vivo tumor measurements

All animal studies were conducted in compliance with Memorial
Sloan Kettering Institutional Animal Care and Use Committee
(IACUC)-approved protocols 00-05-065 and 21-11-008, and Weill
Cornell Medicine Institutional Animal Care and Use Committee-
approved protocol 2022-0032. Six- to 8-week-old NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ (NSG) mice were purchased from the Jackson Labora-
tory (Bar Harbor, ME). SK-MEL-19 melanoma cells harboring a
GFP-firefly luciferase (GFPffLuc) were resuspended in Matrigel
(Corning, Corning, NY) and 2� 106 cells were implanted subcutane-
ously. After 10 days for engraftment, 5� 106 human CART cells were
administered via tail vein injection. Mice were monitored for xenoge-
neic graft vs. host disease (xGvHD) and other toxicities and were
euthanized when they exhibited clinical symptoms of toxicity
including lethargy, discomfort, and unkempt coat as per our
IACUC-approved protocol. Tumor volumes were assessed weekly us-
ing caliper measurements and bioluminescence. For in vivo
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bioluminescence imaging (BLI), D-luciferin (15 mg/mL, Cat# LUCK-
1G, Gold Biotechnology, St. Louis, MO) was administered via retro-
orbital injection at a dose of 150 mg/kg in a volume of 100 mL, and
bioluminescence signal was measured using an IVIS Spectrum and
analyzed using Living Image software (PerkinElmer, Waltham, MA).
Flow cytometry

Anti-TYRP1 antibody (clone TA99) conjugated to Alexa Fluor 647
(Cat# NBP2-34720AF647) and mouse IgG2a Kappa isotype control
conjugated to Alexa Fluor 647 (Cat# NBP1-96981AF647) were pur-
chased from Novus Biologicals (Centennial, CO) and used at a con-
centration of 5 mL per 106 cells. Anti-CD19 clone SJ25C1 conjugated
to PE (Cat# 12-0198-42) and mouse IgG1 kappa isotype control con-
jugated to APC (Cat# 17-4714-82) were purchased from eBioscience/
Thermo Scientific (Waltham, MA) and used at a concentration of
5 mL per 106 cells. Anti-MUC16 antibody 4H11 was obtained from
the MSK Bioresource Core Facility43 (New York, NY) and used at a
1:10,000 dilution using an Alexa 647-labeled goat anti-mouse
(VH + VL) antibody (Cat# A21236, Invitrogen) as a secondary stain.
Mouse IgG2b (clone E7Q5L) was used as an isotype control (Cat#
53484S, Cell Signaling, Danvers, MA) at a 1:100 dilution and stained
with the same Alexa 647 anti-mouse secondary antibody. Anti-FLAG
epitope antibody clone L5 conjugated to APC was purchased from
BioLegend (San Diego, CA) and used at a 1:10,000 dilution. Anti-
V5 tag clone TCM5 conjugated to PE was purchased from eBio-
science/Invitrogen (Cat# 12-6796-42, Carlsbad, CA). Anti-G4S-
Linker conjugated to Alexa 647 was purchased from Cell Signaling
Technology (Cat# 69782S) and used at a 1:400 dilution. DAPI
(Cat# D9542, Sigma Aldrich, St. Louis, MO) was used at a 1:1,000
dilution. Cells were analyzed using BD Bioscience LSR Fortessa
(BD Bioscience, Franklin Lakes, NJ), Attune (Invitrogen, Waltham,
MA), or Cytek Aurora (Freemont, CA) flow cytometers and analyzed
using FlowJo (Ashland, OR).
Pathology

Mice were euthanized with CO2 per IACUC-approved protocol
guidelines. Following gross examination, all organs were fixed in
10% neutral buffered formalin, followed by decalcification of bone
in a formic acid solution (Surgipath Decalcifier I, Leica Biosystems,
Nussloch, Germany). Tissues were then processed in ethanol and
xylene and embedded in paraffin in a Leica ASP6025 tissue processor.
Paraffin blocks were sectioned at 5 mm, stained with hematoxylin and
eosin (H&E), and examined by a board-certified veterinary patholo-
gist (A.P.). The following tissues were processed and examined: sub-
cutaneous tumor (additionally reviewed by an anatomic pathologist
[N.P.A.]), heart, thymus, lungs, liver, gallbladder, kidneys, pancreas,
stomach, duodenum, jejunum, ileum, cecum, colon, lymph nodes
(submandibular, mesenteric), salivary glands, skin (trunk and
head), urinary bladder, uterus, cervix, vagina, ovaries, oviducts, adre-
nal glands, spleen, thyroid gland, esophagus, trachea, spinal cord,
vertebrae, sternum, femur, tibia, stifle join, skeletal muscle, nerves,
skull, nasal cavity, oral cavity, teeth, ears, eyes, pituitary gland, and
brain.
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Immunohistochemistry

Immunohistochemistry for TYRP1 was performed on paraffin sec-
tions of selected tissues using a Leica Bond RX automated stainer. Af-
ter heat-induced epitope retrieval in a pH 9.0 buffer, anti-TYRP1 rab-
bit IgG clone EPR13063 (Cat# ab178676, Abcam, Cambridge, UK),
was applied at a concentration of 1:1,000 (0.36 mg/mL), followed by
a polymer anti-rabbit IgG detection reagent kit according to the man-
ufacturer’s instructions (Cat# DS9800, Novocastra Bond Polymer
Refine Detection, Leica Biosystems, Nussloch, Germany). The chro-
mogen indicating positive immunoreactivity was 3,3 diaminobenzi-
dine tetrachloride (DAB), and sections were counterstained with he-
matoxylin. IHC validation and interpretation were performed by a
board-certified veterinary pathologist (S.M.).

DATA AND CODE AVAILABILITY
All source data used in the RNA analysis are available at the references listed in the results
and materials and methods sections.
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