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Metastatic medullary thyroid cancer (MTC) is a rare but often
aggressive thyroid malignancy with a 5-year survival rate of less
than 40% and few effective therapeutic options. Adoptive T cell
immunotherapy using chimeric antigen receptor (CAR)-modi-
fied T cells (CAR Ts) is showing encouraging results in the
treatment of cancer, but development is challenged by the avail-
ability of suitable target antigens. We identified glial-derived
neurotrophic factor (GDNF) family receptor alpha 4
(GFRa4) as a putative antigen target for CAR-based therapy
of MTC. We show that GFRa4 is highly expressed in MTC,
in parafollicular cells within the thyroid from whichMTC orig-
inates, and in normal thymus. We isolated two single-chain
variable fragments (scFvs) targeting GFRa4 isoforms a and b
by antibody phage display. CARs bearing the CD3z and the
CD137 costimulatory domains were constructed using these
GFRa4-specific scFvs. GFRa4-specific CAR Ts trigger anti-
gen-dependent cytotoxicity and cytokine production in vitro,
and they are able to eliminate tumors derived from the MTC
TT cell line in an immunodeficient mouse xenograft model of
MTC. These data demonstrate the feasibility of targeting
GFRa4 by CAR T and support this antigen as a promising
target for adoptive T cell immunotherapy and other anti-
body-based therapies for MTC.

INTRODUCTION
Medullary thyroid carcinoma (MTC) is the third most common thy-
roid malignancy, with both sporadic and hereditary forms.1,2 Unlike
the majority of thyroid cancers that arise from the follicular epithe-
lium of the thyroid, MTC arises from the malignant transformation
of parafollicular cells (also known as C cells) within the thyroid, which
are neuroendocrine cells that secrete the polypeptide hormone calci-
tonin.1,2 The hereditary form of MTC, which comprises approxi-
mately 25% of cases, is associated with germline mutations in the
RET proto-oncogene, and this form can be associated with tumors
This is an open access article under the CC BY-NC-
in the adrenal or parathyroid glands as part of the multiple endocrine
neoplasia type 2 (MEN2) syndrome.1,2 Sporadic cases of MTC, which
typically present at a more advanced stage at diagnosis compared with
hereditary forms, are also frequently associated with somatic muta-
tions within the RET proto-oncogene, supporting the underlying
importance of this gene in MTC.3 While early-stage disease can be
cured by total thyroidectomy, therapeutic options are limited for pa-
tients with metastatic disease, where the 5-year survival is less than
40%.2,3 Unlike in other forms of thyroid cancer of follicular origin,
there is no role for therapeutic radioactive iodine in MTC. There is
also a limited role for cytotoxic chemotherapy in this disease, and a
role for immunotherapy is unknown; in general, the prognosis for
metastatic MTC remains poor.4 Recently, several small-molecule
tyrosine kinase inhibitors (TKIs) have been introduced for the treat-
ment of metastatic MTC.5 These agents result in objective responses
in only a subset of patients (27%–40%); however, the long-term dura-
bility of these responses is unclear.6,7 Thus, there remains a strong
need for new therapies for MTC.

Chimeric antigen receptor (CAR) technology, in which an extracel-
lular antigen-binding domain froman antibody is fused to cytoplasmic
signaling domains of the T cell receptor and costimulatory receptors,
has shown notable promise for the treatment of advanced B cell malig-
nancies.8 When expressed on a patient’s own T cells, a CD19-specific
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CAR directs those T cells to specifically kill CD19 antigen-expressing
cancer cells and normal B cells, leading to complete and durable remis-
sion of disease even in late-stage cancer patients.9–11 While highly
effective in B cell malignancies, applications of CART-based therapies
to other malignancies, especially solid tumors, has been hampered by
the availability of suitable target antigens with expression that is
limited to tumors and to tissues with replaceable functions.12,13

Early-phase studies with several CARs for the treatment of solid tu-
mors have led to severe adverse events due to target expression on crit-
ical normal tissues.12,14

Through RNaseq analysis of MTC, we identified the RET-associated
receptor of the glial-derived neurotrophic factor (GDNF) receptor
(GFR) family, GFRa4, as an MTC-associated antigen with highly
restricted expression in humans. There are four known GDNF recep-
tors: GFRa1, GFRa2, GFRa3, and GFRa4.15 Unlike the other family
members, which display widespread expression within the brain and
central nervous system of mammals, GFRa4 expression appears
restricted to normal parafollicular cells within the thyroid.16 GFRa4
is predicted to produce 3 isoforms in humans, two GPI-linked mem-
brane-bound forms (a and b), differing by 47 amino acids in the extra-
cellular region, and a putative secreted form, GFRa4c.16 Mice bearing
deletions of GFRa4 appear healthy, with no obvious developmental
abnormalities.17 GFRa4 knockout mice exhibit defects in calcitonin
regulation, suggesting that GFRa4 is critical for normal parafollicular
cell function; however, the role of calcitonin in normal human phys-
iology is unknown.18 Although calcitonin infusion can induce some
hypocalcemia, patients with extremely low or absent calcitonin secre-
tion following total thyroidectomy or MTC patients with extremely
high calcitonin concentrations fail to show any obvious signs of cal-
cium or bone abnormalities.19

Based on the expression of GFRa4 by MTC and otherwise restricted
expression to normal parafollicular cells, along with the observation
that elimination of normal parafollicular cells through thyroidectomy
does not lead to adverse clinical effects, we hypothesize that GFRa4 is
a useful target antigen for CAR-based T cell immunotherapy for
MTC. We therefore developed single-chain variable fragments that
permit specific targeting of GFRa4 by CAR T therapy for MTC. In
this report, we present the results of preclinical studies that include
the feasibility of targeting this receptor via CAR along with an in-
depth evaluation of GFRa4 expression in normal human tissues to
support further investigation of GFRa4-specific immunotherapy in
the treatment of MTC.

RESULTS
Target identification and validation

RNA-seq analysis was performed on a tumor sample from a 49-year-
old male with metastatic MTC; the patient’s tumor harbored an ac-
quired RET-activating mutation, Glu632-Leu633 deletion, in one allele
of RET20 in addition to a germline (Tyr791Phe) variant in the other
allele. Gene expression of his tumor compared to publicly available
normal tissue expression data generated by GTEx revealed that the
gene GFRA4 was highly expressed in his MTC (Figure 1A) and that
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this gene is one of the highest differentially expressed genes, relative
to normal tissues. Consistent with its expression in MTC, which arises
from thyroid parafollicular cells, GFRa4 RNA expression also showed
relative thyroid specificity by RNA in situ hybridization and qRT-PCR
of normal tissues (Figures 1B–1D; Table S1). Although GFRa4 RNA
was detected in testis by qPCR, this was not observed by in situ hybrid-
ization. Interestingly, a GFRa4 expression signal is also identified in
testis according to the Human Protein Atlas, although the level is far
lower than in normal thyroid.21 Lindahl et al.16 did not detect
GFRA4 mRNA in human testis by endpoint RT-PCR. Thus, the
discrepancy in our results may reflect an artifact of the qPCR assay
or a level that is below the level of sensitivity of some assays (i.e.,
ISH, RT-PCR). Consistent with Lindahl et al.,16 we found GFRa4
mRNAexpression in 7 out of 7 cases ofMTC evaluated (Figure 1C; Fig-
ure S1) as well as the MTC-derived TT and MZ-CRC1 cell lines,
although the level was 100-fold lower in MZ-CRC1. As expected,
GFRa4 expression was seen in scattered cells within normal thyroid pa-
renchyma but not the follicular epithelium. GFRa4 mRNA expression
examined by ISH in samples from cynomolgus macaques also showed
thyroid specificity and is summarized in Table S2.

RET-driven signaling is thought to play a central role in both hered-
itary and sporadic forms of MTC. Indeed, TKIs are thought to control
MTC growth by inhibiting RET signaling, and RET knockdown in TT
cells was shown to inhibit growth in culture.22,23 Since RET is known
to complex with GFR family members at the cell surface, we sought to
determine if GFRa4 may be required to maintain stable RET expres-
sion, and consequent signaling, in MTC cells. If GFRa4 is required,
we reasoned that the risk of tumor escape due to antigen loss
following GFRa4-directed immunotherapy would be lower. Howev-
er, while knockdown of RET inhibited TT cell proliferation as previ-
ously published, knockdown of GFRa4 had no effect (Figure S2).

Isolation and validation of GFRa4-specific antibody

As no antibodies were available for GFRa4 that were shown to bind
well to both of its cell-surface GPI-linked isoforms, we screened a
naive rabbit-human chimeric Fab library to isolate GFRa4-specific
binders that could be used to generate scFv for incorporation into a
CAR. After 4 rounds of panning against microplate-bound human
GFRa4 isoform a or b in the presence of a 10-fold mass excess of sol-
uble GFRa1, GFRa2, and GFRa3 proteins to avoid isolating cross-
reactive antibodies, we isolated 2 unique clones, termed P4-6 and
P4-10, that each bound to both isoforms of GFRa4 but not to
GFRa1, GFRa2, and GFRa3 (Figure S3).

P4-6 and P4-10 Fabs were assessed for cross-reactivity to other hu-
man membrane proteins using a membrane proteome array
consisting of over 4,500 unique human membrane proteins (per-
formed by Integral Molecular, Philadelphia, PA, USA). P4-10
demonstrated reactivity against only GFRa4, whereas P4-6 showed
reactivity against GFRa4 as well as SYT2, a synaptic vesicle
membrane protein involved in vesicle exocytosis (Figure S4).
Given its specificity, we conducted pre-clinical CAR T cell studies
using P4-10.



Figure 1. GFRA4 mRNA expression in normal human tissues and MTC

(A) Log-transformed gene expression of MTC sample of index patient (y axis) is plotted against log-transformedmaximum expression of genes across normal tissues (x axis).

(B) Relative expression of GFRA4 (isoforms a and b) across various human cell lines and normal tissues by qPCR with expression in thyroid set to 100. Representative data

from two experiments are shown. Error bars indicate 1 standard deviation of the mean. (C) RNA in situ hybridization using probes against GFRA4 (isoforms a and b), DAPB

(negative control), and PPIB (positive control) in the indicated FFPE samples. Two representative examples of 7 tested MTC samples are shown. MTC 1 is from index patient.

(D) RNA in situ hybridization with GFRa4 probes, as in (C), in the following normal human tissues or MTC: (i) cerebellum; (ii) frontal lobe; (iii) temporal lobe; (iv) occipital lobe; (v)

parietal lobe; (vi) insula; (vii) hippocampus; (viii) pons; (ix) medullar; (x) pituitary; (xi) thyroid; (xii) MTC; (xiii) thymus; (xiv) testis; (xv) kidney.
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In vitro evaluation of GFRa4-targeted CAR

A CAR consisting of the P4-10 variable domains with 4-1BB and
CD3z signaling domains (P4-10bbz) (Figure 2A) was expressed on
primary human T cells (Figure 2B) and a Jurkat cell line expressing
an NFAT-driven GFP reporter construct. As expected, P4-10bbz-
expressing Jurkat cells showed activation (i.e., expressed GFP)
over basal levels in response to wells coated with GFRa4a recom-
binant protein but not wells coated with the other GFRa recombi-
nant proteins (Figure 2C). We next investigated the potential for
CAR activation by soluble GFRa4, given the potential existence
of soluble GFRa4, either produced as secreted isoform, GFRa4c,16

or due to shedding of the GPI-linked forms (GFRa4a and
GFRa4b). Since the serum concentration of a putative soluble
GFRa4 by MTC is unknown, we used recombinant human
GFRa4a-Fc at concentrations above those described for other
membrane-shed tumor-associated proteins that have been targeted
by CAR T cells, namely mesothelin and B cell maturation antigen
(BCMA), which have been detected at ng/mL concentrations in
serum.24,25 We detected no activation of P4-10bbz in reporter Ju-
rkat cells or primary T cells by soluble GFRa4 at a concentration
of 1 mg/mL and only activation of primary P4-10bbz T cells at
3 mg/mL, which is likely well above physiologic levels (Figures
2D and 2E).

P4-10bbz Jurkat cells were activated by both MTC cell lines, TT and
MZ-CRC1, albeit less so by the latter, consistent with reduced
GFRA4 mRNA levels in these cells (Figure 1B). P4-10bbz CAR
T cells lysed TT and MZ-CRC1 cells (Figure 3B; Figure S5) as
well as K562 cells engineered to express either membrane-bound
isoform of GFRa4, but not K562 cells that express other GFR family
members (Figure 3B; Figures S6A, S6B, and S6D) and produced
interleukin-2 (IL-2) and interferon (IFN) g in response to cells ex-
pressing GFRa4 (Figure 3C; Figure S6C). Interestingly, P4-10bbz Ju-
rkat cells were also activated by the neuroblastoma cell line SY5Y,
which has been described to express GFRa4,26 but were not acti-
vated by 293T cells (Figure S7).
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Figure 2. P4-10 CAR T cells specifically respond to GFRa4 protein in vitro

(A) Schematic of CAR construct inserted downstream of an EF1a-derived promoter within a 3rd-generation lentiviral vector plasmid. (B) Primary human T cells were

activated using anti-CD3/anti-CD28-coated beads followed by transduction with lentiviral vectors encoding the indicated CAR genes or were left non-transduced

(NTD). Seven days later, T cells were stained with biotinylated F(ab0 )2-specifc goat anti-mouse or donkey anti-rabbit followed by streptavidin-AF647 and analysis by

flow cytometry. (C) NFAT-GFP reporter Jurkat cells expressing no CAR (NTD), 19bbz, or the P4-10bbz CAR were cultured in wells that had been coated overnight

with GFRa1, GFRa2, GFRa3, GFRa4, and OKT3 proteins. Following overnight culture, cells were analyzed by flow cytometry for GFP expression. A representative of

3 independent experiments is shown. (D and E) NFAT-GFP reporter Jurkat cells (D) or primary human T cells (E) expressing no CAR (NTD), or the P4-10bbz CAR were

cultured in wells that had been coated overnight with OKT3 or GFRa4 (bound) or in media with soluble GFRa4 (soluble). Following overnight culture, cells were

analyzed by flow cytometry for GFP expression (*p < 0.001 compared to media control, ANOVA, Dunnett’s multiple comparisons test). Representatives of 2 in-

dependent experiments each are shown. Error bars indicate 1 standard deviation of the mean.
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In vivo evaluation of efficacy of GFRa4 CAR

To test P4-10bbz CAR T cells in vivo, we used an MTC xenograft
mouse model. Click-beetle green (CBG) luciferase was expressed in
TT cells, and these cells were subcutaneously implanted into non-
obese diabetic severe combined immunodeficiency-gamma (NSG)
mice. Mice then developed localized solid tumors that were measured
by luminescence and size. P4-10bbz CAR T cells effectively eradicated
tumors in this xenograft model (Figures 4A and 4B), and antitumor
activity was accompanied by robust T cell expansion (Figure 4C).
To compare P4-10bbz CAR T cells with an established CD19-directed
CAR (19bbz) standard,27 we ectopically expressed GFRa4b in Nalm6
390 Molecular Therapy: Oncolytics Vol. 20 March 2021
cells, an acute lymphoblastic leukemia cell line that expresses CD19
(Figure S5A). 2� 106 Nalm6-GFRa4b cells expressing CBG were pu-
rified by fluorescence-activated cell sorting (FACS), and cells were in-
jected intravenously (i.v.) into NSG mice. Five days later, 2 � 106

CAR+ or non-CAR (NTD) T cells were injected i.v., and tumor
burden was followed by luminescence imaging. Both 19bbz and
P4-10bbz CAR T cells eliminated the Nalm6 signal to the limit of
detection with comparable kinetics (Figure 4D). T cells in P4-
10bbz-treated mice expanded more robustly compared to 19bbz-
treated mice (Figure 4E), which may be related to an off-target
antigen-driven stimulation (see below).



Figure 3. P4-10 CAR T cells specifically respond to GFRa4-expressing cells in vitro

(A) NFAT-GFP reporter Jurkat cells expressing no CAR (NTD), 19bbz, or the P4-10bbz CAR were co-cultured with the indicated stimuli overnight, followed by assessment of

GFP expression in the Jurkat cells by flow cytometry (*p < 0.05, ANOVA, Dunnett’s multiple comparisons test compared to media control). A representative of 3 independent

experiments is shown. (B) Primary human T cells expressing no CAR (NTD), 19bbz, or P4-10bbz were co-cultured for approximately 18 h with 51Cr-loaded TT cells or K562

cells expressing the indicated antigens, at the indicated effector:target ratios. Following co-culture, supernatant was assessed for released radioactivity. Percentage of the

lysis was calculated according to the formula: 100 � (experimental � spontaneous)/(maximum � spontaneous), where spontaneous represents radioactivity released from

cultures of target cells alone and maximum represents radioactivity released by target cells lysed with 5% SDS. Error bars represent 1 standard deviation of three technical

replicates, and results are representative of at least 3 independent experiments. (C) Primary human T cells expressing no CAR (NTD), 19bbz, or P4-10bbz were co-cultured

for 24 h with media, Nalm6 cells, TT cells, or beads coated with anti-CD3/anti-CD28 antibodies. IL-2 and IFNg in co-culture supernatants were measured by ELISA. All error

bars indicate 1 standard deviation of three technical replicates, and results are representative of at least 3 independent experiments.
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Investigation of in vivo toxicity

Unexpectedly, in both TT and Nalm6 xenograft models, P4-10bbz-
treated mice developed evidence of skin toxicity, which grossly
involved the skin of the tail, footpads, and occasionally the ears (Fig-
ures 5A and 5B). Gross signs of toxicity typically became evident after
tumor eradication, beginning with erythema and focal desquamation
in the tail progressing to marked ulceration associated with purulent
exudate. The footpads similarly developed marked ulceration and, in
some mice, the outer ears became erythematous. Microscopic evalu-
ation showed a progression from basal lymphocytic infiltration of the
epidermis to marked lymphocytic interface dermatitis with basal
epithelial cell apoptosis and satellitosis (Figure 5C). Lesions pro-
gressed to ulceration with epithelial necrosis covered by serocellular
exudate containing coccoid bacteria (Figure 5D). Mild lymphocytic
infiltration and epithelial cell apoptosis, although much less pro-
nounced and without progression to ulceration, was also observed
in stratified squamous epithelium of the middle ear, the squamous
portions of the esophagus and stomach, and skin overlying other re-
gions of the body. Other organs were normal or variably showed lym-
phocytic infiltration that was also seen in control T cell-treated mice
(Table S3).

Many of the histologic features were reminiscent of graft-versus-host
disease. Thus, although 19bbz and NTD cells were produced in par-
allel to P4-10bbz cells from the same healthy donor, we repeated the
in vivo experiment using CART cells in which the TCRwas deleted by
CRISPR-Cas9 targeting TRBC (TRBCko). Additionally, we engi-
neered TT cells to express CD19 in order to stimulate 19bbz CAR
Ts in vivo. In contrast to continued tumor growth in mice treated
with NTD T cells, TT-CD19+ tumors were eradicated with similar ki-
netics by 19bbz, P4-10bbz, and P4-10bbz+TRBCko CAR T cells (Fig-
ure S9A). However, only mice that received P4-10bbz or P4-10bbz+-
TRBCko CAR T cells developed the toxicity, with similar kinetics
(Figure S9B). In P4-10bbz+TRBCko CAR-treated mice, T cells in
Molecular Therapy: Oncolytics Vol. 20 March 2021 391
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Figure 4. P4-10bbz CAR T cells control GFRa4-expressing tumors in vivo

(A and B) NSGmice were implanted subcutaneously with 5� 106 TT cells engineered to express click beetle green luciferase (CBG). On day 9 post-TT cell implantation, mice

received 1� 107 T cells expressing no CAR (NTD, n = 7) or P4-10bbz (n = 8). Tumor burden was assessed by bioluminescence imaging (A) and by caliper measurement (B).

Each line in (A) represents an individual mouse, and curves in (B) represent mean volumes; error bars indicate 1 standard deviation. (C) On day 21 after TT injection, peripheral

blood human T cells were counted by flow cytometry (*p < 0.05, Student’s t test). (D) NSG mice were injected intravenously with 2� 106 Nalm6 cells engineered to express

CBG and GFRa4. Five days later, mice were injected intravenously with 2 � 106 control T cells (NTD, n = 10), 19bbz (n = 10), or P4-10bbz (n = 10) CAR T cells, and tumor

burden was assessed by bioluminescent imaging (*p < 0.05, 1-way ANOVA, Dunnett’s multiple comparisons test compared to NTD). (E) On days 13 and 20 after T cell

injection, peripheral blood human T cells were counted by flow cytometry (*p < 0.05, ANOVA, Tukey’s multiple comparisons test). All error bars indicate 1 standard deviation

of the mean.
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the blood and infiltrating the skin remained negative for surface CD3
(Figure S10) and TCRb (Figure S11), respectively, indicating the
toxicity was TCR independent.

Thus, we focused on CAR-mediated mechanisms. Since soluble GFR
family members have been reported to bind to their co-receptor, RET,
in trans,28,29 we hypothesized that GFRa4 released by TT cells or
Nalm6-GFRa4 cells could potentially bind to RET on mouse tissue
and serve as CAR targets. However, this is unlikely, since RET is ex-
pressed widely, and such a mechanism would be expected to cause
more widespread tissue toxicity; additionally, we found that P4-
10bbz CAR T cells caused toxicity in NSG mice even in the absence
of tumors (Figure S12). To evaluate the possibility of an “on-target
off-tumor” effect, we first determined whether the P4-10bbz CAR
could recognize murine GFRa4. Human P4-10bbz CAR T cells did
lyse K562 cells expressing mouse GFRa4 (Figure S13). However,
both qPCR (Figure S14A) and RNA ISH (Figure S16) showed no
evidence of GFRA4 transcripts in mouse skin from various body re-
gions. These data suggested that the toxicity is due to off-target reac-
tivity. Human skin samples also demonstrated no expression of
GFRA4 mRNA by qPCR despite detection of ACTB indicating
adequate RNA quality (Figures S14B and S14C).

To determine if the reactivity in mouse skin is relevant to human skin,
we performed IHC using P4-10 expressed as a soluble full-length
392 Molecular Therapy: Oncolytics Vol. 20 March 2021
immunoglobulin G (IgG). Mouse skin from the tail, flank, and ears
showed diffuse staining of keratinocytes (KCs) by P4-10. In contrast,
human skin from 3 of 3 tested individuals showed no staining with
P4-10 antibody (Figures 5E and 5F). As expected, P4-10 stained
MTC and TT cells (Figure S15). Next, we functionally tested P4-10
reactivity against murine and human KCs. Jurkat cells expressing an
NFAT-driven GFP reporter were transduced to express 19bbz,
P4-10bbz, or PX44bbz, a positive-control CAR directed against des-
moglein 1 and desmoglein 3 on murine and human KCs.30 These
CAR-reporter cells were co-cultured with K562-CD19, K562-
GFRa4, and murine or human KCs cultured under in low-
(0.06 mM) or high- (0.2 mM) calcium media, the latter stimulating
terminal KC differentiation. After overnight co-culture, GFP and
CD69 expression was measured by flow cytometry to assess CAR acti-
vation.As expected, 19bbzwas activated byK562-CD19, andPX44bbz
was activated by both murine and human KCs. Consistent with find-
ings by IHC, P4-10bbzwas activated bymurine KCs but not by human
KCs. Additionally, primary human P4-10bbz CAR T cells also did not
react to human keratinocytes whereas PX44bbz CAR T cells did (Fig-
ure S17). Lastly, cytotoxicity of P4-10bbz CAR T cells was tested
against a panel of primary human cells, including human keratino-
cytes, and showed specific lysis of only the control TT cell targets (Fig-
ure S18). Although the target antigen inmouseKCs remains unknown,
the aggregate data suggest that the cross-reactive target underlying the
observed toxicity in mice is likely not relevant to humans.



Figure 5. Skin toxicity is directed against murine but not human keratinocytes

(A) NSGmice as shown in Figure 3A implanted subcutaneously with TT cells were injected with non-CAR T cells (top) or P4-10bbz CAR T cells (bottom). (B) Hematoxylin and

eosin-stained sections of tail skin fromNSGmice bearing TT cell tumors followed by treatment with P4-10bbz CAR T cells prior to gross evidence of skin toxicity (top) and after

ulceration (bottom). (C) Sections of skin from anNSGmouse and from a human donor stained with P4-10 antibody. (D) NFAT-GFP reporter Jurkat cells expressing 19bbz, P4-

10bbz, or PX44bbz CARs were co-cultured overnight with the indicated target cells or in wells coated with the CD3-specific antibody, OKT3. Cells were then stained with a

CD69-specific antibody, and GFP and CD69 expression were analyzed by flow cytometry. A representative of 2 independent experiments is shown. (**p < 0.005, ***p <

0.0005, 2-way ANOVA with Tukey’s multiple comparisons test [statistics shown for Mu. KC groups only]). Mu. KC, murine keratinocytes; Hu. KC, human keratinocytes. All

error bars indicate 1 standard deviation of the mean.
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P4-10 humanization for clinical CAR evaluation

In order to decrease the potential immunogenicity of the rabbit-
derived P4-10 scFv for use in the clinic, we humanized both the rabbit
variable heavy chain (VH) and variable light chain (VL) domains by
CDR grafting based on published methods.31 Two new scFvs were de-
signed and incorporated into CAR constructs, termed CAR25 and
CAR29 (Figure S19). The VL domains of both are identical and are
composed of framework regions derived from the human lambda
germline gene IGLV4-69*01. The VH domains of CAR25 and
CAR29 are based on human heavy chain germline framework regions
of IGHV4-38-2*02 and IGHV3-48*03, respectively. Each of the 2 hu-
manized VH domains as well as their common VL domain were found
to have 85% amino acid sequence identity to human VH and VL germ-
line genes, a level of humanization that is comparable to or greater
than many humanized antibodies currently in clinical use.32 We
measured the affinity of the rabbit P4-10 and CAR29 scFvs against
human GFRa4 by surface plasmon resonance (SPR); the dissociation
constant (KD) of P4-10 was 9.5 � 10�9 M and 1.14 � 10�9 M for
GFRa4a and GFRa4b, respectively, and that of CAR29 was 4.87 �
10�8 M and 1.19 � 10�8 M (Figure S20). Despite a 5- to 10-fold
decrease in affinity of the CAR29 scFv, we found that each of the
CARs utilizing humanized P4-10 scFv was indistinguishable from
the parental rabbit P4-10 CAR in terms of efficacy and specificity
in vitro and in terms of in vivo efficacy and dermal toxicity
(Figure S21).

DISCUSSION
We have shown that GFRa4 is a promising target for immunotherapy
to treat MTC. Consistent with findings of Lindahl et al.,16 we show,
using a highly specific and sensitive RNA-ISH assay, that GFRa4
expression in humans and cynomolgus macaques is limited to paraf-
ollicular cells of the thyroid, strongly suggesting absence of protein
expression. Also confirming their findings, we found GFRa4 expres-
sion in all tested cases of MTC, which derive from parafollicular cells.
Others have reported GFRa4 expression in human tissues apart from
the thyroid.26,33 Using confocal imaging and sub-cellular fraction-
ation with western blot, Lee et al.33 reported plasma membrane
expression of GFRa4 in normal human brain and mislocalization
to the ER in glioma samples. However, using ISH, we were unable
to detect GFRa4 mRNA in human and cynomolgus macaque brain
samples from various brain regions. Using qPCR, we found GFRa4
signals from brain regions were 10- to 1,000-fold lower compared
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to normal thyroid and MTC cell lines. Their study did not specify the
location of brain tissue tested or the source of anti-GFRa4 antibody
used.33 The discrepancy between our findings may be due to differen-
tial sensitivity of the assays but could also be due to GFRa4 expression
in an infrequent population of cells that was missed due to sampling
or dilution among negative cells. Wang et al.,26,34 investigating a po-
tential role of GFRa4 in the pathogenesis of Hirschsprung’s disease,
showed decreased GFRa4 mRNA and GFRa4 protein in colonic tis-
sue from affected subjects compared to normal individuals. However,
they did not compare expression to that found in thyroid tissue.26,34

We found no evidence of GFRa4 mRNA expression in colon,
including enteric ganglia using ISH and qPCR. Additionally, the anti-
body used in their studies reportedly detected GFRa4 protein in 293T
cells. In contrast, we found no evidence of GFRa4 expression in 293T
cells when tested using our sensitive P4-10bbz CAR reporter cells
(Figure 3D). Another study also investigating the potential role of
GFRa4 in Hirschsprung’s disease found no mutations or variants of
GFRa4 associated with disease.35 Thus, it remains unclear if GFRa4
is expressed in the colon. If it is, its expression may be at low levels
or in infrequent cells.

GFRa4 is predicted to occur as two different GPI-linked membrane-
bound isoforms, GFRa4a and GFRa4b, and a third soluble form,
GFRa4c, although secretion of the soluble protein has yet to be
demonstrated convincingly.16 Using phage display, we constructed
P4-10bbz, a CAR that targets both surface GPI-linked isoforms. We
showed in vitro efficacy of T cells expressing P4-10bbz against target
cells expressing GFRa4a or GFRa4b, but not other GFRa family
members. Using a tumor xenograft model, we showed in vivo efficacy
of P4-10bbz CAR T cells against MTC. In a model using Nalm6 cells
expressing both CD19 and GFRa4, P4-10bbz CAR T cells eradicated
antigen-positive tumor cells as effectively as the CD19-targeted “gold-
standard” CAR T cell.

Tumor-escape due to antigen loss has been described following
CAR T cell therapy in B cell malignancies.36,37 To address the pos-
sibility of antigen loss as a mechanism of relapse in MTC, we per-
formed small interfering RNA (siRNA)-mediated silencing of
GFRa4 in TT cells and found no defect in TT cell proliferation.
Thus, antigen-loss tumor escape could occur following GFRa4-tar-
geted therapy. However, whether GFRa4-independent growth is
specific to TT cells or also a feature of primary MTC cells remains
to be determined. Interestingly, we found reduced expression of
RET protein, but not mRNA, following GFRa4 knockdown using
two different siRNAs. The reason for this is not clear but may indi-
cate that RET is more stable when in complex with its co-receptor
GFRs; loss of GFRa4 in TT cells could result in more rapid degra-
dation of RET protein. One limitation of our study is the relatively
few MTC lines available for evaluation. We tested TT and MZ-
CRC1 cells, the only two MTC cell lines of which we are aware,
and found that both express GFRa4 but at very different levels,
for unknown reasons. Each harbors a different RET-activating mu-
tation, and it is unknown whether this contributes to the expression
level of GFRa4, a binding partner of RET.
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In vivo murine studies revealed P4-10bbz CAR-mediated toxicity
affecting squamous epithelia, most prominently in the skin of the
tail and foot pads. The combined results of several experiments pre-
sented suggest that the toxicity is the result of off-target reactivity of
the CAR to an unknown antigen found in murine but not human ker-
atinocytes. Although a limitation of the present study is the lack of
identification of the off-target antigen, we provide multiple lines of
evidence to suggest its lack of relevance to humans. This underscores
limitations inherent in the in vivo models available for evaluating
CAR therapies. Future work to further evaluate the safety of
GFRa4-targeted immunotherapies could employ a syngeneic CAR
T model targeting murine or knocked-in human GFRa4, keeping
in mind, however, that murine and human GFRa4 appear to undergo
differential splicing.

In summary, we have identified and validated GFRa4 as a promising
therapeutic target for treatment of MTC. We have developed a
GFRa4-directed CAR T cell immunotherapy that could be an effec-
tive treatment for patients with MTC, who currently have no curative
options. A clinical trial to test GFRa4-directed CAR T cells for MTC
is currently under development.

MATERIALS AND METHODS
Antibodies and flow cytometry

Expression of the FMC63-based 19bbz CAR was assessed using
biotin-conjugated goat anti-mouse antibody (Jackson ImmunoRe-
search, West Grove, PA, USA) followed by streptavidin-PE (BD Bio-
sciences, San Jose, CA, USA) or streptavidin-APC (BD Biosciences).
P4-10bbz expression was assessed by staining with biotin-conjugated
donkey anti-rabbit antibody (Jackson ImmunoResearch) followed by
streptavidin-PE or streptavidin-APC. Expression of GFRa4 was as-
sessed using recombinant IgG comprising the P4-10 rabbit variable
region fused to either a rabbit, mouse, or human constant region.
The rabbit construct (a kind gift from Novartis) was detected by
AF647-conjugated donkey anti-rabbit (Jackson ImmunoResearch),
and the mouse/human constructs (constructed by WuXi AppTec,
Philadelphia, PA, USA) were detected by AF647-conjugated goat
anti-mouse or -human antibodies, respectively (Jackson ImmunoRe-
search). Expression of GFRa1, GFRa2, and GFRa3 was assessed us-
ing polyclonal rabbit anti-GFRa1, anti-GFRa2, and anti-GFRa3
(Sino Biologicals, Wayne, PA, USA) followed by AF647-conjugated
goat anti-rabbit antibody (Thermo Fisher Scientific). Human T cells
in mouse blood were enumerated using anti-CD3-APC-Cy7 (BD Bio-
sciences), anti-CD4-V450 (BD Biosciences), anti-CD8-PE (BD Bio-
sciences), anti-CD45-APC (BD Biosciences), and CountBright Abso-
lute Counting Beads (Thermo Fisher Scientific). After a 20-min
incubation, samples were fixed using BD Pharm Lyse. For analysis
of Nalm6 cells in mouse blood, red blood cells were first lysed with
a 5-min incubation in ACK lysis buffer (Thermo Fisher Scientific).
Samples were then washed once and stained with P4-10 antibody,
anti-CD3-APC-Cy7, anti-CD45-PE (BD Biosciences), and anti-
CD19 (Beckman Coulter, Atlanta, GA, USA). Following a 30-min
incubation and two washes, samples were stained with AF647-conju-
gated goat anti-rabbit antibody for 30 min. After two washes, samples
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were fixed with buffered 1% paraformaldehyde. All samples were
analyzed on a LSRFortessa (BD Biosciences), and data analysis was
performed using FlowJo software (FlowJo).

Phage display

Antibody fragments to human GFRa4 isoform a (GFRa4a) and iso-
form b (GFRa4b) were isolated by phage display using a naive
chimeric rabbit-human Fab M13 phage display library.38 The library
comprised >10 billion independent rabbit variable regions displayed
on phage as Fab fragments with human CH1 heavy chain constant re-
gions and human light chain Ck or Cl constant regions. Library selec-
tions against human Fc-fusion constructs of microplate-immobilized
GFRa4a and GFRa4b were performed in separate experiments and
carried out as described39 in the presence of 10-fold excess soluble
Fc-GFRa1, Fc-GFRa2, and Fc-GFRa3 to prevent cross-reactivity
with related GDNF family alpha receptors or human Fc constant re-
gion fragments. Human GFRa1, 2, 3, and 4a were purchased from
R&D Systems (Minneapolis, MN, USA), and GFRa4b was purchased
from LakePharma (Belmont, CA, USA).

After four rounds of panning, individual phage-displayed Fab clones
were prepared, and phage ELISA and nucleotide sequencing39 re-
vealed 2 unique GFRa4a- and GFRa4b-binding Fabs designated
P4-6 and P4-10. Immunoglobulin sequence analysis of recombinant
antibodies were performed using the IMGT tools V-Quest40 and Do-
mainGapAlign,41 available at http://www.imgt.org.

SPR analysis

Kinetic and thermodynamic parameters for scFv binding to antigen
were measured on a Biacore X100 instrument (Cytiva) at 25�C using
1� HBS-EP+ (Cytiva) as running buffer. A mouse anti-human IgG
CH2 monoclonal antibody (Cytiva) was immobilized on a CM5
sensor chip via standard NHS/EDC coupling methods (Cytiva) to
capture the antigens hFc-GFRa4a or hFc-GFRa4b. Rabbit scFv or hu-
manized scFv serially two-fold diluted in running buffer were then in-
jected respectively at five different concentrations with a replicate of
the lowest concentration to confirm regeneration of the sensor
chip. Biacore X100 Control Software (version 2.0.1) was used to
collect data and Biacore X100 Evaluation Software (version 2.0.1) to
analyze data. Calculation of association (kon) and dissociation (koff)
rate constants was based on a 1:1 Langmuir binding model. The equi-
librium KD was calculated from koff/kon.

CAR construction

A scFv construct was synthesized from the VH and VL fragments of
the P4-10 Fab nucleotide sequence in VH-VL orientation with the
15 amino acid glycine-serine linker, GGGGSGGGGSSGGGS, be-
tween the variable domains, flanked by BamH1 and Nhe1 restriction
sites (Genewiz, South Plainfield, NJ, USA). These were cloned into a
lentiviral plasmid vector containing a glycine-serine hinge-domain,
GGGGSGGGGS, followed by a CD8 transmembrane domain and
the cytoplasmic domains of 4-1BB and CD3z driven by the EF1a pro-
moter.27 The PX44 CAR, directed to the keratinocyte adhesion mol-
ecules desmogleins 1 and 3, was similarly constructed by synthesis of
the PX44 scFv42 flanked by BamH1 and Nhe1 followed by cloning
into the CAR lentivirus vector in place of the P4-10 scFv. The human
CD19 directed FMC63-based CAR has been described previously.27

CAR T cell production

T cells were activated using anti-CD3/anti-CD28 coated Dynabeads
(Thermo Fisher Scientific, Waltham, MA, USA) at a bead:cell ratio
of 3:1 and cultured in RPMI1640 with 10% fetal bovine serum
(FBS), 10 mM HEPES, and 1% penicillin/streptomycin. Twenty-
four hours after activation, the cells were transduced with lentiviruses
at a MOI of 2 to 3. T cells were then expanded in media containing
100 IU/mL IL-2 (Proleukin) for 10–14 days prior to cryopreservation
or use in functional studies.

T cell receptor-deficient CAR T cells were generated by T cell acti-
vation and viral transduction as described.43 On day 3 of culture,
T cells were de-beaded and electroporated (360 V, 1 ms pulse,
2 mm gap cuvette) using an ECM 830 Square Wave Electroporation
system (BTX, Holliston, MA, USA) at a concentration of 5–10 �
107 cells/mL in Opti-MEM with in vitro-transcribed Cas9 mRNA
at a final concentration of 20 mg per 100 mL. Cas9 mRNA was
generated from a pGEM vector encoding the Cas9 gene using
mScript (Cellscript, Madison, WI, USA) following the manufac-
turer’s recommendations. Following electroporation, T cells were re-
turned to complete media with IL-2. On day 4, T cells were electro-
porated under the same conditions with in vitro-transcribed gRNA
targeting TRBC43 at a final concentration of 8–10 mg per 100 mL.
T cells were then returned to complete media. Between days 9
and 11 of culture, TCR-positive cells were depleted using an anti-
CD3 depletion kit (Miltenyi Biotec, Auburn, CA, USA). Labeled
cells were serially passed through two columns over the magnet,
which consistently yielded >95% surface CD3-negative cells as as-
sessed by flow cytometry. Cells were expanded for an additional
5 days prior to cryopreservation.

Primary cells and cell lines

TT, MZ-CRC1, K562, HaCaT, and Nalm6 cells were obtained from
ATCC. Jurkat cells stably expressing an NFAT-driven GFP reporter
were a kind gift of Arthur Weiss (University of California, San Fran-
cisco). K562-CD19 and TT-CD19 cells were generated by transduc-
tion with a lentivirus encoding human CD19.27 K562 cells expressing
GFRa1, GFRa2, and GFRa3 were constructed by transduction with
lentiviruses containing GFP followed by a T2A sequence, followed
by the GFRa1/2/3 coding sequences. Nalm6 cells were transduced
with a lentivirus encoding CBG luciferase and, where indicated, a len-
tiviral vector encoding GFRa4a or GFRa4b. All cell lines were
cultured in RPMI1640 containing 10% fetal bovine serum, 10 mM
HEPES, and 1% penicillin/streptomycin.

Primary human T cells, collected from healthy volunteer donors,
were obtained from the Human Immunology Core at the Univer-
sity of Pennsylvania. Bulk T cells were isolated by negative selec-
tion using RosetteSep (StemCell Technologies, Vancouver, BC,
Canada).
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Human primary keratinocytes isolated from human foreskin were ob-
tained from the University of Pennsylvania Dermatology Core. Mu-
rine keratinocytes were isolated according to a published method.44

NFAT-GFP Jurkat cell reporter assay

NFAT-GFP reporter Jurkat cells were engineered to express CARs by
transduction with CAR-encoding lentiviral vectors. Jurkat cells were
incubated overnight in the presence of indicated target cells at a 2:1
(target:Jurkat cell) ratio or in the presence of the indicated plate-
bound proteins. OKT3 (10 mg/mL, Biolegend) was adsorbed onto cul-
ture wells by overnight incubation at 4�C. GFR proteins (10 mg/mL)
were absorbed overnight to wells precoated with anti-human Fc
(10 mg/mL).

Tumor xenograft studies

NSG (NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ) mice were housed in the
Stem Cell Xenograft Core Facility at the University of Pennsylvania
under pathogen-free conditions. The experimental protocols were
approved by the University of Pennsylvania IACUC.

In the Nalm6-GFRa4 model, 6- to 8-week-old NSG mice were in-
jected with 2 � 106 Nalm6 cells transduced with GFRa4b and co-
transduced with CBG luciferase emitting in the green spectrum
(Chrom-Luc Green, Promega, Madison, WI, USA). These cells had
been sorted to approximately 98% GFRa4b positivity. Cells were in-
jected in a volume of 100 mL PBS via tail vein. On day 5, the mice were
randomly assigned to study groups and injected with NTD, 19bbz
CAR, or P4-10bbz CAR T cells at 2 � 106 cells in 100 mL PBS per
mouse through the tail vein. Tumor burden was assessed by imaging
anesthetized mice using a Xenogen Spectrum system and Living Im-
age v4.2 software following intraperitoneal injection of 150 mg/kg D-
luciferin (Caliper Life Sciences, Hopkinton, MA, USA). Each animal
was imaged alone (for photon quantification) or in groups of up to 5
mice (for display purposes) in the anterior-posterior prone position at
the same relative time point after luciferin injection (6 min). Data
were collected until the midrange of the linear scale was reached
(600–60,000 counts) or maximal exposure settings reached (f-stop
1, large binning, and 120 s), and then converted to photons/s/cm2/
steradian to normalize each image for exposure time, f-stop, binning,
and animal size.

For the TT tumor model, 6- to 8-week-old mice were subcutaneously
implanted with TT cells or TT cells engineered to express CD19. Tu-
mor volumewas assessed by external calipermeasurement of the great-
est longitudinal diameter (length) and the greatest transverse diameter
(width). Tumor volumewas calculated by the formula: tumor volume =
1/2(length � width2). When tumors reached at least 100 mm3, mice
were randomly assigned to study groups and received NTD T cells
or indicated CAR T cells (5 � 106) through tail vein injection.

In some experiments, TT cells transduced with CBG were injected
into adult NSG mice, and tumors were assessed following CAR
T cell injections by bioluminescent imaging as described above for
the Nalm6 model.
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Chromium release assay

Target cells were loaded with 51Cr and combined with differing
amounts of transduced T cells in U-bottom plates. After a 4-h incu-
bation at 37�C, the release of free 51Cr was measured using a COBRA
II automated gamma-counter (Packard Instrument Company). The
percent specific lysis was calculated using the formula: % specific
lysis = 100 � (experimental cpm release � spontaneous cpm
release)/(total cpm release � spontaneous cpm release). All data are
presented as a mean ± standard deviation of triplicate wells.

Cytokine analysis

T cells were co-incubated with target cells at a 1:1 ratio or with anti-
CD3/anti-CD28 beads at a 3:1 (bead:cell) ratio for 24 h. Culture su-
pernatant was then harvested and frozen at �80�C. IFNg and IL-2
in supernatants were measured by ELISA (R&D Systems) following
the manufacturer’s instructions. Data are presented as a mean ± stan-
dard deviation of triplicate wells.

qRT-PCR

RNA from a normal human tissue panel was obtained from Takara
Clontech (Mountain View, CA, USA). Additionally, RNA was iso-
lated from TT, MZ-CRC1, and K562 using the RNeasy Mini Kit (-
QIAGEN, Germantown, MD, USA). RNA from human skin samples
was isolated using the RNeasy Fibrous Tissue Mini Kit (QIAGEN).
cDNA was synthesized using the High-Capacity RNA-to-cDNA kit
from Applied Biosystems (Foster City, CA, USA). qPCR was per-
formed using 100 ng of the cDNA per well in 20-mL reactions. Primers
for GFRa4, ACTB, and RET were purchased from Applied Bio-
systems. Relative expression of GFRa4 and RETwere calculated using
the 2�DDCt method using ACTB as a reference gene.

RNA in situ hybridization

Chromogenic RNA in situ hybridization (RNAscope LS 2.5 Detection
System; Advanced Cell Diagnostics, Newark, CA, USA) was per-
formed on formalin-fixed paraffin-embedded tissue using a Leica
Bond III instrument and probes to human GFRa4 (Probe-Hs-
GFRA4 #417428; Advanced Cell Diagnostics). Positive (Hs-PPIB
#313908; Advanced Cell Diagnostics) and negative (Hs-DapB
#312038; Advanced Cell Diagnostics) control probes were used to
assess RNA and tissue quality.

Immunohistochemistry

Representative samples of normal NSG mouse and human skin were
investigated by immunohistochemistry using a P4-10 rabbit variable
region/mouse constant region (IgG1-k) chimeric antibody. Immuno-
staining was performed using a Leica BOND RXm automated plat-
form combined with the Bond Polymer Refine Detection kit (Leica
#DS9800), which allows detection of both mouse and rabbit tissue-
bound IgG-based primary antibodies. This approach allowed the
simultaneous detection of both the mouse and the rabbit components
of the P4-10 chimeric primary antibody. For the mouse component of
P4-10 antibody, isotype-matched controls were generated using the
same protocol with an irrelevant mouse monoclonal primary anti-
body (i.e., MUM1P/IRF4, DAKO/Agilent, catalog #M7259)
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incubated at the same concentration of the P4-10 antibody (15 mg/
mL). For the rabbit component of P4-10 chimeric antibody, the rabbit
anti-mouse IgG antibody linker present in the kit served as isotype
control. Subcutaneous xenografts generated in NSG mice trans-
planted with TT cells (ATCC CRL-1803) were used as positive
controls.

For immunohistochemistry, 5-mm-thick paraffin sections were
mounted on ProbeOn slides (Thermo Fisher Scientific). Briefly, after
dewaxing and rehydration, sections were pretreated with the epitope
retrieval BOND ER1 low pH buffer (Leica #AR9961) for 20 min at
98�C. Endogenous peroxidase was inactivated with 3% H2O2 for
10 min at room temperature (RT). Nonspecific tissue-antibody inter-
actions were blocked with Leica PowerVision IHC/ISH Super Block-
ing solution (PV6122) for 30 min at RT. The same blocking solution
also served as diluent for the primary antibody. Immunoreactivity
was revealed with the diaminobenzidine (DAB) chromogen reaction.
Slides were finally counterstained in hematoxylin, dehydrated in an
ethanol series, cleared in xylene, and permanently mounted with a
resinous mounting medium (Thermo Fisher Scientific ClearVue
coverslipper).

RET and GFRa4 knockdown

TT cells that were engineered to express GFP were electroporated
with siRNA oligonucleotides (Integrated DNA Technologies, Coral-
ville, IA, USA) targeting GFP (positive control), RET, GFRa4, or
with a non-targeting siRNA (negative control). Twenty-four hours
later, cells were lysed, and mRNA was isolated for measurement of
RET and GFRa4 by qPCR. Cells were also maintained in culture
and counted 7 days later to assess proliferation.

Statistical analysis

Statistical analyses, as indicated in figure legends, were performed us-
ing Prism (GraphPad Software, San Diego, CA, USA).

Data and materials availability

Plasmids and lentiviral vectors encoding the scFvs and CARs as well
as cell lines described in this manuscript are available to interested in-
vestigators, but their availability will depend upon the execution of a
material transfer agreement with the University of Pennsylvania.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omto.2021.01.012.
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