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Mesothelin targeting CAR T cells have limited activity in
patients. In this study, we sought to determine if efficacy of
anti-mesothelin CAR T cells is dependent on the mesothelin
epitopes that are recognized by them. To do so, we developed
hYP218 (against membrane-proximal epitope) and SS1 (against
membrane-distal epitope) CAR T cells. Their efficacy was
assessed in vitro using mesothelin-positive tumor cell lines and
in vivo in NSG mice with mesothelin-expressing ovarian cancer
(OVCAR-8), pancreatic cancer (KLM-1), and mesothelioma
patient-derived (NCI-Meso63) tumor xenografts. Persistence
and tumor infiltration of CAR T cells was determined using
flow cytometry. hYP218 CAR T cells killed cancer cells more
efficiently than SSI CAR T cells, with a two- to fourfold lower
ETs, value (effector-to-target ratio for 50% killing of tumor cells).

Introduction

Adoptive cellular therapy utilizing CAR T cells has shown remark-
able success for the treatment of several hematologic malignancies. It
has led to the FDA approval of CD19-targeting CAR T cells for the
treatment of large B-cell lymphoma and acute lymphoblastic
leukemia (1-7) as well as CAR T cells targeting BCMA in multiple
myeloma (8). However, CAR T-cell therapy has had limited success in
the treatment of solid tumors (9, 10).

One of the primary challenges for the development of CAR T-cell
therapy for solid tumors is the identification of antigens that are highly
expressed only on the tumor cells and not on essential normal tissue to
avoid on-target off-tumor toxicities. Mesothelin remains one of the
highly targeted tumor-associated antigens, and many anti-mesothelin
drugs are in clinical trials for treatment of solid tumors (11). It is a
glycosyl phosphatidyl inositol (GPI)-anchored protein present on the
surface of normal mesothelial cells lining the peritoneum, pericardi-
um, and pleura (12, 13). However, it is overexpressed by a variety of
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In mice with established tumors, single intravenous administra-
tion of hYP218 CAR T cells lead to improved tumor response and
survival compared with SS1 CAR T cells, with complete regres-
sion of OVCAR-8 and NCI-Meso63 tumors. Compared with SS1
CAR T cells, there was increased peripheral blood expansion,
persistence, and tumor infiltration of hYP218 CAR T cells in the
KLM-1 tumor model. Persistence of hYP218 CAR T cells in
treated mice led to antitumor immunity when rechallenged with
KLM-1 tumor cells. Our results show that hYP218 CAR T cells,
targeting mesothelin epitope close to cell membrane, are very
effective against mesothelin-positive tumors and are associated
with increased persistence and tumor infiltration. These results
support its clinical development to treat patients with mesothelin-
expressing cancers.

solid tumors, including mesothelioma, pancreatic, lung, and ovarian
cancers (14-16), highlighting it as an attractive target for the devel-
opment of cancer therapeutics (11, 17).

Several mesothelin-directed CAR T-cell therapies are currently
being evaluated in clinical trials (18-22), but thus far have not resulted
in significant antitumor efficacy. This lack of efficacy could be due to
well-defined mechanisms such as tumor antigen expression hetero-
geneity, limited tumor penetration, lack of T-cell persistence, and their
exhaustion (9, 10, 23). However, the role of tumor antigen epitope
selection on CAR T-cell efficacy has not been well studied.

Previous studies of monoclonal and bispecific T cell-engager (BiTE)
antibodies targeting diverse epitopes on the same antigen have clearly
shown that distance from the target cell membrane influences the
effector function of antibody-redirected cytotoxic T cells (24-27).
Targeting membrane-proximal epitopes results in enhanced antitu-
mor activity, which is attributed to effective formation and function of
the cytolytic immune synapse between T cell and the target
cell (24, 28, 29). Previous research by Mackall and colleagues at the
NCI has shown that anti-CD22 CAR T cells targeting a membrane-
proximal epitope had superior antitumor activity compared with those
incorporating other binding domains (30).

Because antibodies targeting membrane-distal N-terminal region of
mesothelin, region I, can compete with other cellular factors like
MUCI16 for binding (Fig. 1A) (31), focusing antibody design to target
membrane-proximal region III of mesothelin is an attractive option.
We recently described development of a rabbit mAb, YP218, which
targets a membrane-proximal epitope of mesothelin (32). The human-
ized YP218 mAb, hYP218, was developed using computational tools
that allow grafting of the complementarity determining regions of the
rabbit antibody sequence into human germline sequences (33). In this
study, we describe the development of CAR T-cell therapy using
hYP218 single-chain variable fragments (scFvs) and show its superior
antitumor activity in vitro and in vivo when compared with the
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Mesothelin recognition by YP218 antibody and the development of hYP218 CAR T cells. A, SSTand hYP218 CAR T cells targeting distinct epitopes of mesothelin.
Binding site for MUCI16 is also indicated. (B) Binding affinity of YP218 and hYP218 for mesothelin. hYP218 has higher binding affinity than YP218. C, Examples of YP218
antibody reactivity to normal human tissues by IHC. Shown are representative staining of normal mesothelial cells that express mesothelin while as normal tissues of
liver, lung, and kidney are negative for mesothelin expression. D, Cell surface mesothelin expression on human tumor cell lines by flow cytometry using YP218
antibody. MSLN expression indicated as + or —. A431-H9 is the A431 epidermoid carcinoma cell line transduced for high expression of human mesothelin.
E, Representation of CAR vector design. GMCSFRss, GMCSF receptor signal sequence, directs surface expression; T2A: self-cleaved peptide sequence; huEGFRY,

human EGFR-truncated polypeptide.

membrane-distal targeting SS1 CAR T cells in several different models
of mesothelin-expressing cancers.

Materials and Methods

Mice, established tumor cell lines, and patient-derived cell lines

All animal studies were approved by Animal Care and Use Com-
mittee of the NCI, NTH (Bethesda, MD). NOD scid gamma (NSG) mice
were obtained from the Jackson Laboratory. All mice were maintained
in a dedicated pathogen-free environment following NIH guidelines
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approved by the Animal Care and Use Committee of the NCL
Established tumor cell lines OVCAR-8 (received from Dr. Hisataka
Kobayashi, Center for Cancer Research, NCI, NIH, Bethesda, MD) and
KLM-1 (received from Dr. Christine Alewine, Center for Cancer
Research, NCI, NIH, Bethesda, MD) were maintained in RPMI11640
medium with 10% FBS, 2 mmol/L L-glutamine, and 100 U penicillin—
streptomycin. Early-passage mesothelioma cell lines, NCI-Meso29
and NCI-Meso63, were established from ascites or pleural fluid
obtained from patients with mesothelioma treated at the NCI
(Bethesda, MD) on Institutional Review Board (IRB)-approved

MOLECULAR CANCER THERAPEUTICS



protocol (ClinicalTrials.gov NCT 01950572). The methods for estab-
lishment of primary culture cell lines have been described previous-
ly (34). These cell lines were authenticated using short tandem repeat
profiling (35) and regularly tested for the absence of Mycoplasma.
PBMCs from healthy donors were obtained from the NIH Clinical
Center Department of Transfusion Medicine under their IRB
approved and consented healthy donor program. PBMCs from
patients with mesothelioma were also obtained under IRB-approved
protocol (ClinicalTrials.gov NCT 01950572). Studies were conducted
in accordance with the Declaration of Helsinki, and informed written
consent was obtained from each subject.

Mesothelin epitope recognition and binding affinity of hYP218
mAb

Epitope mapping of hYP218 was performed by ELISA assay. An
ELISA plate (Thermo Scientific) was coated with rabbit Fc overnight.
Full-length (aa 296-580), recombinant (aa 501-599), and region III (aa
487-580) of MSLN were plated at the concentration of 1 mcg/mL, in
the first set of the experiment. Appropriate negative controls (Rabbit
IgG and BSA) were used. For narrowing down the binding domain, the
mesothelin peptide fragments (501-535, 525-560, 550-581) were
plated at the concentration of 1 mcg/mL and further two fold serial
dilutions were used. The plate was incubated for 1 hour. hYP218 was
subsequently added at 1 mcg/mL, incubated for 1 hour, and binding
was detected using goat anti-human kappa light chain HRP conjugate.
Results were read using a spectrophotometer at 450-nm wavelength.
Binding kinetics of hYP218 and YP218 mAb and cross-competition
assays were performed using the Octet RED96 system (FortéBio) at
the Biophysics core at the National Heart, Lung, and Blood institute
(NHLBI, Supplementary Methods).

Reactivity of YP218 antibody with normal human tissues

To determine the reactivity of YP218 antibody with normal human
tissues, we used tissue arrays containing 28 normal human tissues.
Immunostaining was done on a Leica Bond automated system. Rabbit
mAb YP218 (0.8 mcg/mL) was diluted 1:500. Epitope retrieval was
performed with ER2 buffer for 25 minutes, and primary antibody was
incubated for 30 minutes. Detection was performed by polymer Refine,
and diaminobenzidine was used as the chromogen. Slides were coun-
terstained with hematoxylin. The slides were evaluated for the pres-
ence of mesothelin immunoreactivity and intensity (weak or strong).
All slides were read by a pathologist with expertise in ITHC.

CAR plasmid design, lentivirus transduction, and ex vivo
expansion of CAR T cells

Antibodies SS1 and YP218 were used to design the scFvs that would
target membrane-distal and -proximal epitopes on mesothelin, respec-
tively, and the YP218 sequence was humanized (hYP218) to reduce the
immunogenicity for future clinical applications. Second-generation
CAR vectors were designed by inserting the scFv sequences in the
lentivirus plasmid backbone under the control of EFla promoter,
with CD8o hinge and transmembrane domains, followed by 41BB
costimulatory domain and the CD3{ signaling domain (36). A T2A
self-cleaved sequence separated the CAR sequence from a truncated
human EGFR polypeptide (hLEGFR), which can be used for CAR T-cell
tracking in vitro and in vivo, and CAR T cell ablation in patients if
needed for safety. High-titer VSVG pseudotyped lentivirus was pro-
duced by Cellomics Technology or Genecopoeia. T cells were expand-
ed ex vivo by activating healthy donor or patient-derived PBMCs
with anti-CD3/CD28-coated Dynabeads in presence of IL2. Cells
were transduced with CAR lentivirus at MOI~6 in the presence of
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protamine sulphate. On day 9 posttransduction, the CAR T cells (or
untransduced T cells) were used for in vitro and in vivo studies
(Supplementary Methods). Surface expression of human T-cell mar-
kers, hEGFR and MSLN was determined by flow cytometry (Supple-
mentary Methods).

Determination of mesothelin expression on tumor cell lines for
in vitro CAR T-cell functional assays

We used both established tumor cell lines and primary mesothe-
lioma patient-derived tumor cell lines to assess in vitro antitumor
activity of CAR T cells. Tumor cell lines from a variety of tissue origins
were used, including ovarian cancer (OVCAR-8), pancreatic cancer
(KLM-1, KLM-1 MSLN-knockout), lung cancer (H292), mesothelio-
ma (H226, NCI-Meso63, NCI-Mes029), and human epidermoid
carcinoma cells (A431) transduced for high mesothelin expression
(A431-H9). All tumor cells had been transduced with luciferase-
expressing lentivirus (Frederick National Laboratory, clone R980-
M03-663) and selected with puromycin to express GFP and luciferase,
with more than 90% transduction efficiency. Surface mesothelin
expression of these tumor cell lines was determined by flow cytometry
using either the mouse MN antibody (Rockland) or rabbit YP218
antibody (Supplementary Methods). Quantitation of mesothelin
molecules per cell was performed by generating a standard curve
using the PE quantikine beads (BD Biosciences, catalog No. 340495).

In vitro assays to assess effector function of CAR T cells

CAR T-cell effector function was determined in vitro in a coculture
of CAR T cells and tumor cells by (i) measuring direct killing
(cytotoxicity) of mesothelin-expressing tumor cells by the CAR T
cells and (ii) quantifying the cytokines released by the CAR T cells. For
cytotoxicity assays, 100 UL of complete RPMI media containing 5,000
tumor cells were seeded in a 96-well plate. Four to six hours after
seeding the tumor cells, 50 UL of media containing CAR T cells or
untransduced T cells at a range of effector-to-target (E:T) ratios were
added to initiate the co-culture. Wells with tumor cells only, without
the CART cells, were used as internal plate references. After 20- to 24-
hour coculture, luciferase signal from the remaining live tumor cells
was determined (Promega, Luciferase Assay System, catalog No.
E1501). Percent killing was calculated using the formula: % killing
= 100 x [1- relative light units (RLUs) from coculture wells/RLU
from target-alone wells]. ELISA kits were used to quantify cytokines
IL2, IFNY, and TNFo (R&D Systems, catalog No. D2050, DIF50C,
DTAO00D) secreted by the stimulated CAR T cells in the culture
supernatant after 20 to 24 hours of coculture with the tumor cells.

In vivo antitumor activity of CAR T cells

Three different human xenograft models were used to assess the
in vivo antitumor efficacy of CAR T cells, including luciferase-
expressing OVCAR-8 (ovarian cancer), luciferase-expressing KLM-1
(pancreatic cancer), and NCI-Meso63 (mesothelioma patient-derived
primary tumor). Briefly, 5 x 10° OVCAR-8 tumor cells or 3 x 10°
KLM-1 tumor cells were implanted i.p., while 1 x 10" NCI-Meso63
non-luciferase-expressing mesothelioma cells were implanted subcu-
taneously into 5- to 6-week-old female NSG mice. For luciferase-
expressing OVCAR-8 and KLM-1 tumor models, tumor growth was
monitored weekly via bioluminescence imaging (PerkinElmer, IVIS
Lumina III In vivo Imaging System) after intraperitoneal injection of
the substrate p-luciferin (Syd Labs, catalog No. MB000102-R70170).
NCI-Mes063 subcutaneous tumors were measured weekly using
calipers, and the tumor volume was calculated using the formula:
tumor volume = length x (width)*> x 0.4. A single intravenous
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infusion of 1 x 107 CAR T cells was administered either 2 weeks post-
tumor implantation in the OVCAR-8 and KLM-1 tumor-bearing
mice, or when tumor volume reached ~180 mm? for NCI-Meso63
tumor-bearing mice.

For the tumor rechallenge experiment, 3 x 10° luciferase-expressing
KLM-1 tumor cells were implanted intraperitoneally (i.p.) into 5- to 6-
week-old female NSG mice, and tumor growth was monitored weekly
via bioluminescence imaging. After 14 days, seven mice were treated
with 1 x 10" hYP218 CAR T cells. Thirty-five days post CAR T-cell
treatment, three of seven mice were rechallenged with i.p. adminis-
tration of 3 x 10° KLM-1 tumor cells. The other four mice who had
complete tumor regression were excluded because they were sick due
to graft-versus-host disease, which is often seen in immunodeficient
mice receiving human T cells (37, 38). Concurrently, three age-
matched mice were also injected with the same number of KLM-1
tumor cells i.p. to compare tumor growth.

Statistical analysis

Unpaired Student ¢ test was used to compare the differences
between the SS1 and hYP218 CAR T cells in the in vitro cytotoxicity
and cytokine release assay. Mouse survival differences were compared
using log-rank (Mantel-Cox) test. Statistical analysis was performed
using GraphPad Prism 9.0. P < 0.05 was considered statistically
significant.

Data availability statement
The data generated in this study are available within the article and
its Supplementary Data files.

Results

Epitope recognition by mAb YP218 and its humanization

YP218 antibody binds to the membrane-proximal region III of
mesothelin, while SS1 recognizes a membrane-distal region of
mesothelin in the highly immunogenic region I (Fig. 1A). For our
in vitro studies, we generated a humanized version of YP218 (hYP218)
mAb. We mapped the epitope of MSLN that is recognized by hYP218
mAb. We used full-length MSLN protein (aa 296-580), recombinant
Fc-MSLN (aa 501-599), and region III of MSLN (aa 487-580) in an
ELISA assay and found maximum binding of hYP218 to region 501-
599 (Supplementary Table S1A). We further narrowed down the
binding epitope by using newly synthesized mesothelin fragments
(fragments 501-535, 525-560 and 550-581). Our data show that
hYP218 binds most strongly around region 525-560 of mesothelin
(Supplementary Table S1B). However, hYP218 mAb binding is highly
conformation specific; hence, it is difficult to map the exact binding
epitope using protein fragments. We next evaluated whether hYP218
competes with MUC16 or HNI1. Like SS1, HN1 is also a region I binder
that blocks the interaction of MUCI16 and mesothelin (39). Cross-
competition assays showed hYP218 does not compete with MUC16 or
a region I binder (HN1) for mesothelin binding. (Supplementary
Table S1C). We also compared the mesothelin binding affinities of
hYP218 versus YP218 antibodies. After humanization, hYP218 affinity
improved from Kp = 0.2 nmol/L (YP218) to Kp = 0.07 nmol/L
(hYP218; Fig. 1B; Supplementary Table S2).

Reactivity of mAb YP218 with normal human tissues and tumor
cell lines

Although mesothelin expression on normal human tissues has been
previously described, we wanted to be sure that this new anti-
mesothelin antibody, YP218, which is being developed for clinical
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use in patients, did not have different reactivity to human tissues.
Except for the normal mesothelial cells, YP218 antibody did not show
nonspecific binding to parenchymal organs, indicating the safety of
YP218 for clinical use. Immunoreactivity was seen in squamous
epithelia of tonsil and thymus, prostatic urethral epithelium, and
minimally in bronchial and pancreatic duct epithelia as has been
previously described with other anti-mesothelin monoclonal antibo-
dies (Fig. 1C; Supplementary Table S3; refs. 13, 15, 16). Next, we tested
established and mesothelioma patient-derived solid tumor cell lines for
surface mesothelin expression via flow cytometry using YP218 anti-
body. As shown in Fig. 1D, most of our selected tumor cell lines
express mesothelin, albeit at different levels. Two cell lines, A431 and
H1703, that do not show mesothelin expression, as well as KLM-1
MSLN knock-out cell line were used as negative controls in in vitro
assays.

Generation of hYP218 and SS1 CAR T cells

We used the scFvs of YP218 and SS1 antibodies to compare the
effect of membrane-proximal or membrane-distal targeting of
mesothelin, respectively, by the CAR T cells. scFv of SS1 antibody
and the humanized version of YP218 antibody were cloned into a
second-generation CAR lentivirus vector containing the CD8c. hinge
and transmembrane domains, 41BB costimulatory domain, and CD3{
signaling domain (Fig. 1E). Transduction efficiency of the ex vivo
expanded CAR T cells was determined via flow cytometry by staining
with the anti-EGFR antibody cetuximab. Using PBMCs from six
healthy donors, we performed an initial assessment of the transduction
efficiency and in vitro antitumor activity of ex vivo expanded
hYP218 CAR T cells. Transduction efficiency and the percentage of
CD3™" T cells in the ex vivo culture was assessed on day 8 posttrans-
duction. More than 98% of all the ex vivo expanded cells showed
surface expression of the pan T-cell marker CD3 (Supplementary
Fig. S1A). Transduction efficiency ranged from 32% to 46% between
ex vivo expanded hYP218 CAR T cells derived from six different
healthy donors (Supplementary Fig. S1B). Although the viability of
PBMC:s posttransduction was similar among all donors (Supplemen-
tary Fig. S1C), donor No. 1-derived hYP218 CAR T cells displayed the
highest ex vivo expansion, and transduction efficiency (Supplementary
Fig. S1B and S1D). The in vitro activity of hYP218 CAR T cells obtained
from these different donors were tested by coculturing them with the
mesothelin-expressing cell lines H226, KLM-1, and A431-H9. All the
six healthy donor-derived CAR T cells showed cytotoxicity at low E:T
ratios (Supplementary Fig. S1E). On the basis of these comparable
results, we selected donor 1-derived hYP218 and SS1 CAR T cells for
further in vitro and in vivo studies.

hYP218 CART cells have superior antitumor activity in vitro than
SS1CART cells

Both hYP218 CAR T and SS1 CAR T cells displayed cytolytic
activity toward a variety of mesothelin-expressing tumor cells, includ-
ing patient-derived primary mesothelioma cell lines, NCI-Meso63 and
NCI-Meso29 (Fig. 2A and B). However, hYP218 CAR T cells dis-
played superior cytolytic activity, compared to SS1 CAR T cells, even at
low E:T ratios (Fig. 2B). ET's, defined as the E:T ratio to achieve 50%
killing of the tumor cells, was significantly lower for the hYP218 CAR T
cells than SS1 CAR T cells (Supplementary Table S4), indicating more
efficient killing of tumor cells by the hYP218 CAR T cells. In addition,
the CAR T cells displayed minimal nonspecific killing of the mesothe-
lin-negative tumor cell lines A431, H1703 and KLM-1 MSLN k/o
(Fig. 2B). Consistently, untransduced T cells, without the CAR
expression, did not show any nonspecific killing of MSLN-positive
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tumor cells (Fig. 2A). Next, we determined the level of cytokines
released in the cell culture supernatant upon stimulation of the CAR T
cells by the tumor cells. We observed significantly higher levels of all
three cytokines (IFNy, IL2, TNF) released only upon CAR T-cell
stimulation with the mesothelin-positive tumor cells, while unstimu-
lated CAR T cells did not show any cytokine release (Fig. 2C-E). In

AACRJournals.org

addition, in agreement with the cytolytic activity, the level of cytokines
released by the stimulated hYP218 CAR T cells was significantly higher
than the stimulated SS1 CAR T cells (Fig. 2C-E). hYP218 CAR T cells
did not show higher binding to soluble mesothelin (10 mcg/mL of
MSLN-hFc) compared with SS1 CAR T cells in a flow cytometry-based
assay, suggesting higher cytolytic activity of hYP218 CAR T cells is not
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a result of higher binding affinity of hYP218 CAR to mesothelin
(Supplementary Fig. S2).

Because several prior studies have shown that intrinsic deficits in
T cells of patients with cancer can impair CAR T-cell efficacy (40, 41),
we evaluated the efficacy of CAR T cells manufactured using PBMCs
from six patients with malignant mesothelioma. As shown in Supple-
mentary Fig. S3A and S3B, for all patient PBMC-derived CAR T cells,
hYP218 CART cells displayed higher cytolytic activity than SS1 CAR T
cells toward mesothelin-expressing OVCAR-8 and KLM-1 tumor cells.

hYP218 CAR T cells lead to significant tumor regression of
ovarian and pancreatic cancer cell line-derived xenografts in
mice

We used two i.p. tumor models to test the in vivo antitumor efficacy
of hYP218 and SS1 CAR T cells. Mesothelin-positive OVCAR-8
ovarian cancer cells and KLM-1 pancreatic ductal adenocarcinoma
cells were implanted i.p. in 6-week-old female NSG mice. Tumors were
allowed to engraft for 2 weeks, followed by a single intravenous
infusion of CAR T cells. Tumor burden was monitored weekly using
noninvasive bioluminescence imaging (BLI). While the SS1 CAR T-
cell treatment only delayed the tumor growth, we observed complete
tumor regression within 2 weeks of the hYP218 CAR T-cell treatment
in the OVCAR-8 tumor-bearing mice (Fig. 3A, i and ii). BLI imaging
done at day 49 posttreatment showed that all hYP218 CAR T-cell-
treated mice remained tumor free. Complete OVCAR-8 tumor regres-
sion with the hYP218 CAR T cells also provided survival advantage
(Fig. 3A, iii). In the KLM-1 (pancreatic cancer) tumor-bearing mice,
although complete tumor regression was not observed in all mice after
the hYP218 CAR T-cell treatment, significant tumor regression, delay
in tumor growth, and survival benefit was observed until the exper-
iment was terminated (Fig. 3B, i-iii). BLI imaging done at day 42
showed that in the five mice treated with hYP218 CAR T cells, there
was persistent complete tumor regression in two mice, no significant
increase in tumor burden in two mice, and tumor progression in one
mouse that was euthanized. These results provide clear evidence
that targeting of a membrane-proximal epitope on mesothelin by the
hYP218 CAR T cells induces a better antitumor response when
compared with mesothelin targeting at a membrane-distal epitope by
the SS1 CAR T cells.

hYP218 CAR T cells lead to complete tumor regression of
mesothelioma patient-derived NCI-Meso063 tumor xenografts in
mice

Because differences exist between established tumor cell lines
and patient-derived tumor cell lines, we also used mesothelioma
patient-derived tumor cell lines as a more patient relevant tumor
model to test the antitumor efficacy of hYP218 CAR T cells. First,
we made CAR T cells using PBMCs from a patient with mesothe-
lioma and tested the efficacy of these CAR T cells against the
patient’s own tumor cells, NCI-Meso63. As shown in Fig. 4A, both
hYP218 and SS1 CAR T cells displayed autologous tumor cell killing
at different E:T ratios. The cytolytic activity of hYP218 CAR T cells
was significantly higher than the SS1 CAR T cells against these
autologous tumor cells.

Next, the patient-derived NCI-Meso63 tumors were implanted
subcutaneously in 6-week-old female NSG mice, and the tumors were
allowed to grow until the average tumor size reached ~180 mm’.
When the tumors reached the desired volume, CAR T cells were
infused intravenously. Three weeks after the hYP218 CAR T-cell
treatment, we observed significant reduction in the tumor burden
(Fig. 4B). Within 4 weeks, hYP218 CAR T-cell-treated mice showed
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complete regression of the tumors, and these mice remained tumor
free until the experiment was terminated. Significant reduction in
tumor growth was also observed in the SS1 CAR T-cell treatment
group; however, unlike the hYP218 treatment group, complete tumor
regression was not observed in all SS1 CAR T-cell-treated mice.

Robust expansion and higher tumor infiltration of hYP218 CAR
T cells in vivo

Because poor CAR T-cell expansion and infiltration into the solid
tumors limit the antitumor efficacy of CAR T cells, we aimed to
investigate enhanced CAR T-cell expansion and infiltration as poten-
tial mechanisms for higher in vivo antitumor efficacy of hYP218 CAR
T cells. We assessed peripheral blood and tumors for hCD45" hCD3*
cells on day 2 and day 7, post CAR T-cell treatment in the KLM-1
tumor model. Fig. 5A shows flow cytometry analysis of peripheral
blood (left) and tumor cells (right) obtained from a representative
mouse in saline, untransduced T cell, SS1 CAR T cell, and hYP218
CAR T-cell treatment groups. We detected a higher proportion of
CD45" CD3" human T cells in the blood of hYP218 CAR T-cell-
treated mouse (8.5%) compared with SS1 CAR T-cell-treated mouse
(1.0%) on day 7 posttreatment. There was a several-fold increase in this
cell type on day 7 (8.5%) compared with day 2 (0.8%) in hYP218 CAR
T-cell-treated mice, showing higher expansion. In contrast, SS1 CAR
T-cell-treated mice had almost the same percentage of hCD45"
hCD3" cells on day 2 (1.1%) and day 7 (1.0%) in peripheral blood.
In addition, there was an increase in tumor-infiltrating hCD45*
hCD3™ cells on day 7 (25.7%) in hYP218 CAR T cell-treated mouse
versus SS1 CAR T cell-treated mouse (7.4%). Utilizing anti-EGFR
antibody in the flow cytometric analysis, we also confirmed that most
of the CD45"CD3* human T cells detected in the tumor tissues are
CAR T cells, with more than 80% cells being hEGFR positive in SS1
CAR T cells as well as hYP218 CAR T-cell-treated mice (Fig. 5A
right). Figure 5B and C show combined data of all three mice from
each treatment group. There is a significant increase in the absolute
number of CD45"CD3* human T cells per 100 UL of peripheral blood
from day 2 to day 7 in mice treated with hYP218 CAR T cells in
comparison to the SS1 CAR T-cell-treated group (Fig. 5B, P<0.0001),
showing increased cell expansion. Similarly, there was an increase
in the percentage of tumor-infiltrating hCD45" hCD3" cells in
hYP218 CAR T-cell-treated group on day 7 as compared with the
SS1 CAR T-cell-treated group, P < 0.0001 (Fig. 5C). These results
suggest peripheral expansion and increased tumor infiltration as
a potential mechanism for superior antitumor activity of hYP218
CAR T cells in vivo.

Persistence of hYP218 CAR T cells in mice prevents tumor
growth upon tumor rechallenge

We evaluated the persistence of hYP218 CAR T cells using the
peripheral blood of mice bearing KLM-1 tumors who were treated with
hYP218 CAR T cells. On day 35 day posttreatment, we detected the
presence of hYP218 CAR T cells in all mice (n = 5) ranging from 14%
to 61%. Fig. 6A shows an example of circulating CAR T cells that were
detected in the peripheral blood of a mouse 7 weeks after hYP218 CAR
T-cell infusion. To determine whether these persisting hYP218 CAR
T cells were still functioning, we evaluated their ability to prevent
tumor formation on rechallenge of these mice with KLM-1 tumor
cells. The study is shown in Fig. 6B. On day 35, two of the hYP218 CAR
T-cell-treated mice showing no detectable tumors and one having an
incomplete response via BLI imaging were rechallenged with 3 x 10°
KLM-1 tumor cells implanted i.p. In addition, NSG mice of the same
age were also implanted with KLM-1 tumor cells as a control to
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CAR T-cell-treated mice).

monitor tumor growth. As shown in Fig. 6C and D, two of the
hYP218 CAR T-cell-treated mice with prior complete tumor
regression had no tumor growth when rechallenged with KLM-1
tumor cells, and there was also no significant increase in the tumor
burden of the mouse with residual tumor on rechallenge with KLM-
1 tumor cells. As expected, there was tumor growth in the age-
matched NSG mice who had not received prior hYP218 CAR T
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cells. These results show that persisting hYP218 CAR T cells can
inhibit further tumor implantation.

Discussion

In this study, we showed that hYP218 CAR T cells targeting a
membrane-proximal epitope of the tumor antigen mesothelin are
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highly effective and can mediate complete tumor regression in several
mesothelin-expressing solid tumors. Identical CAR T cells, SS1 CAR T,
that target a membrane-distal epitope of mesothelin were less effective.
In addition, treatment with hYP218 CAR T cells was associated with
increased tumor infiltration, persistence, and antitumor immunity.
These results clearly show that where the antibody fragment binds to
mesothelin has a major impact on the efficacy of CAR T-cell therapy.

Although multiple mechanisms for the lack of efficacy of CAR T-cell
therapy have been described (9, 10, 23), we focused our investigation to
determine whether selection of scFvs directed to different epitopes of
mesothelin could affect CAR T-cell efficacy. We hypothesized that
CAR T cells targeting a membrane-proximal epitope of mesothelin
could be more efficacious as has been previously described for CD22-
and GPC3-targeting CAR T cells (30, 36). However, to do so, it is
important to generate scFvs that bind the region of mesothelin close to
the cell membrane. The distal N-terminal part of membrane-bound
mesothelin, region I is the most immunogenic part of the protein, and
it is very rare to get antibodies that bind the proximal portion, region
III of mesothelin, close to cell membrane. Because rabbit mAbs can
recognize poorly immunogenic epitopes of human antigens, we
immunized rabbits with rabbit Fc-human mesothelin fusion protein
and identified 223 mAbs that bind region I and only three that bind
region III, close to the cell membrane (32). We therefore used one of
these three antibodies, YP218 for further preclinical development.
To make the YP218 antibody useful for the clinic, we generated
the humanized version, hYP218 and showed that it increased the
affinity of the antibody (Fig. 1B). Although the expression of
mesothelin on normal human tissues has been well described, we
decided to further study it in case this new antibody reacted to other
normal tissues in addition to what has been reported (13, 15, 16). As
described in this article, YP218 shows a limited reactivity to normal
mesothelial cells, some squamous epithelia, minimal reactivity with
bronchial, prostatic urethral, and pancreatic duct epithelia support-
ing its development for clinical use.

Having generated the humanized rabbit mAb, hYP218, binding the
membrane-proximal region of mesothelin, we decided to evaluate
whether this could lead to increased efficacy of CAR T cells. In
addition, we wanted to directly compare it with similar CAR T cells
generated, using the SS1 anti-mesothelin scFv that binds to the
membrane-distal region I of mesothelin (32). We chose the SS1 scFv,
as CAR T cells using this scFv have been evaluated in patients but have
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shown very little efficacy (18-20, 22, 42). In contrast to SS1 CAR T
cells, hYP218 CAR T cells displayed an increased cytotoxic activity
against a variety of mesothelin-expressing cell lines as well as
mesothelioma patient-derived cell lines. In comparison to SS1 CAR
T cells, hYP218 CAR T cells were highly effective against mesothelin-
expressing ovarian and pancreatic in vivo tumor models as well a
mesothelioma patient-derived xenograft tumor model. This antitumor
efficacy was accompanied by expansion of hYP218 CAR T cells in the
peripheral blood as well as increase in tumor infiltration, both of which
were significantly greater than with SS1 CAR T cells. In addition, the
persistence of hYP218 CAR T cells in treated mice prevented tumor
growth upon tumor rechallenge.

Our work is supported by another recent report, using our pub-
lished YP218 antibody sequence, which showed CAR T cells to the
membrane-proximal epitope of mesothelin are more effective in a
mouse model of gastric cancer (43, 44). Their results using a different
CAR construct and different experimental conditions confirm our
work that CAR T cells against a membrane-proximal epitope are more
effective than CAR T cells targeting a distal epitope. In addition, our
studies provide a mechanistic basis of their efficacy including increased
tumor infiltration.

It is possible that at higher dose levels in patients, there could be
potential side effects due to the increased potency of the hYP218
CAR T cells. However, the hYP218 CAR construct contains a
truncated human EGFR, that can be targeted using the anti-EGFR
antibody cetuximab to ablate the CAR T cells in case of unexpected
serious toxicity (33, 45). On the other hand, increased potency of the
hYP218 CAR T cells could result in rapid tumor clearance and
therefore prevent chronic antigen exposure and upregulation of
exhaustion markers in the infused CAR T cells (46, 47). However,
this will need to be evaluated in well-designed clinical trials that
include study of T-cell persistence, exhaustion, and function in
patients.

Although we show superior activity of hYP218 CAR T cells in
different tumor xenograft models, these studies are limited by the
fact that we used immunodeficient mice. It is well known that the
tumor immune environment has significant effect on CAR T-cell
efficacy (10, 48). Given the lack of such models, we are currently
developing mouse models of mesothelin-expressing tumors to
evaluate the efficacy of anti-mesothelin CAR T cells. Similarly, it
will be important to determine whether increased persistence and
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Invivo tumor infiltration and persistence of CART cells in the blood and tumors of KLM-1tumor-bearing mice. A, Representative flow cytometry analysis (n =1mouse)
detecting the presence of hCD45% hCD3™" double-positive human T cells in the blood (left) and tumors (center) of NSG mice implanted with KLM-1tumors, on days 2
and day 7 after CAR T-cell infusion. Gating strategy: live cells — single cells — live/dead stain — hCD45" hCD3™". Percentage of CAR™ T cells within the hCD45"
hCD3" double-positive population from KLM-1tumors of NSG mice on day 7 after CAR T-cell infusion (right). B, Change in the number of hCD45" hCD3* human
T cellsin100 uL of blood from day 2 to day 7 after CAR T-cell infusion (n = 3). C, Change in the percentage of tumor-infiltrating hCD45" hCD3™ human T cells from day

2 to day 7 after CAR T-cell infusion (n = 3).

tumor accumulations is also seen in patients treated with hYP218
CAR T cells. The precise molecular mechanism that leads to the
expansion and persistence of hYP218 CAR T cells, which differ
from SS1 CAR T cells only in the mesothelin epitope recognized, is
unclear and needs further study.

AACRJournals.org

Adoptive T-cell therapy using anti-mesothelin CAR T cells is
an area of active investigation to treat solid tumors, but thus far,
most of these studies have shown limited efficacy in patients (18-20,
22). A recently completed study reported on the results of
mesothelin targeted CAR T cells using a CAR construct consisting
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of the human anti-mesothelin scFv m912, CD28/CD3{ and
iCaspase-9 (21). Using an innovative approach of intrapleural
administration, the authors showed it to be safe and well tolerated.
Interestingly, in some patients who received pembrolizumab off
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protocol after administration of intrapleural CAR T cells, there
appeared to be increased antitumor activity. These results warrant
further studies of anti-mesothelin CAR T cells with PD-1-blocking
agents.
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In conclusion, our results show that the mesothelin epitopes
recognized by CAR T cells has a significant impact on their efficacy.
In addition, our preclinical development of hYP218 CAR T cells
shows that it has several properties that could make it useful in the
clinic: (i) use of the humanized YP218 to decrease allergic reactions
in patients, (ii) increased potency that may decrease the number of
CARTT cells administered to patients and therefore side effects, and
(iii) increased persistence in blood and better accumulation in
tumors. Whether these favorable properties translate to increased
activity in patients will be evaluated in an upcoming clinical trial of
hYP218 CAR T cells.
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