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Abstract

Adoptive transfer of chimeric antigen receptor (CAR) T cells has demonstrated unparalleled
responses in hematological cancers, yet antigen escape and tumor relapse occur frequently.

CAR T-cell therapy for patients with solid tumors faces even greater challenges due to

the immunosuppressive tumor environment and antigen heterogeneity. Here, we developed

a bispecific CAR to simultaneously target epithelial cell adhesion molecule (EpCAM) and
intercellular adhesion molecule 1 (ICAM-1) in order to overcome antigen escape and to improve
the durability of tumor responses. ICAM-1 is an adhesion molecule inducible by inflammatory
cytokines and elevated in many types of tumors. Our study demonstrates superior efficacy of
bispecific CAR T cells compared to CAR T cells targeting a single primary antigen. Bispecific
CAR T achieved more durable anti-tumor responses in tumor models with either homogenous or
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heterogenous expression of EpCAM. We also showed that the activation of CAR T cells against
EpCAM in tumors led to upregulation of ICAM-1, which rendered tumors more susceptible to
ICAM-1 targeting by bispecific CAR T cells. Our strategy of additional targeting of ICAM-1 may
have broad applications in augmenting the activity of CAR T cells against primary tumor antigens
that are prone to antigen loss or downregulation.

Introduction

CAR T-cell therapy is a rapidly emerging immunotherapy approach which reprograms
T-cell specificity and function using a synthetic antigen receptor (1,2). Adoptive transfer

of CAR T cells has produced remarkable responses across a range of B-cell leukemias

and lymphomas, in which all other treatment options have been exhausted (3-5). Early
clinical trial results also indicate encouraging clinical efficacy of CAR T-cell therapy against
relapsed or refractory multiple myeloma (6,7). In spite of high rates of initial response

with anti-CD19 CAR T cells, however, relapses involving diminished or complete loss of
cell surface antigen, typically within one year of treatment, are observed in approximately
30-50% of patients who have remission (8-10). Relapses associated with antigen loss have
also been reported with CARs directed against other targets such as CD22 and B-cell
maturation antigen, underscoring antigen escape as a significant and common impediment
to the success of CAR T-cell therapy (6,7,11). Going beyond hematological cancers, antigen
escape is likely to be an even greater challenge for CAR T-cell therapy against solid tumors,
which are generally composed of cells with heterogeneous antigen expression (12-14).

One particular strategy to circumvent antigen escape is to target multiple tumor antigens
simultaneously and thereby reduce the risk of relapse. A phase 1 clinical trial with
bispecific CD19-CD20 CAR T cells has demonstrated substantial efficacy against relapsed,
refractory B-cell malignancies (15). Tandem CD19-CD22 and CD19-CD123 CAR T cells
have also been shown to enhance T-cell functionality and reduce antigen escape in
preclinical models (11,16), and the CD19-CD22 CAR is currently being tested in humans
(ClinicalTrials.gov Identifier: NCT03241940 and NCT03448393). Likewise, multi-specific
targeting has demonstrated potential to overcome the antigen heterogeneity in solid tumors.
For instance, a tandem CAR that can simultaneously target HER2 and IL13Ra2 mitigated
antigen escape and showed improved antitumor efficacy over T cells with a monospecific
CAR, a pooled CAR T product, or T cells co-expressing two separate CARs (17). Therefore,
multi-specific targeting might provide an effective means to overcome antigen escape and
potentially bring a significant advance to the field.

ICAM-1 is a transmembrane glycoprotein with cytokine-inducible nature and long known
for its important role in facilitating leukocyte endothelial transmigration (18,19). ICAM-1
is constitutively present at low levels on endothelial cells and leukocytes; however, its
expression can be significantly upregulated upon stimulation by inflammatory mediators
such as IL1, IFNy, TNFa, and lipopolysaccharide (19). When upregulated, the interaction
between ICAM-1 and lymphocyte function-associated antigen-1 (LFA-1) on leukocytes
promotes the immobilization and extravasation of leukocytes from circulation. ICAM-1
overexpression has been observed across various types of tumors and the associated stroma
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(20-22) and has been implicated in tumor progression and drug resistance (23,24). Clinical
studies using monoclonal antibodies suggest the suitability and tolerability of ICAM-1
targeting (25,26). Previously, we developed a low-affinity CAR (F292A CAR, Ky ~ 20
uUM) specific to ICAM-1 through a process called ‘affinity-tuning’, which renders CAR T
cells to be selective to tumors with overexpressed antigens, while sparing normal cells with
basal expression (27,28). These micromolar affinity ICAM-1 CAR T cells are currently
being evaluated for safety and preliminary efficacy in patients with advanced thyroid cancer
(NCT04420754).

In an effort to expand CAR T-cell therapy against other indications and tumor antigens,

we have chosen a molecule called EpCAM as a tumor target antigen and built a CAR

using a previously isolated synthetic antibody called UBS54 (29). EpCAM is a surface
antigen that has been found to be frequently upregulated in a wide variety of carcinomas,
including colorectal, gastric, pancreatic, and endometrial cancers (30). With the intention of
developing CAR T cells that are more resistant to antigen escape, we sought to generate a
bispecific CAR that can target EpCAM and ICAM-1 simultaneously. We hypothesized that
complementing EpCAM CAR with additional targeting of ICAM-1, owing to the inducible
nature of ICAM-1 by inflammatory T-cell cytokines, will improve the efficacy of CAR

T cells against the EpCAM-overexpressing tumors and prevent the immune evasion of
antigen-negative variants. Our data demonstrate that EpCAM-specific CAR T cells alone
were able to robustly eradicate multiple solid tumors but were susceptible to relapse.

In contrast, bispecific dual CAR T cells that additionally targeted ICAM-1 showed a
potential of preventing tumors from becoming resistant or reducing relapse of tumors with
heterogeneous EpCAM expression. The addition of ICAM-1 targeting significantly elevated
the anti-tumor activity of CAR T cells, even when tumors had little ICAM-1 expression
prior to treatment. We showed that ICAM-1 can be induced by proinflammatory cytokines
secreted upon CAR interaction with the primary antigen, 7.e., EpCAM, rendering tumor cells
more vulnerable to the dual CAR T cells.

Materials and Methods

Cell culture

The human glioblastoma cell line U-251 (a kind gift from B. Law, Weill Cornell Medicine)
and human thyroid cancer cell line 8505C were purchased from Sigma in 2018. Gastric
cancer cell line MKN-45 was purchased from DSMZ in 2016, whereas SNU-638 was
obtained in 2018 from the Korean Cell Line Bank (Seoul National University, Seoul,
Korea). The human breast cancer cell lines MDA-MB-231 and SK-BR-3 (a kind gift from
J. Babich, Weill Cornell Medicine), pancreatic cancer cell lines SW-1990 and Capan-2,
colon cancer cell line HT-29, gastric cancer cell line Hs 746T, 293T and Jurkat cell

lines were purchased from the American Type Culture Collection (ATCC) from 2018 to
2020. U251, MDA-MB-231, SW-1990, Hs 746T, and 293T were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Corning) supplemented with 10% fetal bovine serum
(FBS); SK-BR-3, Capan-2 and HT-29 were maintained in McCoy’s 5A (ATCC) containing
10% FBS; 8585C, MKN-45 and SNU-638 were maintained in RPMI-1640 (Corning)
supplemented with 10% FBS. All tumor cells were transduced with a Firefly Luciferase-

Cancer Immunol Res. Author manuscript; available in PMC 2022 April 01.


https://clinicaltrials.gov/ct2/show/NCT04420754

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yang et al.

Page 4

F2A-GFP (FLuc-GFP) lentivirus (Biosettia) for bioluminescence-based cytotoxicity and
mouse imaging experiments. Human primary colonic (H-6047), kidney (H-6034), and liver
(H-6044) epithelial cells isolated by magnetic activated cell sorting using EpCAM-specific
antibodies were obtained from Cell Biologics, Inc. in 2019 and were maintained in complete
human epithelial cell medium (Cell Biologics, Inc., Cat. # H6621) according to the vendor’s
recommendations. All cells were cultured in a humidified incubator at 37 °C with 5% CO,
and were routinely tested for mycoplasma using a MycoAlert™ detection kit (Lonza). Cell
lines were used for /n vitroand in vivo experiments with a maximum of twenty passages,
whereas primary epithelial cells were used for assays within three passages.

CRISPR-Cas9 editing of cell lines

EpCAM-knockout cell lines were generated using the Alt-R CRISPR-Cas9 System
(Integrated DNA Technologies, Inc.) according to the manufacturer’s instructions.
TracrRNA and crRNA oligos were annealed in equimolar concentrations by heating at
95°C for 5 minutes, followed by gradual cooling to room temperature. Two crRNAS were
used to target two exons of EpCAM: crRNA-AA, 5’-rGrArU rCrArC rArArC rGrCrG
rUrUrA rUrCrA rArCrG rUrUrU rUrArG rArGrC rUrArU rGrCrU-3’; crRNA-AB, 5°-
rGrUrG rCrArC rCrArA rCrUrG rArArG rUrArC rArCrG rUrUrU rUrArG rArGrC rUrArU
rGrCrU-3’. Guide RNA duplex (22 pmol) was then incubated with Cas9 nuclease (18 pmol)
at room temperature for 20 minutes to form the ribonucleoprotein (RNP) complex. 5 x

10* cells were mixed with RNP-AA and RNP-AB complexes into a 10 pl Neon tip. The
final concentration for each electroporation was 1.8 UM gRNA-AA, 1.8 uM gRNA-AB, and
1.5 uM Cas9 nuclease. After electroporation (1250 V/20 ms/3 pulses) using the Neon™
Transfection System (Invitrogen), cells were immediately transferred to a 24-well plate
containing 0.5 mL of pre-warmed culture medium (RPMI, 10% FBS), and incubated in a
humidified 37°C, 5% CO5, incubator. 5 days later, EpCAM expression on cell surface was
assessed by flow cytometry (details in the Flow cytometry section).

Lentiviral vector construction

EpCAM-specific CAR constructs and the negative control BCMA CAR construct were
synthesized and cloned by GenScript into a lentiviral plasmid backbone (VectorBuilder

Inc., Vector Design Studio) under the regulation of a human elongation factor 1a (EFla)
promoter. EpCAM-specific single CAR contains single-chain variable fragment (scFv)
derived from anti-EpCAM monoclonal antibody UBS54 (29), whereas BCMA-specific CAR
contains the scFv derived from J22.9-xi antibody (31). Coding sequences of scFv were
inserted into the 2" generation CAR construct containing from the 5’-LTR end: EFla
promoter, signal sequence, c-Myc tag, scFv, CD8 hinge, transmembrane and cytoplasmic
domains of CD28, and the cytoplasmic domain of CD3(C. The PET reporter gene SSTR2 was
incorporated after CAR following a “self-cleaving” ribosome-skipping porcine teschovirus-1
2 A (P2A) sequence. For the bicistronic dual CAR, UBS54 scFv was appended to CD28-
CD3(¢ while F292A | domain to 4-1BB-CD3(. A c-Myc or Flag tag was introduced at

the N-terminus of each CAR for the detection of CAR expression. Both CARs were
co-expressed in a tricistronic construct with SSTR2 via P2A and thoseaasigna virus 2A
(T2A) ribosome-skipping sequences.
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CAR T-cell manufacturing

Lentivirus was packaged by VectorBuilder (Chicago, IL, USA) and frozen at —80 °C until
use. Jurkat T cells were transduced by an overnight incubation with the lentivirus at 1:25
dilution, and the expression of the CAR was validated after 3 days by flow cytometry.
Human leukopaks from four heathy donors were commercially obtained from Biological
Specialty Corporation between 2018 and 2019. T cells were enriched to obtain >95% CD3
purity by magnetic activated cell sorting using human CD4 (Miltenyi Biotec, Cat. #130—
045-101) and human CD8 (Miltenyi Biotec, Cat. #130-045-201) MicroBeads. CD4/CD8-
enriched T cells were activated with human T-activator CD3/CD28 Dynabeads (Gibco) at a
bead-to-cell ratio of 1:1 and cultured in complete T-cell growth medium: TexMACS medium
(Miltenyi Biotec) containing 5% human AB serum (Sigma), IL7 (12.5 ng/mL; Miltenyi
Biotec), and I1L15 (12.5 ng/mL; Miltenyi Biotec). T-cell transduction with lentivirus (1:25
dilution) was performed twice at 24 and 48 hours after activation. T cells were expanded

in 50 mL bioreactor tubes (TubeSpin, TPP) at 1-3 x 108 cells/ml on a tube roller (Thermo
Fisher) with a setting of 5 rpm. Transduction efficiency was evaluated by flow cytometry

on day 6-7 after T-cell activation. On day 10, cell products were cryopreserved in a 1:2
mixture of T-cell complete growth medium and CS10 (STEMCELL) for /n vitroand in vivo
experiments.

Determination of CAR affinities

Recombinant human monomeric EpCAM (R&D systems, Cat. #9277-EP-050), human
EpCAM-Fc (R&D systems, Cat. #960-EP-050), and mouse EpCAM-Fc (R&D systems,
Cat. #9364-EP-100) were conjugated with either Alexa Fluor 488 or Alexa Fluor 647 using
a labeling kit (Thermo Fisher, Cat. #A30006 and #A30009) to determine the relative binding
of soluble EpCAM to CAR molecules expressed on Jurkat T cells. In the saturation binding
assay, 5 x 10 UBS54 or non-transduced (NT) Jurkat T cells were added in triplicate to a
96-well plate and washed with PBS containing 1% BSA. Cells were then stained at 4 °C

for 15 minutes with 2-fold serially diluted Alexa Fluor 647-conjugated monomeric EpCAM
protein starting from 2 uM. Flow cytometry was performed on a Gallios flow cytometer
(Beckman Coulter, Inc.) and analyzed using the FlowJo software (Tree Star, Inc.). The mean
fluorescence intensities (MFI) were used to calculate the equilibrium dissociation constant
(Kg) using the one-site nonlinear regression model (GraphPad Prism 8).

Cytotoxicity assays
Bioluminescence-based cytotoxicity assays were performed against firefly luciferase-
expressing tumor target cells including U-251, MDA-MB-231, SW-1990, MKN-45, SK-
BR-3, Capan-2, HT-29, SNU-638, 8505C, 293T, and Hs 746T. 5 x 103 target cells
were co-cultured with NT, UBS54, F292A, or dual CAR T cells in 96-well plates at
indicated effector-to-target (E:T) ratios. Co-cultures were performed in T-cell growth media
containing D-luciferin (150 ug/mL; Gold Biotechnology) without any cytokine supplement.
Luminescence was measured by a microplate reader (TECAN Infinite M1000PRO) at
indicated timepoints. The percentage of viability was calculated by dividing relative
luminescence units (RLU) by that of target cells only. The percent lysis was calculated
by the following equation: percentage = [(target cells only RLU — test RLU)/target cells
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only RLU] x 100. For real-time cytotoxicity assays against primary colon, kidney, and liver
epithelial cells, an XCELLigence Real Time Cell Analyzer (Agilent) was used to record

the cell index at 15-minute intervals. 5 x 103 NT or UBS54 CAR T cells were added to a
96-well E-plate pre-seeded with 5 x 103 target cells overnight. Co-cultures were performed
in T-cell growth media without any cytokine supplement. The percentage of lysis was
generated by RTCA analysis software using the formula: %Lysis = [(target cells only cell
index — test cell index)/target cells only cell index] x 100. Data were presented as the mean
+ s.d. of triplicate wells.

In vivo mouse studies

4- to 6-week-old male NOD.Cg-PrkdcSeid 1/2rg"™IWi1Sz) (NSG) mice were purchased

from the Jackson Laboratory, and housed in the Animal Core Facility at Weill Cornell
Medicine. All animal studies were reviewed and approved by Weill Cornell Medicine
Institutional Animal Care and Use Committees (IACUC). Peritoneal gastric cancer models
were established by injecting 0.5 x 108 FLuc-expressing SNU-638 tumor cells into the
peritoneal cavity. After 7 days, non-transduced control T cells or anti-EpCAM UBS54 CAR
T cells (10x 10 cells/mouse) were injected intraperitoneally (i.p.). For systemic gastric
cancer models, both MKN-45-FLuc* tumor cells (0.5 x 106 cells/mouse), NT and UBS54
CAR T cells (10 x 108 cells/mouse) were injected via tail vein. T cells were administered

5 days after tumor inoculation. The orthotopic pancreatic tumor models were established

by surgical implantation of Capan2-FLuc™ cells at a density of 0.1 x 108 cells in 25 uL

of 1:1 mixture of McCoy’s 5A and Matrigel (Corning). Fifteen days later, NT and UBS54
CAR T cells were injected intravenously (i.v.) via tail vein (10 x 10° cells/mouse). Patient-
derived xenograft (PDX) models were generated by Antitumor Assessment Core Facility

at Memorial Sloan Kettering Cancer Center as previously described (32). Seven days after
inoculation of passage 3 tumors, mice were treated with 10 x 108 NT or CAR T cells via tail
vein.

For subcutaneous tumor models using cell lines, wild-type SNU-638 or a heterogenous
population of SNU-638 (90% wild-type, 10% EpCAM-knockout) or MKN-45 (90%
wild-type, 10% EpCAM-knockout) tumor cells (1 x 10° cells/mouse) were implanted
subcutaneously into the upper left flank of NSG mice. Five or seven days later, mice

were treated with 10 x 108 NT, UBS54 CAR T, or dual CAR T cells via intravenous
injection. Mouse blood was collected from retro-orbital plexus after treatment at indicated
time points. Plasma supernatants were harvested following centrifugation at 1,000 xg, 4 °C
for 15 minutes and stored at —80 °C for cytokine analysis. Tumors were collected at the
indicated timepoints to measure EpCAM and ICAM-1 expression by flow cytometry or IHC,
as described below.

To evaluate toxicity /n vivo, we established a bilateral tumor model by subcutaneously
implanting 1x 108 SW-1990 cells on the left flank and 1x 108 SNU-638 cells on the

right flank. The SW-1990 cell line was selected to model physiologic levels of EpCAM
expression on normal tissues, and SNU-638 was chosen as a representative EpCAM-
overexpressing tumor. Seven days after tumor inoculation, mice were treated with UBS54
CAR or negative control BCMA CAR T cells (10 x 10° cells/mouse) via tail vein injection.

Cancer Immunol Res. Author manuscript; available in PMC 2022 April 01.
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Al T cells were cryopreserved and used for injection freshly after thawing. Tumor growth
was monitored weekly using an 1VIS® Spectrum /n vivo imaging system (PerkinElmer).
Bioluminescence images were acquired 15 minutes after intraperitoneal injection of 200 puL
of 15 mg/mL D-luciferin (Gold Biotechnology). For the peritoneal SNU-638 tumor model,
D-luciferin was injected subcutaneously. Whole-body bioluminescence flux was used to
estimate tumor burden. For subcutaneous tumors, tumor volume (V) was measured with a
caliper on a weekly basis and calculated using the formula V = [lengthx(width)2]/2. PET/CT
imaging was performed to track T-cell biodistribution using a micro-PET/CT scanner
(Inveon, Siemens) 2 hours after intravenous injection of 18F-NOTA-OCT tracer (1,4,7-
Triazaclononane-1,4,7-triacetic acid-octreotide). Randomization of mice was performed

on the basis of bioluminescent imaging or tumor size measurements to ensure tumor
establishment prior to treatment. The health condition of mice was monitored on a daily
basis by the veterinary staffs, independent of the investigators and studies. Euthanasia

was applied when a humane endpoint had been reached (e.g., >25% body weight loss,
signs of illness or distress including ruffled fur, difficulty with diet, or abnormal posture).
Investigators were not blinded when monitoring mice survival. If a mouse died during
imaging processes, with no prior sign of tumor progression, then it was considered a
tumor-unrelated death, and the mouse was indicated as censored in survival analysis.

Cell isolation from tumors

Tumor tissues were cut into small pieces of 2—4 mm and digested at 37°C for 1 hour in 5
mL of RPMI 1640 medium supplemented with 10% FBS, collagenase type IV (200 U/mL,
Gbico), and DNase | (100 U/mL, New England BioLabs, Inc.). Samples were then triturated
using a serological pipet and strained through a 70 um cell strainer to generate single-cell
suspensions. Red blood cells were lysed in ACK lysis buffer (Lonza) for 5 minutes, and
excess debris was removed using a debris removal solution (Miltenyi Biotec). EpCAM and
ICAM-1 expression in tumor cells were assessed by flow cytometry as described below.

Flow cytometry

Flow cytometry data were acquired on a Gallios flow cytometer (Beckman Coulter, Inc.)
and analyzed using the FlowJo software (Tree Star, Inc.). Prior to staining, cells were
washed with PBS containing 1% BSA and blocked with mouse 1gG (200 pug/mL; Sigma-
Aldrich). Cell staining was conducted at room temperature or at 4 °C for 15 minutes.

Cells were washed twice and then resuspended in 200 pL PBS containing 1% BSA

for analysis on flow cytometer. Tumor cell surface markers were determined with the
following antibodies: PE-Cy7 anti-human CD326 (EpCAM) (BioLegend, clone 9C4) and
APC anti-human CD54 (ICAM-1) (BioLegend, clone HA58). For CAR detection and T-cell
phenotypic analysis, the following antibodies were used: FITC anti-c-myc (Miltenyi Biotec,
clone SH1-26E7.1.3), APC anti-human SSTR2 (R&D systems, clone 402038), anti-human
PE-Cy5 CD3/PE CD4/FITC CD8 cocktail (BioLegend, clone UCHT1; RPA-T4; RPA-T8),
PE-Cy7 anti-human CD137 (4-1BB) (BioLegend, clone 4B4-1), APC anti-human CD69
(Biolegend, clone FN50), PE-Cy7 anti-human CD152 (CTLA-4) (Biolegend, clone BNI3),
PE-Cy7 anti-human CD223 (LAG-3) (Biolegend, clone 11C3C65), APC anti-human CD336
(TIM-3) (Biolegend, clone F38-2E2), and Brilliant Violet 421 anti-human CD279 (PD-1)
(Biolegend, clone EH12.2H7). Calcein Blue (Sigma-Aldrich, cat. #M1255) staining along
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with forward- and side-scatter gating was used to exclude dead cells. For the staining of
tumor cells or T cells isolated from /7 vitro co-cultures, 1 x 10° NT, F292A, UBS54, or
dual CAR T cells were co-incubated for 24 hours with 1 x 105 target cells [U-251, MDA-
MB-231, SW-1990, MKN-45 (wild type or heterogenous mixture), SK-BR-3, Capan-2,
HT-29, SNU-638 (wild type or heterogenous mixture), 8505C, 293T, and Hs 746T]. Cells
were then isolated, washed, and stained with EpCAM, ICAM-1, CD3, CD137, and CD69
antibodies. GFP+ cells were gated as tumor cells, whereas CD3* cells were gated as T cells.
The general flow cytometry gating strategies are shown in Supplementary Fig. S1.

Immunohistochemistry (IHC)

Immunohistochemical staining was performed with the following antibodies: anti-human
EpCAM (Cell Signaling Technology, clone D1B3), anti-EGFP (LSBio, cat. #LS-C757212),
and anti-human CD3 (LSBio, clone CD3-12). For tumor samples from mouse models,
tissues were fixed in 10% neutral buffered formalin (Azer Scientific) overnight and stored
in 70% ethanol until submitting to IHC World for embedding, sectioning, and staining.
Paraffin-embedded PDX sections derived from three gastric cancer patients were kindly
provided by Antitumor Assessment Core Facility and processed for histology by Molecular
Cytology Core Facility at Memorial Sloan Kettering Cancer Center. Stained slides were
scanned by HistoWiz and analyzed using Aperio ImageScope (Leica Biosystems).

Cytokine analysis

5 x 102 NT, UBS54, F292A or dual CAR T cells in T-cell growth medium without cytokine
were co-cultured with target cells (U-251, MDA-MB-231, SW-1990, MKN-45, SK-BR-3,
Capan-2, HT-29, or SNU-638) in 96-well plates at an E:T ratio of 1:1. After 24 hours

of incubation at 37 °C, culture supernatants were collected and diluted 1:10 with culture
medium. Cytokine secretion was measured by a Bio-Plex Pro™ human cytokine panel
(Bio-Rad) or a custom LEGENDplex™ panel (BioLegend) according to the manufacturers’
instructions. Mouse sera from gastric cancer PDX models, subcutaneous SNU-638, and
MKN-45 (90% EpCAM™) models were harvested at indicated timepoints post CAR T-cell
treatment and analyzed by a custom LEGENDplex™ panel (BioLegend). Sera were diluted
1:2 with assay buffer before analysis. Sera from untreated mice were used as controls.
Cytokine concentrations were calculated using a standard curve (standards provided within
the kits) following the manufacturers’ instructions.

Statistical analysis

Unpaired, two-tailed student’s t-test was performed to compare two groups. For multiple-
comparison analysis, ANOVA (one- or two-way) was used to evaluate statistical
significance. When multiple groups were compared over multiple timepoints, statistical
significance was determined by two-way ANOVA with Tukey’s multiple comparisons

test. Mouse survival curves were generated using the method of Kaplan—Meier, and the
significance was analyzed with the log-rank (Mantel-Cox) test. All statistical analyses were
performed using Prism 8 (GraphPad, Inc.). £< 0.05 was considered statistically significant.
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CAR expression and affinity determination of the EpCAM CAR

We developed an anti-EpCAM CAR construct based on the 2" generation CAR backbone
(CD28-CD3(), with the incorporation of scFv derived from UBS54, an anti-EpCAM
monoclonal antibody selected from a phage display library (Fig. 1A) (29). To test the affinity
of UBS54 CAR molecule, Jurkat T cells were transduced with a lentiviral vector and stained
with serially diluted monomeric EpCAM. The Ky value of UBS54 CAR was found to be
approaching micromolar affinity (~0.91 uM, Fig. 1B), substantially lower than that of the
corresponding parent antibody (K = 5 nM) (29). CD4*/CD8" sorted primary T cells were
transduced with lentivirus after stimulation with anti-CD3/CD28 dynabeads for 24 hours. In
the CAR T-cell products, CAR expression was measured by flow cytometry using a c-Myc
tag antibody (Fig. 1C). Both CAR T and NT cells after 10-day expansion were comprised
mainly of effector memory cells (Tgpn) and effector cells (Tg) with comparable CD4:CD8
ratios. The expression of several T-cell activation and exhaustion markers (CD137, CTLA-4,
LAG-3, TIM-3, and PD-1) were also similar between CAR T and NT cells (Fig. 1C).

EpCAM CAR T cells exert potent cytolytic activity against EpCAM-overexpressing targets

We tested EpCAM expression in a panel of tumor cell lines by flow cytometry (Fig. 1D).
SK-BR-3 (breast cancer), Capan-2 (pancreatic cancer), HT-29 (colon cancer), and SNU-638
(gastric cancer) cells overexpressed EpCAM, whereas MKN-45 (gastric cancer) and
SW-1990 (pancreatic cancer) cells showed moderate EpCAM expression, MDA-MB-231
(breast cancer) expressed low EpCAM, and U-251 (glioblastoma) exhibited undetectable
EpCAM expression. Cytolytic activity of the CAR T cells was assessed by co-incubation
with a panel of tumor target cells. UBS54 CAR T cells showed significantly greater
cytotoxicity against target cells expressing high EpCAM (HT-29 and SNU-638), but
mediated less killing of low-density EpCAM-expressing MDA-MB-231 cells (Fig. 1E;
Supplementary Fig. S2). Target cell lysis was generally EpCAM-dependent, evidenced by
the lack of killing of EpCAM-negative U-251 cells. However, cytotoxic activity of UBS54
CAR T cells was not fully dependent on EpCAM density in target cells, indicated by

lower killing of EpCAM-high SK-BR-3 and Capan-2 cells, and close to complete killing

of MKN-45 cells(intermediate EpCAM expression). The secretion of pro-inflammatory
cytokines and chemokines (IL2, IFN-y, TNF-a, IL17a, GM-CSF, and MIP-1.) was absent
against EpCAM-negative or -low cells (U-251 and MDA-MB-231), and overall, specific

to cytotoxic activity of UBS54 CAR T cells; however, the amount of cytokine release
displayed variability above a threshold level of antigen density (Fig. 1F). Consistent with
little activity against all cell lines, cytokine production by NT cells was below the lower
limit of quantification (<0.5-10 pg/mL).

EpCAM-specific CAR T cells eliminate solid tumors in mouse models

After validation of CAR T-cell specificity against cell lines /n vitro, we then examined
UBS54 CAR T-cell activity in a peritoneal gastric cancer model using FLuc* SNU-638
tumor cells, an intestinal type of gastric cancer that shows microsatellite instability (33).
This cell line has been used for screening anti-cancer drugs and in our previous study with
ICAM-1 targeting CAR T cells (34,35). NSG mice were inoculated i.p. with SNU-638 cells
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and then treated 7 days later with NT or CAR T cells i.p. (Fig. 2A). Untreated mice (No

T) showed continued tumor growth in the intestinal tract and peritoneal cavity and expired
within 60 days after tumor injection (Fig. 2B-D). NT cells slowed but did not control tumor
growth, resulting in only marginal survival benefit. However, UBS54 CAR T cells rapidly
eliminated tumors within 1 week after a single dose and prevented tumor relapse through the
end of the study (125 days post tumor) (Fig. 2B-D). All CAR T cell-treated mice remained
healthy and survived without any signs of treatment-related toxicities (Fig. 2D-E).

Next, we evaluated UBS54 CAR T cells in a systemic gastric cancer model with MKN-45
tumor cells (Fig. 2F). MKN-45 cells were derived from a poorly differentiated gastric
adenocarcinoma of medullary type, having the characteristics of both ordinary gastric
mucosa and intestinal metaplastic mucosa (36). An intravenous injection of 0.5 x 10°
MKN-45 cells initially formed tumor lesions in the lung, which quickly metastasized

to liver, head, and joints. Untreated mice succumbed to the aggressive tumor growth
approximately 30 days following tumor inoculation. Mice treated with NT cells had neither
a treatment effect nor survival benefit over the No T cohort (Fig. 2G-1). In contrast, an
equivalent number of CAR T cells led to complete tumor regression within one week after
treatment and maintained complete responses in the majority of mice (Fig. 2G-I). Mice in
the No T and NT cohorts showed a loss of body weight, whereas UBS54 CAR T cell-treated
mice remained healthy and maintained stable body weight (Fig. 2J).

Finally, the efficacy of UBS54 CAR T cells was evaluated against pancreatic tumors, which
frequently overexpress EpCAM, by surgically implanting 0.1 x 10% Capan2-FLuc* cells

into mouse pancreas (Fig. 2K). Similar to the responses seen in the gastric cancer models,
infusion of UBS54 CAR T cells led to rapid and durable tumor elimination, whereas tumors
continued to grow in NT and No T cohorts (Fig. 2L-M). Body weight loss was observed

in CAR T cell-treated mice, commencing after complete tumor eradication (Fig. 2N), likely
due to graft-versus-host disease (GvHD,; f.¢e., activation of human TCR against mouse tissue
MHC). The UBS54 CAR was confirmed to not bind murine EpCAM (Fig. 20). Collectively,
we demonstrated that UBS54 CAR T cells were effective in eliminating EpCAM™* cancer
cell lines implanted either intraperitoneally, systemically, or orthotopically into the pancreas.

EpCAM CAR T cells eradicate gastric tumors in patient-derived xenograft models

After observing durable and complete response of tumors to UBS54 CAR T cells in mice
implanted with cancer cell lines, we next assessed CAR T-cell activity in PDX models,
which more closely resemble clinical tumors. NSG mice were subcutaneously engrafted
with gastric tumor specimens derived from three patients (PDX42, PDX44, and PDX55)
who had moderate to high expression of membranous and cytoplasmic EpCAM expression
(Fig. 3A). One week later, mice in each PDX model were randomized and assigned

to three treatment cohorts: no treatment, 10 x 106 NT, or 10 x 10 UBS54 CAR T

cells (Fig. 3B). PDX42 tumors grew aggressively and reached a volume of 3,000 mm3
approximately 3 weeks after tumor inoculation (Fig. 3C). Infusion of NT cells slowed,

but did not stop, tumor growth, and mice succumbed to tumors ~4 weeks after tumor
inoculation. By contrast, a single dose of UBS54 CAR T cells suppressed the progression
of aggressive PDX42 tumors and produced 100% tumor-free survival (Fig. 3C-D). PDX44
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and PDX55 tumors grew relatively slower, reaching a volume of 1,000 mm3 approximately
7 weeks following tumor implantation. In stark contrast to the progressive tumor growth

in No T and NT cohorts, PDX44 and PDX55 were completely eradicated by 15 days post
UBS54 CAR T-cell injection. The rapid response of tumors to CAR T-cell treatment was
further corroborated by cytokine release following T-cell infusion. Serum IFNy and perforin
concentrations from UBS54 CAR T cell-treated mice peaked approximately one week after
T-cell infusion and returned to background levels the following week when tumors were
completely eradicated (Fig. 3E). Approximately 10 weeks after treatment, 2/4 tumor-free
UBS54 CAR T cell-treated mice had a spike in serum cytokines due to GvHD-mediated
T-cell expansion. We engineered CAR T cells to co-express human somatostatin receptor 2
(SSTR2) (Fig. 1A), which functioned as a PET reporter for tracking CAR T-cell distribution
spatially and temporally using a SSTR2-specific radiotracer (:8F-NOTA-Octreotide (37)).
PET/CT imaging revealed rapid accumulation of CAR T cells in the subcutaneous tumors,
followed by subsequent contraction when tumors were eliminated on day 14 (Fig. 3F). In
the NT-treated mice, subcutaneous tumors could be clearly detected by CT images and
continued to grow with little tracer uptake. Taken together, these results further confirmed
the potent anti-tumor activity of UBS54 CAR T cells against gastric tumors.

Dual targeting of EpCAM and inducible ICAM-1 promotes killing of heterogenous tumors

Heterogeneous antigen expression or antigen-escape, especially in solid tumors, is
increasingly recognized as a cause of tumor relapse and treatment failure. Here, we
generated CRISPR-Cas9 EpCAM knockout tumor cell lines (Supplementary Fig. S3A) and
mixed them with wild-type cell lines at defined ratios to mimic the degree of heterogeneity
in EpCAM expression. After incubating a heterogeneous mixture of SNU-638 or MKN-45
cells (40-60% EpCAM™ each) with UBS54 CAR T cells for 24 hours, EpCAM?* cells
were eliminated from both populations, and EpCAM-™ tumor cells were largely spared

(Fig. 4A). Whereas EpCAM expression remained unaltered either after incubation with

NT cells or addition of IFN-y, ICAM-1 expression in SNU-638 and MKN-45 cells was
significantly upregulated after addition of IFN-y (10 ng/mL) to the culture. Compared

to IFN-y treatment, higher ICAM-1 induction was observed in the remaining EpCAM~
SNU-638 and MKN-45 cells after the EpCAM™ cells were eliminated by CAR T cells (Fig.
4A; Supplementary Fig. S3B).

To broaden CAR T-cell efficacy against tumor cells with heterogenous EpCAM expression,
we designed a bicistronic dual CAR that incorporates sequences of UBS54 scFv and
affinity-tuned LFA-1 | domain (F292A, Ky =~ 20 UM (27)) into one lentiviral vector (Fig.
4B). Costimulatory domains of CD28 and 41BB were used for EpCAM and ICAM-1
specific CARs, respectively. The expression of UBS54 and F292A CAR in T cells was
confirmed by flow cytometry using antibodies against c-Myc and Flag tags, which were
fused at the N-terminus to UBS54 and F292A, respectively (Fig. 4C). We first measured
the /n vitro cytolytic activity of F292A, UBS54, and dual CAR T cells against SNU-638 or
MKN-45 with a mixture of EpCAM* and EpCAM™ cells (100%, 50%, or 3% EpCAM™).
Micromolar affinity F292A CAR T cells induced 40% specific lysis of SNU-638 cells at 48
hours through interaction with ICAM-1, whereas it mediated almost no killing of MKN-45
cells that had low ICAM-1 expression (Fig. 4D; Supplementary Fig. S3C). UBS54 CAR T
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cells lysed approximately 90% of SNU-638 and MKN-45 wild-type cells that were 100%
EpCAM*. The amount of cell death caused by UBS54 CAR T cells against heterogenous
populations was significantly higher than the percentage of EpCAM™* cells, e.g., ~80%

lysis of 50% EpCAM™ cells and 40-50% lysis of 3% EpCAM™ cells. Additional killing of
EpCAM- cells was not from non-specific activity of UBS54 CAR T cells but likely due to
bystander killing mediated by soluble factors such as FasL, TRAIL, or localized release of
perforin and granzyme B by activated T cells (38). As expected, dual CAR T cells attained
increased Killing of SNU-638 cells compared to single CAR T cells (F292A or UBS54) due
to its ability to interact with both EpCAM and ICAM-1 antigens. Such enhanced killing,
however, was also observed against MKN-45, which was ICAM-1-low, and was completely
unreactive to ICAM-1-specific CAR T cells. This should come from ICAM-1 expression

in MKN-45 cells induced above the activation threshold of the ICAM-1-specific CAR

after exposure to proinflammatory cytokines (Fig. 4A). Higher T-cell activation of the dual
CAR was further evidenced by the induction of surface CD137 expression and quantitative
measurement of cytokine production, which were highest in dual CAR T cells (Fig. 4E-F).

In addition to using tumor cells comprising a heterogenous population of EpCAM™* and
EpCAM- cells, we further compared single and dual CAR T cells using a panel of tumor
cell lines with varying levels of EpCAM and ICAM-1 expression with respect to the kinetics
of target cell lysis, ICAM-1 induction in target cells that remained viable after incubation
with CAR T cells, and induction of CD69 as a measure of T-cell activation (Supplementary
Fig. S4). We found both UBS54 single and dual CAR T cells were specific to EpCAM
expression in target cells, evidenced by a lack of killing and little ICAM-1 induction in
EpCAM-negative or EpCAM-low tumor cell lines (U251, 8505C and 293T). As expected,
the low-affinity F292A CAR T cells killed only ICAM-1-high SNU-638 cells but spared
other cell lines with lower ICAM-1 expression. Single UBS54 CAR T cells were equally
as potent as dual CAR T against the majority of target cells with intermediate to high
EpCAM expression. Additional expression of ICAM-1 in EpCAM™ target cells did not
elevate the activity of dual CAR T cells over single UBS54 CAR T cells /n vitro, indicating
the dominance of the UBS54 CAR over the lower affinity F292A CAR.

Dual CAR T cells are superior against tumors with homogeneous antigen expression

We then examined the activity of single versus dual CAR T cells against the hard-to-treat
subcutaneous SNU-638 tumor model. Mice were subcutaneously implanted with 1 x 106
SNU-638 tumor cells, and 7 days later treated with 10 x 106 UBS54 or dual CAR T cells
(Fig. 5A). UBS54 CAR T cells were able to eliminate tumors at early time points [14
complete remission (CR, BLI < 2 x 108 photons/s) out of 20 at 3 weeks after CAR T
infusion, 70%], but tumor relapse occurred frequently (8 CR at 4-6 weeks, 40%; 5 CR at
8 weeks, 25%) (Fig. 5B-E). In contrast, dual CAR T cells led to complete clearance of
the tumors in 100% of the cases (10 CR out of 10 at 3 weeks). After 6 weeks post T-cell
infusion, two mice had tumor relapses, but the relapsed tumors remained small and stable,
in contrast to the relapsed and rapidly progressing tumors in UBS54 CAR T cell-treated
mice (Fig. 5B-E). To examine if antigen downregulation occurred in the relapsed tumors,
we analyzed EpCAM expression in tumor cells by flow cytometry. The relapsed tumors
from UBS54 CAR T cell-treated mice had comparable EpCAM expression to tumors from
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untreated mice (Fig. 5F), confirming that altered antigen expression was not the cause for
tumor resistance in this model. In contrast to comparable activity of single and dual CAR T
cells against SNU-638 /n vitro (Supplementary Fig. S3C and S4B), UBS54 single CAR T
cells were more susceptible to relapse of EpCAM?* solid tumors /7 vivo, whereas dual CAR
T cells with additional targeting of ICAM-1 produced a significantly augmented anti-tumor
response.

Serum cytokines were also measured weekly during the first 3 weeks following T-cell
administration. Serum IFNy and perforin peaked one week after T-cell infusion and dropped
to background levels in the following weeks when tumors were eliminated (Fig. 5G). The
dynamics of CAR T-cell distribution and expansion were also assessed by PET/CT imaging
using 18F-NOTA-OCT (Fig. 5H). UBS54 CAR T peaked 2 weeks after T-cell infusion and
gradually contracted or persisted over the next several weeks. In comparison, dual CAR

T cells peaked earlier, and fully contracted by 3 weeks after T-cell infusion. The slower
expansion and contraction kinetics of UBS54 CAR T cells were likely due to lingering
interaction between CAR T cells and tumor cells. The systemic expansion of UBS54 CAR T
cells outside of tumor implants was seen beginning 6 weeks after T-cell infusion (elevation
of tracer uptake in lungs, thymus, and lymph nodes). In some mice with tumor relapse

after treatment with UBS54 CAR T cells, CAR T-cell infiltration and expansion in tumors
were apparent, indicating that tumor relapse was not attributable to poor infiltration and/or
persistence but to potential T-cell dysfunction (Fig. 51).

Additional ICAM-1 targeting complements EpCAM CAR T activity against heterogenous

tumors

We next examined whether additional targeting of ICAM-1 could complement EpCAM
CAR T-cell activity against tumors with heterogenous EpCAM expression. To this end, we
generated two gastric cancer tumor models by subcutaneously implanting a heterogeneous
population of MKN-45 or SNU-638 tumor cells into NSG mice. In the MKN-45 model,
which comprised tumors with 90% EpCAM* and 10% EpCAM- cells with little ICAM-1
expression (Fig. 6A), UBS-54 CAR T cells slowed tumor progression compared to the
untreated cohort but failed to achieve tumor remission (Fig. 6B-D). As expected, F292A
CAR T cells were ineffective against ICAM-1-low MKN-45 tumors. In comparison to
F292A CAR T or UBS-54 CAR T cells, dual CAR T cells produced long-term regression
and significant survival benefits (Fig. 6B—E). Three of four mice (75%) in the dual CAR

T cohort attained CR one week following treatment. Of these, one mouse maintained a CR
till the end of the study, whereas two mice developed tumor relapse. Relapsed MKN-45
tumors that were harvested from mice treated with UBS54 or dual CAR T cells revealed
diminished EpCAM expression compared to untreated tumors, whereas resistant MKN-45
tumors harvested after F292A CAR T-cell treatment showed no difference in EpCAM
expression (Fig. 6F). Consistent with the induction of ICAM-1 in CAR T cell-treated
MKN-45 cells in vitro (Fig. 4A), MKN-45 tumors harvested from UBS54 or dual CAR
T-cell cohorts showed more than 10-fold elevated expression of ICAM-1 (Fig. 6F). ICAM-1
upregulation rendered EpCAM™* tumor cells more susceptible to killing by dual CAR T
cells, resulting in tumor relapse or resistance of mainly EpCAM~™ICAM-1* tumors. We
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speculate that ICAM-1 expression induced in EpCAM~ICAM-1* tumors was insufficient to
drive full T-cell activation through the low-affinity F292A CAR in dual CAR T cells.

PET/CT imaging of CAR T cells revealed a pattern of CAR T-cell expansion and contraction
in tumors (Fig. 6G), which has been noted to be a hallmark of efficient CAR T-cell
elimination of tumors (37). However, in the UBS54 CAR T cell-treated mice, such biphasic
kinetics of CAR T cells coincided with a persistent tumor mass revealed by CT imaging,
caused by outgrowth of EpCAM™ MKN-45 cells. In comparison, dual CAR T cells
demonstrated an enhanced anti-tumor response against heterogenous tumors, which also
resulted in a lower degree of CAR T-cell expansion. In the F292A CAR T-cell cohort, no
specific tracer uptake was observed in the MKN-45 tumors. Consistent with a larger degree
of expansion for single CAR T compared to dual CAR T cells, IFN-+ and perforin were
higher in blood collected from UBS54 mice (Fig. 6H).

The superior anti-tumor efficacy of dual CAR T cells was also observed in the
heterogeneous SNU-638 tumor model, which was seeded with 90% EpCAM™ and 10%
EpCAM™ cells (Fig. 7A). The SNU-638 tumor model had high surface expression of
ICAM-1, as opposed to little basal ICAM-1 expression in the MKN-45 tumor model.
Similar to the activity against MKN-45 heterogenous tumor (Fig. 6B-D), UBS54 CAR

T cells retained partial killing of SNU-638 tumors up to 2 weeks after infusion, which

then gradually lost the activity against relapsing tumors (Fig. 7B). A significant treatment
effect was seen only with the dual CAR T cells (Fig. 7B-D). Both flow cytometry and

IHC analysis showed that relapsing or resistant SNU-638 tumors harvested 5-10 weeks
after treatment had complete loss of EpCAM expression after single or dual CAR T-cell
treatments, indicating these tumors consisted mainly of EpCAM™ SNU-638 cells (Fig. 7TE-
F). At the same time, we found higher abundance of T cells in EpCAM™ tumors of dual
CAR T cell-treated mice compared to T cells in UBS54 single CAR T cell-treated tumors
(Fig. 7F). Despite a significantly higher activity of dual CAR T cells over single UBS54
CAR T cells against heterogenous SNU-638 tumors, the low affinity F292A CAR alone was
likely to be insufficient to eliminate the remaining SNU-638 tumors that mainly contained
EpCAM™ICAM-1* cells.

Further reduction of UBS54 CAR affinity may be necessary to avoid on-target off-tumor

toxicity

On-target, off-tumor reactivity with antigens expressed on normal tissues remains a major
safety concern of CAR T cells. Similar to the approach used to test the selectivity of
affinity-tuned ICAM-1 CAR T cells against ICAM-1-high tumors in our previous studies
(39), we examined cytotoxicity of EpCAM CAR T cells against the primary epithelial

cells isolated from human colon, kidney, and liver (Supplementary Fig. S5A). EpCAM
expression in these primary cells was intermediate to high, presumably due to enrichment
for EpCAM expression by magnetic-activated cell sorting. We used label- and radioisotope-
free, impedance-based assays to estimate cells death and found that all three primary
EpCAM* epithelial cells were lysed by UBS54 CAR T cells, similar to the rate of lysis

of SNU-638 and HT-29 cells (Supplementary Fig. S5A).
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To further examine selectivity of UBS54 CAR T cells toward tumors with higher expression
of EpCAM, we used bilateral SNU-638 and SW-1990 tumor models in NSG mice
(Supplementary Fig. S5B-D). SW-1990 cell line was chosen for its intermediate EpCAM
expression and concordant higher resistance to EpCAM CAR T cells in vitro (Fig. 1D;
Supplementary Fig. S2A). In untreated or unrelated CAR T cell (BCMA-specific) cohorts,
both SNU-638 and SW-1990 tumors grew comparably. In comparison, UBS54 CAR T cells
rapidly eliminated SNU-638 tumors by 2 weeks after treatment, consistent with UBS54
CAR T-cell activity against single site SNU-638 tumors (Fig. 5B-D). Despite lower EpCAM
expression and higher resistance to UBS54 CAR T cells /n vitro, SW-1990 tumors were
eliminated at a similar rate to SNU-638 by UBS54 CAR T cells.

Discussion

CAR T cells face several unique challenges in solid tumors, including inherent

tumor heterogeneity, on-target off-tumor toxicities, and an immunosuppressive tumor
microenvironment (40-42). Antigen escape has been recognized as one of the dominant
mechanisms of tumor relapse following remission induced by anti-CD19 CAR T cells,

and is likely to represent an even greater obstacle in the setting of solid tumors (13).

In this study, we aimed to overcome antigen escape by complementing a single CAR
against primary antigen with an ICAM-1-targeting CAR using bispecific CAR T cells. Our
studies demonstrate that the combined activity of EpCAM- and ICAM-1-specfic dual CARs
significantly enhances the clearance of homogeneous, as well as heterogeneous, tumors and
reduces the occurrence of tumor relapse.

We selected ICAM-1 as a complementary target based on our previous experience with CAR
T cells targeting this antigen, and because ICAM-1 is an inducible inflammatory molecule
that is less likely to undergo downregulation or mutation as do other genetically unstable
tumor markers. Although ICAM-1 CAR T cells induce durable CR in systemic anaplastic
thyroid cancer models (27,28), its therapeutic efficacy against gastric tumors appears to be
more limited (34). However, in gastric tumor models with homogeneous or heterogeneous
EpCAM expression, we demonstrate the significant benefits of combining an ICAM-1-
targeting CAR (F292A) with an EpCAM-targeting CAR (UBS54). Our bicistronic design
of CARs incorporated two CARs independently encoding CD28 and 41BB costimulatory
domains, whereas a single costimulatory domain was used for single CAR T cells (either
CD28 or 41BB). Although the superior activity of dual CAR T cells to single EpCAM
CAR T cells against EpCAM heterogenous tumors may be anticipated, dual CAR T cells
were superior against EpCAM homogeneous tumors. We suspect that the complementary
and additive costimulatory signals through both CD28 and 41BB could be a contributing
factor to the greater anti-tumor response of dual CAR T cells when CARs are engaged
with two antigens. Investigation into the antigen profiles of dissociated tumor cells
revealed significantly upregulated ICAM-1 in tumors following treatment with CAR T
cells, rendering tumor cells more susceptible to dual CAR T cells that additionally target
ICAM-1. In particular, although ICAM-1 expression was absent or very low in the MKN-45
tumor model at the time of treatment, ICAM-1 was substantially induced through the
pro-inflammatory cytokines secreted by CAR T cells upon EpCAM CAR engagement with
EpCAM* tumor cells. In addition to the elevated ICAM-1 expression in many carcinomas
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(22,43,44), including gastric, pancreatic, thyroid, and breast cancers, the inducible nature of
ICAM-1 further supports the choice of ICAM-1 as a promising complementary target for the
development of multi-specific targeted therapies.

In the heterogeneous tumor models, we found a diminished or complete loss of cell-surface
EpCAM following treatment with UBS54 or dual CAR T cells. This appears to be the

result of selection for pre-existing EpCAM~™ clones within the heterogeneous population,
underscoring tumor heterogeneity as one mechanism of tumor resistance in this model. In
addition to pre-existing antigen-negative clones, tumor cells can also escape CAR T-cell
therapy by losing cell-surface expression of the CAR-targeted antigen after treatment.

A proportion of CD19 CAR-resistant tumors involve the enrichment of alternatively

spliced CD19 isoforms that lack extracellular epitopes targeted by current CD19-based
immunotherapies (9), as well as lineage switching to other hematopoietic lineages (45).
However, in the homogeneous EpCAM-expressing tumor models, EpCAM downregulation
did not occur in relapsing or resistant tumors. This antigen-positive resistance may involve
T-cell dysfunction caused by immune suppression by tumors, judging from retention of
EpCAM-high tumors despite infiltration and persistence of UBS54 CAR T cells within
tumors. Several approaches have been explored to overcome inhibitory mediators present in
the tumor microenvironment, for instance, combination therapy with PD1/PD-L1 checkpoint
inhibitors (46,47), disruption of PD-1/PD-L1 and CTLA-4 pathways (48,49), deletion of the
TGF-greceptor 1l to suppress regulatory T-cell conversion (50), as well as armoring CAR

T cells to deliver stimulatory cytokines (e.g., IL-12, IL-15, and IL1-8) (51-53). Therefore,
combining dual CARs with these approaches could further enhance T-cell functionality and
reduce immune escape.

One major shortcoming of our strategy is that targeting multiple solid tumor antigens

could elevate the concerns of on-target, off-tumor side effects. The use of affinity-tuned
CARs could potentially address this concern and improve the discrimination of tumors from
non-malignant tissues that basally express the same antigens. Although possessing close to
micromolar affinity and some selectivity toward cell lines with high EpCAM expression,
UBS54 CAR T cells also eliminated primary human epithelial cells. Whether or not the

in vitro assays using isolated primary cells reflect the /7 vivo CAR T toxicity, particular
caution for EpCAM targeting is warranted given various dose-limiting toxicities (DLTS)
reported in clinical trials with EpCAM-based targeted therapies. High-affinity EpCAM
monoclonal antibodies (3622W94 and ING1) and EpCAMxCD3 T-cell engager solitomab
(MT110, AMG 110) have shown off-tumor toxicities (54,55) and other DLTSs, precluding
dose escalation to potential therapeutic levels (56). We are currently evaluating EpCAM
CAR T cells with lower affinities to limit cell killing to EpCAM* tumor cells while sparing
normal cells with basal EpCAM expression. Multiple clinical trials of EpCAM-specific
CAR T cells have already been initiated and will provide more information about the
efficacy and safety of targeting EpCAM with CAR T cells (NCT02915445, NCT03013712,
and NCT04151186).

As a whole, our study provides proof-of-principle evidence for the superior activity of dual
CAR against heterogenous tumors. Upon encountering either EpCAM*ICAM-1-, EpCAM~
ICAM-1*, or EpCAM*ICAM-1* target cells, dual CAR T cells secret pro-inflammatory
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cytokines in the microenvironment, which further upregulate ICAM-1 in tumor cells through
IFN-y and TNF-a secretion. EpCAM~ICAM-1" cells that can escape UBS54 single CARs
can be recognized and eradicated by dual CARs through ICAM-1 targeting, thereby
preventing EpCAM-negative or EpCAM-low relapses (Supplementary Fig. S6). Even in
EpCAM*ICAM-1* tumors, additional targeting of ICAM-1 elevates CAR activity against
EpCAM, resulting in more durable tumor remission. Given that ICAM-1 can be induced
upon CAR T-cell localization and activation, and thus become targetable, our dual CAR
design could augment eradication of tumors that are ICAM-1-low or -negative at the time

of diagnosis. The incorporation of ICAM-1 targeting may thus offer a broadly applicable
strategy to boost the anti-tumor activity of CARs directed against other tumor antigens.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis:

Generation of EpCAM/ICAM-1 dual CAR T cells improved the efficacy of single-
targeting EpCAM CAR T cells in multiple tumor models. The data highlight a broadly
applicable strategy to boost the activity of single antigen-specific CAR T-cell therapy.
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Figure 1. The in vitro activity of EpCAM CAR T cells against tumor cell lines.
A, Schematic representation of the lentiviral vector encoding EpCAM-specific UBS54

CAR. The expression of the CAR construct is driven by the EF1a promoter, and SSTR2

is placed following a ribosome-skipping sequence P2A. A c-Myc tag was introduced at

the N-terminus for CAR detection. SS, signal sequence; scFv, scFv derived from UBS54
monoclonal antibody; CD28 TM-Cyt, CD28 transmembrane and cytosolic domains. B, The
affinity of the UBS54 CAR was determined by staining CAR-expressing Jurkat T cells with
serially diluted EpCAM. Kj values were calculated using the one-site nonlinear regression
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model. Data represent means.d. (7=3). NT, non-transduced T cells. C, Representative

flow plots showing CAR expression, T-cell phenotypes (CD4, CD8, Ty CCR7*CD45RA",
Tcm CCR7YCD45RA™, Tey CCR7-CD45RA™, Te CCR7-CD45RA™), and activation and
exhaustion markers (CD137, CTLA-4, LAG-3, TIM-3, and PD-1) in CAR T cells and

NT. D, Surface expression of EpCAM in tumor cell lines was determined by flow
cytometry. EpCAM densities in tumor cell lines were presented as fold-increases in EpCAM
MFI normalized to unstained cells. E, Cytolytic activity of CAR T cells against EpCAM-
expressing target cells and EpCAM-negative control U-251 cells. CAR T cells were co-
incubated with target cells at an E:T ratio of 1:1, and 24 hours later, the cell viability of
target cells after CAR T-cell or NT treatment was normalized to that of the no T cell control.
Data represent meanzs.d. (/7=3). Statistical significance was determined by unpaired, two-
tailed t-test. F, Cytokines in culture supernatants were measured after co-incubation of CAR
T cells and target cells for 24 hours (7=2).
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Figure 2. EpCAM-specific CAR T cells mediate complete remission in gastric and pancreatic

cancer models.

A, Schematic of the intraperitoneal SNU-638 tumor model. NSG mice were
intraperitoneally implanted with 0.5 x 106 SNU-638 cells. 7 days later, mice were either
left untreated or treated with NT or UBS54 CAR T cells (10 x 10° cells/mouse) via
intraperitoneal injection. B, Bioluminescence images of SNU-638-engrafted NSG mice (n=2
independent experiments). C, Quantitation of total body bioluminescence intensity from
the two independent experiments (7=7-9). Pvalues determined by two-way ANOVA with
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Tukey’s multiple comparisons test. D, Kaplan—-Meier survival curves (7=7-9). Pvalues
determined by Log-rank (Mantel-Cox) test. E, Summary of body weight changes over time
(mr=7-9). F, Schematic of the systemic MKN-45 tumor model. 5 days after intravenous
inoculation of 0.5 x 108 MKN-45 cells, mice were treated with CAR T cells or control

cells (10 x 10° cells/mouse, i.v.) or left untreated. G, Whole-body bioluminescence images
of MKN-45-engrafted NSG mice. H, Quantitation of total body bioluminescence intensity.
Data are displayed for each individual mouse from No T (/=4), NT (/=5), and UBS54
(r=7) cohorts. 1, Kaplan—Meier survival curves. Pvalues determined by Log-rank (Mantel-
Cox) test. J, Summary of body weight changes over time (7=4-7). K, Schematic of the
orthotopic Capan-2 tumor model. 0.1 x 10% Capan-2 cells were implanted orthotopically
into the pancreas, and after 15 days, mice received 10 x 106 NT or UBS54 CAR T cells
intravenously. L, Whole-body bioluminescence images of Capan-2-engrafted NSG mice. M,
Quantitation of total body bioluminescence intensity (/7=2-3). N, Body weight changes over
time (7=2-3). O, Jurkat T cells expressing the UBS54 CAR were stained with 100 nM
human EpCAM-Fc and 100 nM mouse EpCAM-Fc. For, C, E, J, M, and N: data represent
meanzs.d.
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Figure 3. UBS54 single CAR T cells control tumor growth in gastric cancer patient-derived
xenograft models.

A, EpCAM IHC staining and H&E staining on tumor sections from gastric cancer patients
(40x magnification; scale bar, 60 um). B, Schematic of the gastric cancer PDX model.
Allogenic T cells from healthy donors were used. C, Tumor volumes in NSG mice without
treatment (No T) or treated with NT or UBS54 CAR T cells (/=3 for each PDX model).
Data represent meants.d. D, Kaplan—Meier survival analysis of the three independent PDX
experiments. Statistical significance was determined using log-rank (Mantel-Cox) test. E,
Cytokines measured in mouse plasma at indicated time points after T-cell infusion. Data

are pooled from independent PDX44 and PDX55 experiments and are shown as individual
values (=4 mice). HLOQ = higher limit of quantification. F, PET/CT images showing CAR
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T-cell accumulation at tumor sites. Subcutaneous tumors are indicated by white arrow heads
and dash lines.
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Figure 4. Simultaneous targeting of EpCAM and ICAM-1 facilitates cytotoxicity against
heterogenous tumor cell lines in vitro.

A, A mixture of EpCAM™ and EpCAM~ SNU-638 or MKN-45 cells were treated with
IFN (10 ng/mL) or co-incubated with NT or UBS54 CAR T cells at an E:T ratio of
1:1. Surface EpCAM and ICAM-1 expression were evaluated by flow cytometry 24 hours
later. Histogram represents fold-increases in MFI normalized to unstained cells (/7=4). B,
Schematic representation of the UBS54 and F292A-unispecific CARSs and bicistronic dual
CARs. UBS54 scFv and LFA-1 | domain (F292A) were used for EpCAM and ICAM-1
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targeting, respectively, with the fusion of a c-Myc or Flag tag for the detection of CAR
molecules. C, Representative flow cytometry plots showing CAR expression and CD4/CD8
phenotype following transduction of human primary T cells. The production of dual CAR
T cells was performed independently at least four times. The percentage of CAR-positive,
CD3, and CD4/CD8 subsets are shown (/7=4). D, Bioluminescence-based cytotoxicity assay
measuring cytolytic activity of F292A, UBS54, and dual CAR T cells. A heterogeneous
population (100%, 50%, or 3% EpCAM™) of SNU-638 or MKN-45 tumor cells were
co-incubated with T cells at an E:T ratio of 1:1 for 48 hours. The percentage of target cell
viability was normalized to luminescence from No T cohort (r7=4). Statistical significance
was determined by unpaired, two-tailed t-test. E, The upregulation of CD137 expression

in T cells was measured after stimulation by SNU-638 or MKN-45 tumor cells (50%
EpCAM™) for 24 hours (/7=4). F, Cytokine production by NT, F292A, UBS54, and dual
CAR T cells upon co-culture with SNU-638 or MKN-45 tumor cells (50% EpCAM?™) for 24
hours (7=2). For A, C, D, E, and F: data represent meanzs.d.
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Figure 5. EpCAM-ICAM-1 dual CAR T cells reduce tumor recurrence rate in a subcutaneous
gastric cancer model.

A, Schematic of the subcutaneous SNU-638 tumor model. NSG mice were subcutaneously
implanted with 1 x 10 SNU-638 cells and treated 7 days later with UBS54 or dual CAR
T cells (10 x 10% cells/mouse) via tail vein injection. B, Representative bioluminescence
images of SNU-638-engrafted NSG mice. C, Quantitation of total body bioluminescence
intensity from independent experiments using three batches of donor-matched CAR T cells.
Data are shown as meanzs.d. (7=10-20). Statistical significance determined by two-way
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ANOVA with Tukey’s multiple comparisons test. D, Tumor volumes for mice in the No

T (=11), UBS54 (17=20), and dual (1=10) cohorts. E, Incidence of tumor relapse (total
body bioluminescence intensity > 2x108 photons/s, 7/=10-20). P values determined by
Log-rank (Mantel-Cox) test. F, EpCAM cell-surface densities in relapsed tumors of mice
sacrificed 8-12 weeks post UBS54 CAR T-cell treatment (meanzs.d., 7/=2-3). Fold-change
in MFI of EpCAM was normalized to unstained cells. G, Serum IFNy and perforin were
measured weekly during the first 3 weeks following T-cell administration. H, Longitudinal
PET/CT imaging to evaluate CAR T-cell expansion /n vivo (n=2/cohort). Subcutaneous
tumors are indicated by white arrow heads. I, Representative PET/CT image showing CAR
T-cell accumulation at tumors that relapsed or were resistant to UBS54 CAR T cells. The
incidence of UBS54 CAR T-cell expansion in resistant tumors was observed in at least three
independent experiments.
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Figure 6. EpCAM-ICAM-1 dual CAR T cells show enhanced anti-tumor activity in a
heterogeneous MKN-45 tumor model.

A, Schematic of the heterogeneous MKN-45 tumor model. NSG mice were subcutaneously
implanted with a heterogeneous population of MKN-45 cells (90% wild-type, 10% EpCAM-
negative, 1x 10% cells/mouse), and 5 days later received F292A, UBS54, or dual CAR T
cells (10 x 10° cells/mouse) via tail vein injection. B, Bioluminescence images showing
mixed tumor growth over time (/7=3-4). C, Total body bioluminescence intensity shown

as average values (meanzs.d.). D, Tumor volume measurements over time (meanzs.d., two-
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way ANOVA with Tukey’s multiple comparisons test). E, Survival analysis using log-rank
(Mantel-Cox) test (7=3-4). F, Changes in EpCAM and ICAM-1 cell-surface expression in
tumor cells 2-8 weeks following CAR T-cell treatment (meanzs.d., 7/=2—-4). G, Longitudinal
PET/CT images showing 18F-NOTAOCT uptake in CAR T cells. Subcutaneous tumors are
indicated by white arrow heads. H, Serum IFN-y and perforin measured at 2, 9, and 16 days
post T-cell administration.
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Figure 7. EpCAM-ICAM-1 dual CAR T mediates longer lasting remission in a heterogeneous
SNU-638 tumor model.

A, Schematic of the heterogeneous SNU-638 tumor model. NSG mice were subcutaneously
implanted with a heterogeneous population of SNU-638 cells (90% wild-type, 10%
EpCAM-negative, 1x 106 cells/mouse) and treated 7 days later with UBS54 or dual CAR

T cells (10 x 10° cells/mouse) via tail vein injection. B, Bioluminescence images showing
mixed tumor growth after receiving no treatment (/=3) or treatment with UBS54 (7=5)

or dual (m7=6) CAR T cells. C, Tumor growth shown as average values of total body
bioluminescence intensity or tumor volume, respectively (meanzs.d., 7=3-6). Pvalues
determined by two-way ANOVA with Tukey’s multiple comparisons test. D, Percentage

of mice bearing tumors < 500 mm? (/7=3-6). P values determined by Log-rank (Mantel-Cox)
test. E, Changes in EpCAM and ICAM-1 cell-surface expression in tumor cells 5-10 weeks
following CAR T-cell treatment (meanzs.d., /=2-3). F, IHC images of GFP, EpCAM, and
CD3 (T cells) staining on formalin-fixed, paraffin-embedded tumor sections from untreated
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mice or mice treated with UBS54 or dual CAR T cells (20x magnification; scale bar, 100
um). Data were obtained at 5 weeks following T-cell administration.
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