0 2022/126084 A 1 I K0 01O OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 00 OO0 0 0 OO A0

International Bureau

/ (10) International Publication Number
(43) International Publication Date = WO 2022/126084 A1
16 June 2022 (16.06.2022) WIRPOIPCT
(51) International Patent Classification: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
A61P 35/00 (2006.01) CO7K 14/705 (2006.01) NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
A61K 35/17 (2006.01) CO7K 16/30 (2006.01) SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,

(21) International Application Number: TR, TT, TZ, UA, UG, US, UZ, VC, VN, W8, ZA, ZM, ZW.

PCT/US2021/072753  (84) Designated States (unless otherwise indicated, for every
. - R kind of regional protection available): ARIPO (BW, GH,
(22) International Filing Date(') 6 December 2021 (06.12.201 GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

ccember 2021 (06.12.2021) UG, ZM, ZW), Eurasian (AM, AZ, BY. KG, KZ, RU, TJ,
(25) Filing Language: English TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(26) Publication Language: English MC. MK, MT, NL, NO, PL. PT, RO, RS, SE, SI SK. SM,
(30) Priority Data: TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
63/123.071 09 December 2020 (09.12.2020) US KM, ML, MR, NE, SN, TD, TG).

(71) Applicant: AFFYIMMUNE THERAPEUTICS, INC.

Declarations under Rule 4.17:
[US/US]: 22 Strathmore Rd., Natick, MA 01760 (US). onsu u

— as to applicant's entitlement to apply for and be granted a
(72) Inventor: JIN, Moonsoo. patent (Rule 4.17(ii))

(74) Agent: KUNG, Viola ct al.; P.O. Box 1247, Seattle, WA  Published:

98111-1247 (US). —  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

— with sequence listing part of description (Rule 5.2(a))

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP, KR, KW,KZ, LA, LC,LK,LR,LS,LU,LY, MA, MD,

(54) Title: DUAL CHIMERIC ANTIGEN RECEPTOR TARGETING EPCAM AND ICAM-1

EpCAM CAR |5 LTR

A CAR (BLIR

Tandem GAR (ELTR

Biclstromic CAR 1 FUIR Y

FIG. 1

(57) Abstract: The present invention relates to low affinity dual chimeric antigen receptors (CARs), which provide cytotoxicity against
heterogenous tumors and alleviate on-target, off-tumor toxicities. The dual CARs are constructed to have two binding domains bearing
reduced affinities of 50 nM to 50 uM, one of which is the inserted or I domain of the or, subunit of Lymphocyte function-associated
antigen-1, and the other one is scFv of EpCAM antibody. The dual CAR T cells of the present invention provide enhanced anti-tumor
activity and reduced rate of tumor relapse.



10

15

20

25

30

WO 2022/126084 PCT/US2021/072753

DUAL CHIMERIC ANTIGEN RECEPTOR TARGETING EPCAM AND
ICAM-1

REFERENCE TO SEQUENCE LISTING, TABLE OR COMPUTER PROGRAM
The Sequence Listing is concurrently submitted herewith with the specification as an
ASCII formatted text file via EFS-Web with a file name of Sequence Listing.txt with a creation
date of November 30, 2021 and a size of 20.4 kilobytes. The Sequence Listing filed via EFS-

Web is part of the specification and is hereby incorporated in its entirety by reference herein.

FIELD OF THE INVENTION
The present invention relates to a bispecific dual chimeric antigen receptor (CAR)
simultaneously targeting both EpCAM and inducible ICAM-1. The dual CAR comprises
EpCAM single-chain variable fragment and the inserted or I domain of the ov subunit of
Lymphocyte function-associated antigen (LFA)-1. The dual CAR has functionally sufficient but
low affinity to both EpCAM and ICAM-1, which provides cytotoxicity against heterogenous

tumors and mitigates cytotoxicity to normal tissues.

BACKGROUND OF THE INVENTION

Immunotherapy is emerging as a highly promising approach for the treatment of cancer.
Genetically modifying T cells with CARs is a common approach to design tumor-specific
T cells. CAR (chimeric antigen receptor)-T cells targeting tumor-associated antigens can be
infused into patients (adoptive cell transfer or ACT) representing an efficient immunotherapy
approach. The advantage of CAR-T technology compared with chemotherapy or antibody is that
reprogrammed engineered T cells can proliferate and persist in the patient and work like a living
drug.

CAR T cell therapy is a rapidly emerging immunotherapy approach which reprograms T
cell specificity and function using a synthetic antigen receptor’ 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 exhuasted-. Early clinical trial results also indicate
encouraging clinical efficacy of CAR T cell therapy against relapsed or refractory multiple
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myeloma® 7. In spite of high rates of initial response, however, relapses involving diminished or
complete loss of cell-surface antigen expression are observed in approximately 30-50% of
patients who achieve remission after treatment with anti-CD19 CAR T cells, usually within one
year of treatment®°. 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® 7 1.
Going beyond hematological cancers, antigen escape is likely to be an even greater challenge in
solid tumors, which are generally composed of cells with heterogeneous antigen expression >4,

CAR molecules are composed of synthetic binding moieties, typically an antibody-
derived single chain fragment variable (svFv) or any native antigen-sensing element, fused to
intracellular signaling domains composed of the TCR zeta chain and costimulatory molecules
such as CD28 and/or 4-1BB. The advantages of CAR mediated targeting include: 1) the
provision of activation, proliferation, and survival signals in-cis via a single binding event,
compared to the natural, non-integrated TCR and costimulatory signaling; 2) the ability to bypass
the downregulation of MHC by tumor cells through MHC-independent antigen recognition; and
3) a reduced activation threshold as well as recognition of tumor cells with low antigen density
enabled by the high affinity interaction between CAR and antigen.

The ideal CAR target antigen would be a native, surface-exposed tumor neoantigen that
is highly expressed and is undetectable in healthy tissues. However, due to the implicit rarity of
such antigens, many commonly targeted solid tumor antigens, are also expressed by non-tumor
tissues, albeit at lower levels. CAR molecules with high affinity to such antigens can lead to
collateral targeting of healthy tissues resulting in on-target, off-tumor toxicity, a major limiting
factor to the progress of CAR T cell therapy to date.

EpCAM (Epithelial Cell Adhesion Molecule) (CD326) antigen is a 35 kDa cell surface
glycoprotein that is encoded by EpCAM gene. EpCAM plays a crucial role in cell adhesion,
growth, proliferation, inflammation, cancer and metastasis. EpCAM is highly overexpressed in
many types of tumors such as breast cancer, ovarian cancer, non-small cell lung cancer, pancreas
cancer, stomach cancer, colon cancer and colorectal cancer. EpCAM is also expressed in many
normal tissues but its expression in tumor tissues is significantly higher.

High affinity EpCAM CAR-T cells recognize epithelial cell adhesion molecule-

expressing cells: both normal epithelial tissues with low levels of EpCAM, and carcinomas
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expressing it at considerably higher levels. The recognition of antigen both on normal, non-target
cells as well as on cancer cells can lead to both unwanted toxicity and T cell exhaustion.

Intercellular adhesion molecule-1 (ICAM-1), GenBank Accession Nos. NM_ 000201,
NP_000192, is the ligand for a2 integrin, and its N-terminal domain (D1) binds to the oL 1
domain through the coordination of ICAM-1 residue Glu-34 to the MIDAS metal. ICAM1 is
typically expressed on endothelial cells and cells of the immune system. ICAM-1 binds to
integrins of type orP2 and aafP2. ICAM-1 is upregulated in several carcinomas and the associated
stroma’* as well as in inflammatory conditions. Aside from diseased tissues, ICAM-1 is basally
expressed in several cell types including endothelial cells, immune cells, and some epithelial
cells. ICAM-1 is a biomarker prevalent in various types of tumors; it can be upregulated in
response to inflammatory mediators, including IL-1, IFN-yand TNF-«, and subsequently
facilitates leukocyte adhesion and transmigration by binding to lymphocyte function-associated
antigen-1 (LFA-1)*124,

Adoptive transfer of chimeric antigen receptor (CAR) T cells has demonstrated
unparalleled responses in hematological cancers, yet antigen escape and tumor relapse occur
frequently. Due to heterogeneous tumor antigen expression, difficulty grows in the treatment of
patients with solid tumors. Moreover, severe toxicity associated with on-target off-tumor
targeting poses an additional challenge to effective CAR T cell therapy in solid tumors.

There exists a need for CARs with improved therapeutic index, i.e., CARs that can kill

tumor while minimizing systemic toxicity.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1. EpCAM CAR, ICAM-1 CAR, Tandem CAR, and bicistronic CAR
Schematic representation of the lentiviral vector encoding EpCAM CAR, ICAM-CAR, and two
dual CARs. The expression of CAR constructs is driven by the elongation factor 1o (EF1a)
promoter, and co-expression of human SSTR2 is under the control of a ribosome-skipping
sequence P2A. A c-Myec tag is introduced at the N-terminus for CAR detection. SS, signal
sequence; CD8 Hing-TM, CD8 hinge and transmembrane domains; CD28 Cyt, CD28 cytosolic
domain. 4-1BB Cyt, 4-1BB cytosolic domain.
EpCAM CAR: The antigen binding domain contains scFv derived from UBS54 monoclonal

antibodies.
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ICAM-1 CAR: The antigen binding domain contains I domain with F292A mutation.
Tandem CAR: One CAR containing two antigen binding domains. (G4S)2 is a linker of 4
glycines and one serine repeating twice.

Bicistronic CAR: Two separate CARs expressed in a same cell.

FIG. 2. Dual CAR attacking tumor cells.

Schematic representation of bicistronic dual CAR and tandem CAR attacking tumor cells.

FIG. 3. Affinity determination of EpCAM CAR:s.

The affinity of C215 and UBS54 CARs was determined by staining CAR-expressing Jurkat T
cells with serially diluted AF647-conjugated EpCAM. Kb values were calculated using the one-
site nonlinear regression model. Data represent mean + s.d. (# = 3). MFI: mean fluorescent

intensity.

FIGs. 4A and 4B (4B-1 and 4B-2). Characterization of EpCAM CAR T cells in vitro and
tumor cell lines.

A. Cytolytic activity of CAR T cells against EpCAM-expressing target cells and 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 percentage of target cell viability was normalized to luminescence from target cells
without T cell treatment. Data represent mean + s.d. (n = 3). Statistical comparison between
C215 and UBS54 CAR T cells was performed by unpaired, two-tailed t-test (ns, not significant;
* P<0.05;, ** P<0.01;, *** P <0.001). Ineach target cell, from left to right: NT, C215CAR,
and UBS54CAR

B-1 and B-2. Cytokine levels measured in culture supernatants from the co-culture of CAR T
cells and target cells described in b (7 = 2). In each target cell, from left to right: NT, C215CAR,
and UBS54CAR

FIGs. SA-SM. Lower-affinity EpCAM CAR T cells mediate complete remission in gastric

and pancreatic cancer models.
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A. Schematic of the intraperitoneal SNU-638 tumor model. NSG mice were intraperitoneally
implanted with 0.5 x 10° SNU-638 cells. 7 days later, mice were either left untreated or treated
with NT, C215, or UBS54 CAR T cells (10 x 10° cells/mouse) via intraperitoneal injection.

B. Representative bioluminescence images of SNU-638 engrafted NSG mice.

C. Quantitation of total body bioluminescence intensity from two independent experiments. Data
represent mean + s.d. (n = 6—7). Two-way ANOVA with Tukey’s multiple comparisons test, ns,
not significant; *, P <0.05; **** P <0.0001.

D. Kaplan—Meier survival curves. Log-rank (Mantel-Cox) test, ns, not significant; ** P <0.01;
*#% P <0001,

E. Schematic of the systemic MKN-45 tumor model. 5 days after intravenous (i.v.) inoculation
of 0.5 x 105 MKN-45 cells, mice were treated with T cells (10 x 10° cells/mouse, i.v.) or left
untreated.

F. Whole-body bioluminescence images of MKN-45 engrafted NSG mice.

G. Quantitation of total body bioluminescence intensity. Data represent mean + s.d. (7 = 4).

H. Kaplan—-Meier survival curves.

I. Summary of body weight changes over time (17 = 4).

J. PET/CT images showing CAR T cell biodistribution following T cell infusion.

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 10°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. Data represent mean + s.d. (n = 2-3).

FIG. 6. Lower affinity EpCAM CAR T cells control tumor growth in gastric cancer patient
derived xenograft models.

A. Tumor volumes in NSG mice without treatment (No T), or treated with NT, or lower-affinity
UBS54 EpCAM CAR T cells (n = 3 for each PDX model).

B. Kaplan—-Meier survival analysis of three independent PDX experiments described in c.
Statistical significance was determined using log-rank (Mantel-Cox) test, ns, not significant;

w6k P < 0.0001.
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C. Cytokine levels measured in mouse plasma after T cell infusion. Data are pooled from
independent PDX44 and PDX55 experiments and are shown as individual values (7 = 4 mice).
HLOQ = higher limit of quantification.

f PET/CT images showing CAR T cell accumulation at tumor sites. CAR T cells contracted

when tumors were eradicated on day 14 following T cell infusion.

FIGs. 7A-7D. Simultaneous targeting of EpCAM and ICAM-1 facilitates cytotoxicity
against heterogenous tumors in vitro.

A. Representative flow cytometry plots showing CAR expression and CD4/CD8 phenotype
following transduction of human primary T cell. The production of dual CAR T cells was
performed independently at least four times. The percentage of CAR positive, CD3, and
CD4/CDS8 subsets are shown (1 =4).

B. 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. Data
represent mean * s.d. from quadruplicates, unpaired, two-tailed t-test, *, P <0.05; ** P <0.01,
®i% P <0001, **** P <0.0001.

C. The upregulation of CD137 expression on T cells was measured after stimulation by SNU-
638 or MKN-45 tumor cells (50% EpCAM™) for 24 hours (mean £ s.d., n=4).

D. 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 (n = 2).

FIGs. 8A-81. EpCAM-ICAM-1 dual CAR T reduces tumor recurrence rate in a
subcutaneous gastric cancer model.

A. Schematic of the subcutaneous SNU-638 tumor model. NSG mice were subcutaneously
implanted with 1x10° SNU-638 cells and treated 7 days later with UBS54 or dual CAR T cells
(10x10%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
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experiments using three batches of donor-matched CAR T cells. Data are shown as mean + SD
(n = 10-20). Statistical significance determined by two-way ANOVA with Tukey multiple
comparisons test.

D. Tumor volumes for mice in the No T (n=11), UBS54 (n=20), and dual (n=10) cohorts.

E. Incidence of tumor relapse (total-body bioluminescence intensity > 2x10® photons/second, n =
10-20). P values determined by log-rank (Mantel-Cox) test.

F. EpCAM cell-surface densities in relapsed tumors of mice sacrificed 8 to 12 weeks after
UBS54 CAR T-cell treatment (mean = SD, n= 2-3). Fold change in MFI of EpCAM was
normalized to unstained cells.

G. Serum IFNg 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 in vivo (n = 2/cohort).

Subcutaneous tumors are indicated by white arrowheads.

FIGs. 9A-9G. EpCAM-ICAM-1 dual CAR T cells show enhanced anti-tumor function in a
heterogeneous gastric cancer MKN-45 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 CAR T cells (10 x 10° cells/mouse) via tail vein injection.

A. Bioluminescence images showing mixed tumor growth over time (n = 3—4).

B. Total body bioluminescence intensity shown as average values (mean + s.d.).

C. Tumor volume measurements over time (mean * s.d., two-way ANOVA with Tukey’s
multiple comparisons test, ns, not significant; *, P <0.05).

D. Survival analysis using log-rank (Mantel-Cox) test, ns, not significant; *, P <0.05, n = 3-4.
E. Changes in EpCAM and ICAM-1 cell-surface expression in tumor cells following CAR T cell
treatment (n = 2—4).

F. Longitudinal PET/CT images showing *F-NOTAOCT uptake in CAR T cells. Subcutaneous
tumors are indicated by white arrow heads.

G. Serum IFN-y and perforin levels measured at 2, 9, and 16 days post T cell administration. On
day 2, serum IFN-y in the UBS54-treated mouse was above the higher limit of quantification
(HLOQ).
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FIGs. 10A-10D. EpCAM-ICAM-1 dual CAR T mediates longer lasting remission in a
heterogeneous SNU-638 tumor model.

A. Bioluminescence images showing mixed tumor growth after receiving no treatment (No T,
n=3) or treatment with UBS54 (n=5) or dual (n=6) CAR T cells.

B. Tumor growth shown as average values of total-body BLI or tumor volume, respectively
(mean+SD, n=3-0). P values determined by two-way ANOVA with Tukey multiple comparisons
test.

C. Percentage of mice bearing tumors <500mm?’ (n=3-6). P values determined by log-rank
(Mantel—-Cox) test.

D. Changes in EpCAMand ICAM-1 cell-surface expression in tumor cells 5 to 10 weeks
following CAR T-cell treatment (mean + SD, n= 2-3).

FIG. 11. The response (tumor size and luminescence) to different treatments (ICAM-1 CAR,
EpCAM CAR, tandem dual CAR, and bicistronic dual CAR, from top to bottom in the figure) on
MKN-45 (90% EpCAM positive, ICAM-1 low) tumor cells implanted in mice.

FIG. 12. The amino acid sequence of VH of UBS-54 (SEQ ID NO: 14).

DETAILED DESCRIPTION OF THE INVENTION
Definitions

As used herein, “about” refers to + 10% of the recited value.

As used herein, “adoptive T cell therapy” involves the isolation and ex vivo expansion of
tumor specific T cells to achieve greater number of T cells than what could be obtained by
vaccination alone. The tumor specific T cells are then infused into patients with cancer in an
attempt to give their immune system the ability to overwhelm remaining tumor via T cells which
can attack and kill cancer.

As used herein, “affinity” is the strength of binding of a single molecule (e.g., I domain,
or EpCAM antibody) to its ligand (e.g., ICAM-1, or EpCAM). Affinity is typically measured and
reported by the equilibrium dissociation constant (Kp or Kd), which is used to evaluate and rank

order strengths of bimolecular interactions.
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As used herein, a "chimeric antigen receptor (CAR)" is a receptor protein that has been
engineered to give T cells the new ability to target a specific protein. The receptor is chimeric
because they combine both antigen-binding and T-cell activating functions into a single receptor.
CAR is a fused protein comprising an extracellular domain capable of binding to an antigen, a
transmembrane domain, and at least one intracellular domain. The "extracellular domain capable
of binding to an antigen" means any oligopeptide or polypeptide that can bind to a certain
antigen. The "intracellular domain" means any oligopeptide or polypeptide known to function as
a domain that transmits a signal to cause activation or inhibition of a biological process in a cell.

As used herein, a "domain" means one region in a polypeptide which is folded into a
particular structure independently of other regions.

As used herein, "integrin" or "integrin receptor" (used interchangeably) refers to any of
the many cell surface receptor proteins, also referred to as adhesion receptors which bind to
extracellular matrix ligands or other cell adhesion protein ligands thereby mediating cell-cell and
cell-matrix adhesion processes. Binding affinity of the integrins to their ligands is regulated by
conformational changes in the integrin. Integrins are involved in physiological processes such as,
for example, embryogenesis, hemostasis, wound healing, immune response and
formation/maintenance of tissue architecture. Integrin subfamilies contain a beta-subunit
combined with different alpha-subunits to form adhesion protein receptors with different
specificities.

"Lymphocyte function-associated antigen-1", "LFA-1", “arpB2 integrin" or
"CDI18/CD11a" refers to a member of the leukocyte integrin subfamily. LFA-1 is found on all T-
cells and also on B-cells, macrophages, neutrophils and NK cells and is involved in recruitment
to the site of infection. It binds to ICAM-1 on antigen-presenting cells and functions as an
adhesion molecule.

As used herein, “I domain” refers to the inserted or I domain of the ar subunit of LFA-1,
and is an allosteric mediator of ligand binding to LFA-1. I domain is a native ligand of ICAM-1.
The ligand binding site of the I domain, known as a metal ion-dependent adhesion site (MIDAS),
exists as two distinct conformations allosterically regulated by the C-terminal o7 helix. A wild-
type (WT) I domain encompasses amino acid residues 130-310 of the 1145 amino acid long
mature oL integrin subunit protein (SEQ ID NO: 1, which is the amino acid residues 26-1170 of

GenBank Accession No. NP_002200). All numbering of amino acid residues as used herein

-9-
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refers to the amino acid sequence of the mature o integrin (SEQ ID NO: 1), wherein residue 1 of
SEQ ID NO: 1 corresponds to residue 26 of the sequence of GenBank Accession No.

NP _002200. SEQ ID NO: 1 is published as SEQ ID NO: 1 in U.S. Patent No. 10,428,136, which
is incorporated herein by reference.

As used herein, a "single chain variable fragment (scFv)" means a single chain
polypeptide derived from an antibody which retains the ability to bind to an antigen. An example
of the scFv includes an antibody polypeptide which is formed by a recombinant DNA technique
and in which Fv regions of immunoglobulin heavy chain (H chain) and light chain (L chain)
fragments are linked via a spacer sequence. Various methods for engineering an scFv are known
to a person skilled in the art.

“Somatostatin receptor type 2 (SSTR2)” is a receptor for somatostatin -14 and -28.
Somatostatin acts at many sites to inhibit the release of many hormones and other secretory
proteins. The biologic effects of somatostatin are probably mediated by a family of G protein-
coupled receptors that are expressed in a tissue-specific manner. SSTR2 is a member of the
superfamily of receptors having seven transmembrane segments and is expressed in highest
levels in cerebrum and kidney. A full molecule of human SSTR2 has 369 amino acids and its
sequence is shown as GenBank Accession No. NP_001041. A “truncated SSTR2”, as used
herein, refers to a C-terminus shortened human SSTR2, which contains 1-314 amino acid
residues of human SSTR2 with a deletion of the C-terminus beyond amino acid 314.

As used herein, a "tumor antigen" means a biological molecule having antigenicity,

expression of which causes cancer.

Description

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. Single
EpCAM CAR T cells are often unable to completely eliminate tumors with heterogeneous
expression of EpCAM, resulting in outgrowth of EpCAM low or negative tumors.

The present invention provides dual CAR T cells, which target EpCAM and ICAM-1
simultaneously and are more resistant to antigen escape. The dual CARs complement EpCAM
CAR with additional targeting of ICAM-1, owing to the inducible nature of ICAM-1 by
inflammatory T-cell cytokines. The dual CARs improve the efficacy of CAR T cells against the

-10 -
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EpCAM-overexpressing tumors and prevent the immune evasion of antigen-negative variants.

Dual CAR T cells that additionally target ICAM-1 can eradicate tumors with
heterogenous expression of EpCAM, irrespective of initial ICAM-1 expression, and is less
susceptible to tumor relapse. Due to the nature of ICAM-1 being inducible by proinflammatory
cytokines, addition of CAR against ICAM-1 complements and boosts the activity of CARs
against EpCAM. To improve the safety, dual CARs with lower affinities to EpCAM and ICAM-
1 (Kd higher than 50 nM or 100 nM) are selected. Higher affinity does not necessarily improve
the efficacy but instead it could raise the risk of off-tumor or autoimmune responses. CARs
derived from scFvs generally have higher affinity (K4: 1-100 nM) compared to TCRs, usually
resulting in severe toxicities owing to off-tumor recognition.

The present invention is directed to a dual CAR that has greater resistance to antigen
escape by simultaneously targeting EpCAM and ICAM-1. The present invention provides dual
CARs targeting EpCAM and ICAM-1, which have broad anti-tumor applicability. Dual CAR or
bispecific CAR are used interchangeably in this application, referring CARs targeting both
EpCAM and ICAM-1.

The dual CAR of the present invention comprises: (a) a single-chain variable fragment
(scFv) against EpCAM, (b) a human I domain of the ar subunit of human lymphocyte function-
associated antigen-1 (I domain), (c) at least one transmembrane domain, (d) at least one co-
stimulatory domains, and (iv) at least one activating domain. In one embodiment, the dual CAR
is bicistronic. In another embodiment, the dual CAR is tandem. The bispecific CAR optionally
comprises a reporter molecule such as SSTR2.

FIG. 1 is a schematic representation of the lentiviral vector encoding EpCAM CAR,
ICAM-CAR, and two dual CARs (tandem dual CAR, and bicistronic dual CAR). FIG. 1 shows
one embodiment of the invention, however, the present invention is not limited to the
embodiment drawn in FIG. 1.

FIG. 2 is a schematic representation of bicistronic dual CAR and tandem CAR attacking
tumor cells.

In one embodiment, the dual CAR is bicistronic CAR. The CAR comprises an EpCAM
CAR targeting EpCAM and an ICAM-1 CAR targeting ICAM-1, wherein the EpCAM CAR
comprises scFv against EpCAM, one transmembrane domain, one or more co-stimulatory

domains, and one activating domain, and the ICAM-1 CAR comprises an I domain, one
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transmembrane domain, one or more co-stimulatory domains, and one activating domain. The
transmembrane domain, the co-stimulatory domain(s), and the activating domain of the EpCAM
CAR and the ICAM-1 CAR can be the same or different. The EpCAM CAR can be N-terminal
or C-terminal to the ICAM-1 CAR. Each CAR optionally comprises a tag (e.g., a Myc tag or a
FLAG tag) at the N-terminus or C-terminus for CAR detection. In this embodiment, the dual
CAR incorporates two CARs each independently encoding CD28 or 41BB costimulatory
domain. The greater cytotoxic activity and cytokine secretion of dual CAR T are likely from
complementary and additive costimulatory signals through both CD28 and 41BB when CAR is
engaged with two antigens.

In another embodiment, the dual CAR is tandem. The tandem CAR comprises from N-
terminus to C-terminus scFv against EpCAM, I domain, a transmembrane domain, one or more
co-stimulatory domains, and an activating domain. In this embodiment, the bispecific CAR
employs the same costimulatory domain(s) and the same activating domain for both EpCAM and
ICAM-1 antigens. The bispecific CAR optionally comprises a tag (e.g., a Myc tag or a FLAG
tag) at the N-terminus or C-terminus for CAR detection.

In yet another embodiment, the bispecific tandem CAR comprises from N-terminus to C-
terminus I domain, scFv against EpCAM, a transmembrane domain, one or more co-stimulatory
domains, and an activating domain. In this embodiment, the bispecific CAR employs the same
costimulatory domain(s) and the same activating domain for both EpCAM and ICAM-1
antigens. The bispecific CAR optionally comprises a tag (e.g., a Myc tag or a FLAG tag) at the
N-terminus or C-terminus for CAR detection.

CAR T cells with target affinities in the 50 nM to 50 uM range can avoid targeting
healthy tissue with basal antigen expression while simultaneously exhibiting comparable potency
and long-term efficacy against tumor tissue with high target expression. The 50 nM to 50 uM
affinity CAR enables T cells to neglect normal tissues having low EpCAM expression. High
affinity and avidity interactions by low nanomolar affinity EpCAM-CAR can reduce T cells’
propensity for serial killing, potentially causing exhaustion or increased susceptibility to
activation-induced cell death.

CAR T cells comprising the bispecific CARs of the present invention preferably have
sufficient affinities targeting both EpCAM and ICAM-1, but do not have such a high affinity that

would attack normal cells. CAR T cells comprising the bispecific CARs of the present invention
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have improved efficacy and safety over conventional CARs, as they are capable of lysing cells
overexpressing one of the two target antigens, while sparing normal cells with much lower
densities.

In one embodiment, the bispecific CAR binds to EpCAM with an affinity between about
50 nM and about 50 pM, preferably between about 80 nM and about 20 uM, or between about
100 nM and about 10 uM.

In one embodiment, the bispecific CAR binds to ICAM-1 with an affinity between about
50 nM and about 20 pM, preferably between about 80 nM and about 25 uM, or between about
100 nM and about 20 uM.

In one embodiment, the bispecific CAR binds to EpCAM with an affinity between about
50 nM and about 50 pM, preferably between about 80 nM and about 20 uM, or between about
100 nM and about 10 pM, and binds to ICAM-1 with an affinity between about 50 nM and about
20 uM, preferably between about 80 nM and about 25 pM, or between about 100 nM and about
20 uM.

Huls, et al (Nat Biotechnol. 17, 276-281 (1999)) isolated a human monoclonal antibody
UBS-54 (UBS-54) that was specific for EpCAM. The VH and VL sequences of UBS-54 are
shown in U.S. Patent No. 7,777,010, and are incorporated herein by reference. The inventors
have prepared EpCAM-CAR with scFv of UBS-54 and found the CAR affinity to be about 250
nM. UBS-54 is suitable for the dual CAR of the present invention.

The amino acid sequence of VH of UBS-54 is shown in FIG. 12; the CDR-H3 of USB-54
has the amino acid sequence of DPFLHY (SEQ ID NO: 2). The inventor also used several low
scFv’s with similar or lower CAR affinity than that of UBS-54, each having the same VH and
VL sequences as those of UBS-54, except CDR-H3 having one amino acid variation from that of
UBS-54.

In one embodiment, the dual CAR of the present invention comprises EPCAM scFv,
wherein the CDR-H3 has the amino acid sequence DPFLHY (SEQ ID NO: 2), DPFLHA (SEQ
ID NO: 3), DPFLHL (SEQ ID NO: 4), DPFLHV (SEQ ID NO: 5), DPFLHF (SEQ ID NO: 6),
APFLHY (SEQ ID NO: 7), or DPFAHY (SEQ ID NO: 8). CAR having these CDR-H3’s have
lower affinity than or comparable to CAR having scFv of UBS-54.

The scFv may further comprise heavy chain variable CDR1 of the amino acid sequence

of GGTFSSY (SEQ ID NO: 9) and heavy chain variable CDR2 of the amino acid sequence of
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IPIFGT (SEQ ID NO: 10). The scFv may further comprise light chain variable CDR1 of the
amino acid sequence of RSSQSLLHSNGYNYLD (SEQ ID NO: 11), the light chain variable
CDR2 of the amino acid sequence of LGSNRAS (SEQ ID NO: 12), and the light chain variable
CDR3 of the amino acid sequence of MQALQTFT (SEQ ID NO: 13). The above low affinity
EPCAM scFv are suitable for the dual CAR of the present invention.

In one embodiment, the EPCAM scFv of the dual CAR comprises the same VH as those
of UBS-54 (SEQ ID NO: 14).

In one embodiment, the EPCAM scFv of the dual CAR comprises the same VL as those
of UBS-54 (SEQ ID NO: 15).

In one embodiment, the light chain variable domain (VL) of EPCAM scFv of the dual
CAR has the amino acid sequence of SEQ ID NO: 16.

In one embodiment, the EPCAM scFv of the dual CAR comprises the same VH and VL
as those of UBS-54.

In one embodiment, the EPCAM scFv of the dual CAR comprises the same VH sequence
as those of UBS-54, except CDR-H3 has one amino acid variation and has the amino acid
sequence of DPFLHA, i.e., VH has the amino acid sequence of SEQ ID NO: 17.

In one embodiment, the EPCAM scFv of the dual CAR comprises the same VH sequence
as those of UBS-54, except CDR-H3 has one amino acid variation and has the amino acid
sequence of DPFLHL, i.e., VH has the amino acid sequence of SEQ ID NO: 18.

In one embodiment, the EPCAM scFv of the dual CAR comprises the same VH sequence
as those of UBS-54, except CDR-H3 has one amino acid variation and has the amino acid
sequence of DPFLHV, i.e., VH has the amino acid sequence of SEQ ID NO: 19.

In one embodiment, the EPCAM scFv of the dual CAR comprises the same VH sequence
as those of UBS-54, except CDR-H3 has one amino acid variation and has the amino acid
sequence of APFLHY, i.e., VH has the amino acid sequence of SEQ ID NO: 20.

In one embodiment, the EPCAM scFv of the dual CAR comprises the same VH sequence
as those of UBS-54, except CDR-H3 has one amino acid variation and has the amino acid
sequence of DPFAHY, i.e., VH has the amino acid sequence of SEQ ID NO: 21.

In one embodiment, the EPCAM scFv of the dual CAR comprises the same VH and VL
sequences as those of UBS-54, except CDR-H3 has one amino acid variation and has the amino

acid sequence of DPFLHEF, i.e., VH has the amino acid sequence of SEQ ID NO: 22.
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The preparation of EpCAM antibodies having different CDR3 of VH is shown in U.S.
Provisional Application No. 63/009,018, or its PCT publication WO 2021/211510, which is

incorporated herein by reference in its entirety.

U.S. Patent No. 10,428,136 discloses that different I domain mutants provide CARs with
different affinity to ICAM-1; the ‘136 Patent is incorporated herein by reference in its entirety.
For example, I domain mutants having one mutation at F292A (Kd 20 uM), F292S (Kd 1.24
uM), L289G (Kd 196 nM), F265S (Kd 145 nM), and F292G (Kd 119 nM), or having two
mutations at K287C/K294C (Kd 100 nM) in the wild-type I domain are suitable for the present
invention. The above numbering of the amino acid residues is in reference to the amino acid
sequence of the mature ov integrin of SEQ ID NO: 1, which residue number 1 corresponds to the
amino acid residue 26 of GenBank Accession No. NP_002200.

In one embodiment, the I domain in the bispecific CAR has the sequence of 130-310
amino acids of SEQ ID NO: 1, with one mutation of F292A, F292S, L.289G, F265S, and F292G,
or with two mutations at K287C/K294C.

The CAR of the present invention comprises a transmembrane domain which spans the
membrane. The transmembrane domain may be derived from a natural polypeptide, or may be
artificially designed. The transmembrane domain derived from a natural polypeptide can be
obtained from any membrane-binding or transmembrane protein. For example, a transmembrane
domain of a T cell receptor o or B chain, a CD3 zeta chain, CD28, CD3-epsilon, CD45, CD4,
CD5, CD8, CD9, CD16, CD22, CD33, CD37, CD64, CD80, CD86, CD134, CD137, ICOS,
CD154, or a GITR can be used. The artificially designed transmembrane domain is a polypeptide
mainly comprising hydrophobic residues such as leucine and valine. In preferred embodiments,
the transmembrane domain is derived from CD28 or CD8, which give good receptor stability.

The CAR of the present invention comprises one or more co-stimulatory domains
selected from the group consisting of human CD28, 4-1BB (CD137), ICOS-1, CD27, OX 40
(CD137), DAP10, and GITR (AITR). In one embodiment, the CAR comprises two co-
stimulating domains of CD28 and 4-1BB.

The endodomain (the activating domain) is the signal-transmission portion of the CAR.
After antigen recognition, receptors cluster and a signal is transmitted to the cell. The most

commonly used endodomain component is that of CD3-zeta (CD3 Z or CD3{), which contains 3
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ITAMs. This transmits an activation signal to the T cell after antigen is bound. CD3-zeta may not
provide a fully competent activation signal and additional co-stimulatory signaling may be
needed. For example, one or more co-stimulating domains can be used with CD3-Zeta to
transmit a proliferative/survival signal.

The CAR of the present invention may comprise a signal peptide N-terminal to the I
domain so that when the CAR is expressed inside a cell, such as a T-cell, the nascent protein is
directed to the endoplasmic reticulum and subsequently to the cell surface, where it is expressed.
The core of the signal peptide may contain a long stretch of hydrophobic amino acids that has a
tendency to form a single alpha-helix. The signal peptide may begin with a short positively
charged stretch of amino acids, which helps to enforce proper topology of the polypeptide during
translocation. At the end of the signal peptide there is typically a stretch of amino acids that is
recognized and cleaved by signal peptidase. Signal peptidase may cleave either during or after
completion of translocation to generate a free signal peptide and a mature protein. The free signal
peptides are then digested by specific proteases. As an example, the signal peptide may derive
from human CD8 or GM-CSF, or a variant thereof having 1 or 2 amino acid mutations provided
that the signal peptide still functions to cause cell surface expression of the CAR.

The CAR of the present invention may comprise a spacer sequence as a hinge to connect
scFv of EpCAM antibody or I domain with the transmembrane domain and spatially separate
antigen binding domain from the endodomain. A flexible spacer allows to the binding domain to
orient in different directions to enable its binding to a tumor antigen. The spacer sequence may,
for example, comprise an IgG1 Fc region, an IgG1 hinge or a CD8 stalk, or a combination
thereof. A human CD28 or CDS8 stalk is preferred.

The present invention provides a nucleic acid encoding the CAR described above. The
nucleic acid encoding the CAR can be prepared from an amino acid sequence of the specified
CAR by a conventional method. A base sequence encoding an amino acid sequence can be
obtained from the aforementioned NCBI RefSeq IDs or accession numbers of GenBenk for an
amino acid sequence of each domain, and the nucleic acid of the present invention can be
prepared using a standard molecular biological and/or chemical procedure. For example, based
on the base sequence, a nucleic acid can be synthesized, and the nucleic acid of the present
invention can be prepared by combining DNA fragments which are obtained from a cDNA

library using a polymerase chain reaction (PCR).
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The nucleic acid encoding the CAR of the present invention can be inserted into a vector,
and the vector can be introduced into a cell. For example, a virus vector such as a retrovirus
vector (including an retrovirus vector, a lentivirus vector, and a pseudo type vector), an
adenovirus vector, an adeno-associated virus (AAV) vector, a simian virus vector, a vaccinia
virus vector or a Sendai virus vector, an Epstein-Barr virus (EBV) vector, and a HSV vector can
be used. As the virus vector, a virus vector lacking the replicating ability so as not to self-
replicate in an infected cell is preferably used.

For example, when a retrovirus vector is used, the process of the present invention can be
carried out by selecting a suitable packaging cell based on a LTR sequence and a packaging
signal sequence possessed by the vector and preparing a retrovirus particle using the packaging
cell. Examples of the packaging cell include PG13 (ATCC CRL-10686), PA317 (ATCC CRL-
9078), GP+E-86 and GP+envAm-12, and Psi-Crip. A retrovirus particle can also be prepared
using a 293 cell or a 293T cell having high transfection efficiency. Many kinds of retrovirus
vectors produced based on retroviruses and packaging cells that can be used for packaging of the
retrovirus vectors are widely commercially available from many companies.

The present invention provides T cells or natural killer cells (NK cells) modified to
express the bispecific CAR as described above. CAR-T cells or CAR-NK cells of the present
invention bind to EpCAM-1 and ICAM-1 via the anti-EpCAM or I domain of CAR, thereby a
signal is transmitted into the cell, and as a result, the cell is activated. The activation of the cell
expressing the CAR is varied depending on the kind of a host cell and an intracellular domain of
the CAR, and can be confirmed based on, for example, release of a cytokine, improvement of a
cell proliferation rate, change in a cell surface molecule, killing target cells, or the like as an
index.

T cells or NK cells modified to express the bispecific CARs can be used as a therapeutic
agent for a disease. The therapeutic agent comprises the T cells expressing the bispecific CAR as
an active ingredient and may further comprise a suitable excipient. Examples of the excipient
include pharmaceutically acceptable excipients known to a person skilled in the art.

The present invention further provides an adoptive cell therapy method for treating
cancer. The method comprises the steps of: administering the bispecific CAR-T cells or
bispecific CAR-NK cells of the present invention to a subject suffering from cancer, wherein the

cancer cells of the subject overexpress EpCAM or express the inducible ICAM-1, and the CAR-
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T cells or CAR-NK cells bind to cancer cells to kill the cancer cells. Cancers suitable to be
treated by the present invention include, but not limited to thyroid cancer, gastric cancer,
pancreatic cancer, and breast cancer.

The simultaneous targeting of two tumor antigens has one major shortcoming that it may
significantly elevate the on-target off-tumor side effects. The bispecific CARs of the present
invention use two lower-affinity CARs, and they are restricted to recognize tumors cells
expressing high-density antigens, whereas non-malignant tissues with low levels of antigen
expression are spared.

The low aftinity dual CARs of the present invention are particularly useful against
heterogenous tumors. Upon encountering either EpCAMTICAM-1-, EpCAMICAM-17, or
EpCAM ICAM-1" target cells, dual CAR T cells secret pro-inflammatory cytokines in the
microenvironment, which further upregulate ICAM-1 in tumor cells through IFN-y and TNF-«a
signaling pathways. EpCAMTCAM-1" cells that are able to escape EpCAM single CAR can
now be recognized and eradicated by dual CAR through the ICAM-1 targeting, thereby
preventing EpCAM-negative or EpCAM-low relapses. Even in EpCAMTICAM-1" tumors,
simultaneously targeting EpCAM and ICAM-1 with low-affinity dual CAR renders CAR T cells
less susceptible to immune suppression, resulting in more durable tumor remission. Given that
ICAM-1 can be induced upon CAR T cell localization and activation, and thus become
targetable, the dual CARs augment eradication of tumors that are [CAM-1 low or negative at the
time of diagnosis.

The low affinity dual CARs of the present invention target both EpCAM and ICAM-1
and reduce the likelihood of tumor relapse and maintain long-term tumor-free remission. The
present dual CAR therapy can be combined other approaches such as PD1/PD-L1 checkpoint
inhibitors®® ! disruption of PD-1-PD-L1 and CTLA4 pathways2>* deletion of TGF-P receptor
II (TGFBR2) to suppress Trg conversion®, as well as armoring CAR T cells to deliver
stimulatory cytokines (e.g., IL-12, IL-15 and IL-18)°*® to enhance T cell functionality and
reduce immune escape.

The bispecific low affinity CARs of the present invention overcome antigen escape and
alleviate on-target off-tumor toxicities. The combined activity of EpCAM- and ICAM-1-specfic
CARs results in a synergistic clearance of heterogeneous tumors and a reduced occurrence of

tumor relapse.
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This application demonstrates that lower-affinity UBS54 CAR approaching micromolar
KD is able to robustly and durably eradicate multiple difficult-to-treat solid tumors without
triggering severe treatment-related toxicities. However, UBS54 CAR T alone is susceptible to
relapse of EpCAM positive solid tumors and fails to completely eliminate tumors with
heterogeneous EpCAM expression in gastric cancer models. In contrast, bispecific dual CAR T
cells that express both lower-affinity EpCAM CAR and affinity-tuned I domain CAR enhance
anti-tumor activity and reduce the rate of tumor relapse. Additional targeting of ICAM-1
significantly elevates tumor response to CAR T cells even when tumors have little I[CAM-1
expression prior to treatment. ICAM-1 can be induced by proinflammatory cytokines secreted
upon CAR interaction with the primary antigen, EpCAM, rendering tumor cells more susceptible
to bispecific dual CAR T cells.

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 prevent tumors from becoming resistant or reducing
relapse of tumors with heterogeneous EpCAM expression. The addition of ICAM-1 targeting
significantly elevated the antitumor activity of CAR T cells, even when tumors had little ICAM-
1 expression prior to treatment. OQur data show that ICAM-1 can be induced by proinflammatory
cytokines secreted upon CAR interaction with the primary antigen, that is, EpCAM, rendering

tumor cells more vulnerable to the dual CAR T cells.

The following examples further illustrate the present invention. These examples are
intended merely to be illustrative of the present invention and are not to be construed as being

limiting.

EXAMPLES
MATERIALS AND METHODS
Example 1. Cell lines and primary human T cells.
The human glioblastoma cell line U-251 was provided by B. Law at Weill Cornell
Medicine and was cultured in Dulbecco's Modified Eagle's Medium (DMEM, Corning)
supplemented with 10% fetal bovine serum (FBS). Gastric cancer cell line SNU-638 was

obtained from the Korean Cell Line Bank (Seoul National University, Seoul, Korea) and was
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cultured in RPMI-1640 (Corning) supplemented with 10% FBS. The human breast cancer cell
lines MDA-MB-231 and SK-BR-3, pancreatic cancer cell lines SW1990 and Capan-2, colon
cancer cell line HT-29, and gastric cancer cell line MKN-45 were purchased from the American
Type Culture Collection (ATCC). MDA-MB-231 and SW-1990 were cultured in DMEM
containing 10% FBS; SK-BR-3, Capan-2 and HT-29 were maintained in McCoy's SA (ATCC)
containing 10% FBS; and MKN-45 was maintained in RPMI-1640 supplemented with 10% FBS.
All tumor cells were transduced with a Firefly Luciferase-F2A-GFP (FLuc-GFP) lentivirus
(Biosettia) for bioluminescence-based cytotoxicity and mouse imaging experiments. 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). Human leukopaks were commercially
obtained from Biological Specialty Corporation, and were sorted for CD4/CD8-pisitive leukopak
cells upon delivery. Primary human T cells were cultured in complete T cell growth medium:
TexMACS medium (Miltenyi Biotec) containing 5% human AB serum (Sigma), 12.5 ng/mL IL-
7 (Miltenyi Biotec), and 12.5 ng/mL IL-15 (Miltenyi Biotec).

Example 2. Lentiviral vector construction.

We designed two CARs containing scFvs derived from two anti-EpC AM monoclonal
antibodies, C215 or UBS54, respectively. Genetic sequences of scFvs were inserted at the N-
terminus of the 2 generation CAR architecture following this pattern from the 5'-LTR end:
EFla promoter, signal sequence, Myc tag, scFvs, CD8 hinge, transmembrane and cytoplasmic
domains of CD28, and the cytoplasmic domain of CD3({ molecule. The PET reporter gene
SSTR2 was incorporated at the C-terminus following a “self-cleaving” ribosome-skipping
porcine teschovirus-1 2 A (P2A) sequence.

For the bicistronic dual CAR, UBS54 scFv was cloned into the CD28-CD3( 2nd
generation CAR format, and LFA-1 I domain (F292A) was cloned into the 4-1BB-CD3{ 2nd
generation CAR format. Both CARs were co-expressed in a tricistronic lentiviral vector with
SSTR2 via T2A and P2A ribosome-skipping sequences.

For the tandem dual CAR, UBS54 scFv and LFA-1 I domain (F292A) were linked with a
spacer (G4S)2, and fused to a costimulatory domain (either CD28 or 41BB) and CD3(. The full
CAR inserts were then ligated into a 3™ generation pLenti backbone (VectorBuilder Inc.,

Chicago, IL, USA)*?.
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Example 3. 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 lentivirus. Primary human T
cells were transduced twice at 24 and 48 hours after activation with human T-activator
CD3/CD28 Dynabeads (Gibco) at a bead-to-cell ratio of 1:1. T cells were maintained at 1-3 x
10° cells/ml in complete T cell growth medium on a tube roller (Thermo Scientific) at 5 rpm.
Transduction efficacy was evaluated by flow cytometry on day 6—7 after initial 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 in vitro and in vivo experiments.

Example 4. 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 200 ug/ml mouse IgG (Sigma-Aldrich, cat. no.
15381). Cell staining was conducted at room temperature or at 4 °C for 15 min. Tumor cell
surface markers were determined with the following antibodies from BioLegend: PE-Cy7 anti-
human CD326 (EpCAM) antibody (clone 9C4), and APC anti-human CD54 (ICAM-1) antibody
(clone HASS). For CAR detection and T cell phenotyping, the following antibodies were used:
FITC anti-c-myc antibody (Miltenyi Biotec, clone SH1-26E7.1.3), APC anti-human SSTR2
antibody (R&D systems, clone 402038), and anti-human PE-Cy5 CD3/PE CD4/FITC CD8
cocktail (BioLegend, clone UCHT1; RPA-T4; RPA-T8), APC anti-human CD127 (BioLegend,
clone A019D5), Brilliant Violet 421™ anti-human CD25 (BioLegend, clone BC96), PE-Cy7
anti-human CTLA4 (BioLegend, clone BNI3), APC anti-human TIM3 (BioLegend, clone F38-
2E2) and Brilliant Violet 421™ anti-human PD1 (BioLegend, clone EH12.2H7). Calcein Blue
(Sigma-Aldrich, cat. no. M1255) staining along with forward- and side-scatter gating was used to

exclude dead cells.

Example S. Determination of CAR affinities.
A saturation binding assay was performed to determine the binding affinities of CAR
molecules expressed on the surface of Jurkat T cells. Recombinant human EpCAM monomer

protein (R&D systems, cat. no. 9277-EP) was conjugated with Alexa Fluor 647 using a labeling
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kit (ThermoFisher, cat. no. A20186). 5 x 10* C215, UBS54 or wild type 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 min with 2-fold serially diluted Alexa Fluor 647-conjugated EpCAM
protein starting from 1 pM. Flow cytometry was performed and the mean fluorescence

intensities (MFI) were used to calculate Kb values using the one-site nonlinear regression model

(GraphPad Prism 8).

Example 6. Bioluminescence-based cytotoxicity assay.

5 x 10? firefly luciferase-expressing tumor target cells were co-cultured with either non-
transduced (NT) or 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 150 pg/ml D-luciferin (Gold
Biotechnology) without any cytokine supplement. Luminescence was measured by a microplate
reader (TECAN Infinite M1000PRO) at varying time points. The percentage of viability was
calculated by dividing relative light 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 only RLU] x 100. Data were presented as the mean + s.d. for the triplicate

wells.

Example 7. CRISPR-Cas9 editing of cell lines.

EpCAM knockout cell lines were generated using the Alt-R CRISPR-Cas9 System
(Integrated DNA Technologies, Inc, IA, USA) according to the manufacturer’s instructions.
TracrRNA and crRNA oligos were annealed in equimolar concentrations by heating at 95°C for
5 min, 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’; ctRNA-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 min to form
ribonucleoprotein (RNP) complex. 5 x 10* cells were mixed with RNP-AA and RNP-AB
complexes into a 10 ul Neon tip. After electroporation (1250V /20 ms /3 pulses) using the
Neon™ Transfection System (Invitrogen, CA, USA), cells were immediately transferred to a 24-

well plate containing 0.5 ml of pre-warmed culture medium, and incubated in a humidified 37°C,
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5% COaz incubator. 5 days later, EpCAM expression on cell surface was assessed by flow

cytometry.

Example 8. Cytokine analysis.

5 x 10% non-transduced (NT) or CAR T cells were co-cultured with EpCAM-positive or
EpCAM-negative target cells in 96-well plates at an E:T ratio of 1:1. After 24 h of incubation at
37 °C, culture supernatants were collected for cytokine detection by Bio-Plex MAGPIX (Bio-

Rad). Mouse plasma was harvested and stored at —80°C for cytokine analysis.

Example 9. In vivo mouse studies.

4- to 6-week-old male NOD-scidIL2Rg™!! (NSG) mice were purchased from the Jackson
Laboratory, and housed in the Animal Core Facility at Weill Cornell Medicine. All experiments
were performed in accordance with the Institutional Animal Care and Use Committee (IACUC)
guidelines at Weill Cornell Medicine. Peritoneal gastric cancer models were established by
injecting 0.5 x 10 firefly luciferase (FLuc)-expressing SNU-638 tumor cells into the peritoneal
cavity. After 7 days, non-transduced control T cells (NT), and anti-EpCAM C215 and UBS54
CAR T cells (10x 10%mouse) were injected intraperitoneally. For systemic gastric cancer
models, both MKN-45-FLuc" tumor cells (0.5 x 10%mouse) and T cells (10 x 10%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 10° cells in 25 pL of 1:1 mixture of McCoy's SA and Matrigel (Corning). Fifteen
days later, T cells were injected intravenously via tail vein (10 x 10%mouse). All T cells were
cryopreserved and used for injection freshly after thawing. Tumor growth was monitored weekly
using an IVIS® Spectrum in vivo imaging system (PerkinElmer). Bioluminescence images were
acquired 15 minutes after intraperitoneal injection of 200 uL of 15 mg/mL D-luciferin
(GoldBio). For peritoneal SNU-638 tumor model, D-luciferin was injected subcutaneously.
Whole-body bioluminescensce flux was used to estimate tumor burden. PET/CT imaging was
performed to track T cell biodistribution using a micro-PET/CT scanner (Inveon, Siemens) 2
hours after intravenous injection of *F-NOTA-OCT tracer (1,4,7-Triazaclononane-1,4,7-triacetic

acid-octreotide).
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For patient-derived xenograft model, human gastric tumors were mechanically dissected
and subcutaneously transplanted into immunodeficient NSG mice. PO tumors were harvested,
resected, and passaged to next generation of NSG mice. Seven days after inoculation of P3
tumors, mice were treated with 10 x 10°NT or CAR T cells via tail vein. Tumor volume (V) was
measure with a caliper on a weekly basis, and calculated using the formula V =
[lengthx(width)?]/2.

To mimic heterogenous antigen expression, a mixture of SNU-638 (75% wild-type, 25%
EpCAM knockout) or MKN-45 (90% EpCAM positive, 10% EpCAM knockout) tumor cells (1
x 10%/mouse) were implanted subcutaneously into the upper left flank of NSG mice. Five or
seven days later, mice were randomly treated with 10 x 10%non-transduced T cells, UBS54 CAR
T cells, ICAM-1 CAR T cells, or bicistronic dual CAR T cells, or tandem dual CAR T cells via
intravenous injection. Weekly bioluminescence imaging, tumor volume measurements, and
PET/CT imaging was performed as described above. Mouse plasma was harvested and stored at
—80 °C for cytokine analysis. Tumors were collected at the indicated time points to measure

EpCAM and ICAM-1 expression by flow cytometry.

Example 10. Cell isolation from tumors.

Tumor tissues were cut into small pieces of 2—4 mm and digested at 37°C for 1 hin S mL
of RPMI 1640 medium supplemented with 10% FBS, 200 U/ml collagenase type IV (Gbico) and
100 U/ml DNase I (New England BioLabs Inc). Samples were then carefully 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 min and excess debris were
removed using debris removal solution (Miltenyi Biotec). Tumor-infiltrating lymphocytes were
isolated by magnetic separation using human CD45 microbeads (Miltenyi Biotec). EpCAM and

ICAM-1 expression on tumor cells as well as T cell phenotype were assessed by flow cytometry.

RESULTS
Statistical analysis

Unpaired, two-tailed student’s t-test was performed to compare two groups, and in
analyses where multiple-comparisons were required, ANOVA (one- or two-way) was used to

evaluate statistical significance. When multiple groups were compared over multiple time points,
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statistical significance was determined by two-way ANOV A with Tukey’s multiple comparisons
test, as indicated in the figure legends. 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.). Statistical significance is

defined as follows: ns, not significant; *P <0.05; **P < 0.01; ***P <0.001; ****P <0.0001.

Example 11. CAR expression and affinity determination.

We developed two anti-EpCAM CAR constructs based on the 2°¢ generation CAR
backbone (CD28-CD3() with the incorporation of scFvs derived from two anti-EpCAM
monoclonal antibodies, C215 or UBS54 (FIG. 1, top panel), respectively. C215 is a mouse
monoclonal antibody obtained by immunization of mice, whereas scFv of UBS54 was selected
from a phage display library*!: 3. The CD4/CDS8 sorted primary T cells were transduced with
lentiviruses after stimulation with anti-CD3/CD28 dynabeads for 24 hours.

Primary T cells were transduced with C215 or UBS54 EpCAM CAR lentiviruses, and
stained with FITC anti-c-Myc, APC anti-SSTR2 or anti-human PE-Cy5 CD3/PE CD4/FITC CD8
cocktail. Binding was analyzed by flow cytometry. In the CAR T cell products, approximately
45% and 70% of T cells expressed C215 or UBS54 CAR, respectively. Both CAR T cells had a
CD4:CD8 ratio of approximately 1:1.

To compare the affinity of C215 and UBS54 CAR molecules, Jurkat T cells were
transduced with a lentiviral vector and stained with serially diluted Alexa Fluor 647-conjugated
EpCAM protein. The Kp value of UBS54 CAR (~ 250 nM) was found to be substantially lower
(> 60-folds) than that of C215 CAR (~ 4 nM) (FIG. 3).

Example 12. Lower-affinity EpCAM CAR demonstrates improved cytolytic index than
nanomolar affinity CAR in vitro.

We tested the function of CAR T cells against a panel of tumor cell lines with a broad
range of EpCAM expression as measured by flow cytometry. Surface expression of EpCAM in
tumor cell lines as determined by flow cytometry after staining with PE-CyS5 anti-human
EpCAM antibody. SK-BR3 (breast cancer), Capan-2 (pancreatic cancer), HT-29 (colon cancer),
and SNU-638 (gastric cancer) overexpressed EpCAM, while MKN-45 (gastric cancer) showed
moderate level of EpCAM expression, MDA-MB-231 (breast cancer) and SW-1990 (pancreatic
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cancer) expressed EpCAM at lower levels, and U-251 (glioblastoma) exhibited undetectable
EpCAM surface expression. Cytolytic activity of CAR T cells was assessed by co-incubation of
C125 or UBS54 CAR T cells with the panel of tumor target cells. UBS54 CAR T cells showed
significantly greater cytotoxicity against target cells expressing high levels of EpCAM (SK-BR3,
Capan-2, HT-29, and SNU-638), but mediated less killing of low-density EpCAM-expressing
MDA-MB-231 compared to high-affinity C215 CAR T cells (FIG. 4A). Target cell lysis was
generally EpCAM-dependent, evidenced by the lack of killing of EpCAM-negative U-251, as
well as faster target killing as EpCAM surface density increased. One exception was MKN-45
which showed strong response to both C215 and UBS54 CAR T cells, despite having moderate
level of EpCAM expression.

In response to stimulation with high-density EpCAM-expressing target cells, UBS54
CAR T cells secreted comparable to slightly higher levels of pro-inflammatory cytokines and
chemokines (IL-2, IFN-y, TNF-¢, IL-17«, GM-CSF, and MIP-1) compared to high-affinity
C215 CAR T cells (FIG. 4B). Conversely, UBS54 CAR T cells produced less cytokines than
C215 CAR T cells when co-cultured with low-density EpCAM-expressing MDA-MB-231 cells
(FIG. 4B). Yet, in spite of high EpCAM expression in SK-BR-3 cells, both C215 and UBS54
CAR T showed lower levels of cytokine production when exposed to SK-BR-3. In all groups,
less than 50 pg/ml of IL-12 (p70) and anti-inflammatory cytokine IL-10 were detected for both
C215 and UBS54 CAR T cells. As expected, cytokine production by non-transduced T (NT)
cells was undetectable against all target cells. Collectively, UBS54 CAR T cells possessing
closer to micromolar affinity retained potent response to high-density EpC AM-expressing tumor

targets, while displaying reduced reactivity to low-density EpCAM.

Example 13. Lower-affinity EpCAM CAR T cells eliminate solid tumors in mouse
xenograft models.

After validation of CAR T specificity against cell lines in vifro, we then examined C215
and UBS54 CAR T activities in a peritoneal gastric cancer model using firefly luciferase (FLuc)-
expressing SNU-638 tumor cells. SNU-638 is an intestinal type of gastric cancer cell line that
shows microsatellite instability*. This cell line has been used for screening anti-cancer drugs and
in our previous study with ICAM-1 targeting CAR T cells* 3. NSG mice were xenografted
intraperitoneally (i.p.) with SNU-638 cells and then treated 7 days later with NT or CAR T cells
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i.p. (FIG. 5A). Untreated mice (No T) showed continued tumor growth in the intestinal tract and
peritoneal cavity, and expired within 60 days after tumor xenograft (FIGs. 5B-5D). NT cells
slowed but did not control tumor growth, resulting in only marginal survival benefit. However,
C215 and UBS54 anti-EpCAM CARs rapidly eliminated tumors within 1 week after a single
dose of CAR T cells, and prevented tumor relapse through the end of the study (125 days post
tumor xenograft) (FIGs. SB-5C). All CAR T treated mice remained healthy and survived without
any signs of treatment-related toxicities (FIG. 5D).

Next, we evaluated C215 and UBS54 CAR T cells in a systemic gastric cancer model
with MKN-45 tumor cell line (FIG. SE). MKN-45 was derived from a poorly differentiated
gastric adenocarcinoma of medullary type, having the natures of both ordinary gastric mucosa
and intestinal metaplastic mucosa®’. An intravenous injection of 0.5 x 10° MKN-45 cells initially
formed tumor lesions in the lung, and then the tumors quickly metastasized to liver, head, and
joints of the animals. Untreated mice succumbed to the aggressive tumor growth approximately
30 days following tumor inoculation. Mice treated with NT cells had neither treatment effect nor
survival benefit over No T cohort (FIGs. SF-5H). In stark contrast, an equivalent number of CAR
T cells led to complete tumor regression within one week after CAR T treatment, and no tumor
recurrence was seen through 150 days post tumor implantation (FIGs. SF-5H). We engineered
CAR T cells to co-express human somatostatin receptor 2 (SSTR2) (FIGs. 5F-5H), which serves
as a PET reporter and enables us to track CAR T cell distribution spatially and temporally using
BE-NOTA-Octreotide®®. PET/CT imaging of CAR T-treated mice showed above the background
levels of tracer uptake in the lungs at 1-week after T cell infusion (1.5% ID/cm® for C215 and
1.2% ID/cm?® UBS54 versus 0.8 %ID/cm’ for NT) (FIG. 5J). The CAR T density in the lungs
was relatively lower compared to the CAR T levels (approximately 3% ID/cm?) observed in our
previous ICAM-1 CAR T studies™, likely due to the ability of EpCAM CAR T cells to rapidly
eliminate tumors in the lungs without excessive expansion. However, C215 CAR T appeared to
continually expand in the lungs (5.2% ID/cm® at 4 weeks), and other lymphoid organs, while
UBS54 CAR T contracted at 2-weeks and began to expand at week 4 (2.4% ID/cm?). Unabating
expansion of C215 CAR T after tumor elimination should be driven by GvHD, i.e., human TCR
recognition of mouse tissue major histocompatibility complex (MHC) molecules, corroborated
by typical signs of GVHD including a gradual loss of body weight and fur loss, and reduced

mobility. Tumor-unrelated CAR T cell expansion was also seen in UBS54 CAR treated mice, but
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with a later onset (beginning from 4 weeks following T cell infusion) and to a lesser degree. The
severity of GvHD and mortality was overall lower with UBS54 CAR T cohort.

Finally, the efficacy of lower-affinity EpCAM targeting 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. 5K). Similar to the response
seen against gastric cancer models, infusion of UBS54 CAR T cells led to rapid and durable
tumor elimination, while tumors continued to grow in NT and No T cohorts (FIGs. SL-5M).
Collectively, we demonstrated that UBS54 CAR T cells, approaching micromolar affinity and
despite the 60-fold lower affinity compared to C215 CAR T, were highly effective in eliminating
EpCAM-positive cancer cell lines implanted either intraperitoneally, systemically, or

orthotopically into the pancreas.

Example 14. UBS54 EpCAM CAR T cells eradicate gastric tumors in patient-derived
xenograft models in vivo.

After observing durable and complete response of tumors to lower-affinity UBS54 CAR
T cells in mouse xenograft models with cancer cell lines, we next assessed CAR T activity in
patient-derived xenograft (PDX) models that more closely resemble clinical tumors. NSG mice
were subcutaneously engrafted with gastric tumor specimens derived from three patients
(PDX42, PDX44 and PDX55) that had moderate to strong levels of membranous and
cytoplasmic EpCAM expression. One week later, mice in each PDX model were randomized and
assigned to three treatment cohorts: no treatment, 10 x 10°NT, or 10 x 10°UBS54 CAR T.
PDX42 tumors grew aggressively and reached a volume of 3,000 mm? in approximately 23 days
after tumor inoculation (FIG. 6A). Infusion of NT cells slowed but did not stop tumor growth,
and mice succumbed to tumor 28 days after tumor inoculation. By contrast, a single dose of
UBS54 CAR T suppressed the progression of aggressive PDX42 tumors, and produced 100%
tumor-free survival (FIGs. 6A-6B). PDX44 and PDX55 tumors grew relatively slower, reaching
a volume of 1,000 mm?’ in approximately 45 days following tumor implantation. In stark contrast
to the progressive tumor growth in No T and NT cohorts, PDX44 and PDXS55 tumors showed
fast response to UBS54 CAR and were completely eradicated by 15 days post T cell injection.
The fast response to CAR T treatment was further corroborated by cytokine release following T

cell infusion. High amounts of IFN-yand perforin were detected in mouse serum from UBS54
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CAR T-treated mice, peaking at one week after T cell infusion, and returning to background
levels at the following week when tumors were completely eradicated (FIG. 6C). At
approximately 10 weeks after treatment, 2 out of 4 tumor-free UBS54 CAR T-treated mice had a
spike in serum cytokines, likely due to GvHD-driven T cell expansion. In NT-treated mice,
serum cytokines stayed at basal or low levels within the first week following T cell injection, but
showed a surge in cytokine at approximately 2 weeks (FIG. 6C). PET/CT imaging with a SSTR2
tracer revealed rapid accumulation of CAR T cells at the subcutaneous tumors, followed by
subsequent contraction when tumors were eliminated on day 14. In the NT-treated mice,
subcutaneous tumors were seen in the flank 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 against gastric tumors.

Example 15. Dual targeting of EpCAM and inducible ICAM-1 with a dual CAR promotes
Kkilling of heterogenous tumors in vitro.

Heterogeneous antigen expression, especially in solid tumors, is increasingly recognized
as a cause of antigen-escape relapses and treatment failure. We generated CRISPR—Cas9
knockout tumor cell lines and mixed them with wild-type cell lines to mimic heterogeneity in
EpCAM expression.

A mixture of EpCAM+ and EpCAM- SNU-638 or MKN-45 cells were treated with 10
ng/ml IFN-y, 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. After
incubating a heterogeneous mixture of SNU-638 or MKN-45 cells (40-60% EpCAM™) with
UBS54 CAR T cells for 24 hours, EpCAM™ cells were eliminated, whereas EpCAM™ tumor cells
were largely spared. EpCAM expression in SNU-638 or MKN-45 remained unaltered either after
incubation with NT cells or addition of IFN-y. In comparison, ICAM-1 expression of both cell
lines was significantly upregulated after incubation with CAR T cells. Notably, I[CAM-1
expression in MKN-45 was significantly elevated either by IFN-y or CAR T treatment, resulting
in two distinct populations of intermediate and high ICAM-1 expression.

To broaden CAR T 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 I domain (F292A, 20 uM?*°) into one lentiviral vector (FIG. 1, 3rd panel).
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Costimulatory domains of CD28 and 41BB were used for EpCAM and ICAM-1 specific CARs,
respectively. T cells transduced with this dual CAR construct showed approximately 25% of
UBS54 and F292A CAR expression, indicated by antibody binding to c-Myc and Flag tags,
which were fused at the N-terminal to UBS54 and I domain (F292A), respectively (FIG. 7A).
We first measured the in vifro 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 (Kp = 20 uM) CAR induced 40% specific lysis of
SNU-638 cells at 48 hours through interaction with ICAM-1, whereas it mediated zero killing of
MKN-45 cells with low ICAM-1 (FIG. 7B). UBS54 CAR T cells lysed approximately 90% of
SNU-638 and MKN-45 wild-type cells that are 100% EpCAM™. The amount of cell death caused
by UBS54 CAR T against heterogenous population of these cell lines was significantly higher
than the percent 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 but most likely from bystander killing effect caused by CAR T interaction with
EpCAM" cells. As expected, dual CAR T 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 is
ICAM-1 low and was completely unreactive to ICAM-1 specific CAR T. Synergy of EpCAM
and ICAM-1 targeting by dual CAR T against MKN-45 is likely due to the induction of ICAM-1
in MKN-45 cells after exposure to proinflammatory cytokines above the activation threshold of
ICAM-1 specific CAR. Stronger T cell activation of 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 (FIGs. 7C-7D). Our bispecific design of CARs
incorporates two CARs independently encoding CD28 and 41BB costimulatory domains, while
single costimulatory domain is used for single CAR T (CD28 for UBS54 and 41BB for F292A
CAR). The greater cytotoxic activity and cytokine secretion of dual CAR T are likely from
complementary and additive costimulatory signals through both CD28 and 41BB when CAR is

engaged with two antigens.
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Example 16. Dual CAR T provides a superior activity against tumors with homogeneous
antigen expression to single CAR T.

We 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 10® SNU-
638 tumor cells, and 7 days later treated with 10 x 10° UBS54 or dual CAR T cells (FIG. 8A).
UBS54 CAR T cells were able to eliminate tumors at early time points (14 complete remission
(CR), bioluminescence intensity (BLI) <2 x 108 photons/second 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%; FIGs. 8B-E). In contrast, dual CAR T cells led to complete clearance of the tumors
in 100% of the cases (10 CR of 10 at 3 weeks). After 6 weeks after T-cell infusion, 2 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 (FIGs. 8B-E). To examine
whether 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 untreated mice (FIG.
8F), 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 in
vitro, UBS54 single CAR T cells were more susceptible to relapse of EpCAM+ solid tumors in
vivo, whereas dual CAR T cells with additional targeting of ICAM-1 produced a significantly
augmented antitumor response.

Serum cytokines were also measured weekly during the first 3 weeks following T-cell
administration. Serum IFNg and perforin peaked 1 week after T-cell infusion and dropped to
background levels in the following weeks when tumors were eliminated (FIG. 8G). The
dynamics of CAR T-cell distribution and expansion were also assessed by PET/CT imaging
using 18F-NOTA-OCT (FIG. 8H). 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
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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.

Example 17. Additional targeting of inducible ICAM-1 complements EpCAM CAR T
activity against tumors with EpCAM heterogeneity.

We next examined if additional targeting of ICAM-1 can complement EpCAM CAR T
activity against tumors with heterogenous expression of EpCAM. 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. MKN-45 model comprised tumors with 90%
EpCAM expression with little ICAM-1 expression, while SNU-638 contained 75% EpCAM™ and
100% ICAM-1" cells.

NSG mice were subcutaneously implanted with a heterogeneous population of MKN-45
cells (90% EpCAM-positive, 10% EpCAM-negative, 1x 10° cells/mouse) and 5 days later
received F292A, UBS54 or dual CAR T cells CAR T cells (10 x 10° cells/mouse) via tail vein
injection

Against MKN-45 model, UBS-54 CAR T cells slowed tumor progression compared to
untreated cohort but failed to achieve tumor remission (FIGs. 9A-9D). As expected, F292A CAR
T cells displayed no treatment effect against ICAM-1 negative MKN-45 tumors. In contrast, dual
CAR T cells demonstrated long-term regression of established solid tumors and significant
survival benefits (FIGs. 9A-9D). Three of four mice (75%) attained CR one week following
treatment with dual CAR T cells, among which 1 mouse that maintained CR through the end of
the study, while 2 mice developed tumor relapse.

Flow cytometry analysis of relapsed MKN-45 tumors revealed diminished EpCAM
surface expression in mice treated with UBS54 or dual CAR T cells, whereas MKN-45 tumors
after F292A CAR T treatment showed no difference in EpCAM expression compared to the
surface profile of untreated tumors. Consistent with the induction of ICAM-1 in CAR T-treated
MKN-45 cells in vitro, MKN-45 tumors harvested from UBS54 or dual CAR T cohorts were
found to have substantially elevated expression of ICAM-1. (FIG. 9E)

PET/CT imaging of CAR T cells revealed a pattern of CAR T cell expansion and

contraction at the tumor site, which has been noted to be a hallmark of CAR T elimination of
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tumor>®. However, in the setting of heterogenous tumors, such biphasic kinetics were not
associated with tumor elimination indicated by persistent tumor mass by CT. This would rather
indicate elimination of EpCAM positive tumors but failed to control EpCAM negative tumor
growth. 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 expansion. In the F292A
CAR T cohort, no specific tracer uptake at the MKN-45 tumors was observed. (FIG. 9F)

Consistent with a larger degree of expansion for single CAR T compared to dual CAR T,
the amount of IFN-yand perforin was higher from the plasma collected from UBS54 mice (FIG.
9G).

Example 18. EpCAM-ICAM-1 dual CAR T mediates longer lasting remission in a
heterogeneous SNU-638 tumor model.

The superior antitumor 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. 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.

NSG mice were subcutaneously implanted with a heterogeneous population of SNU-638
cells (90% wildtype, 10% EpCAM-negative, 1x10° cells/mouse) and treated 7 days later with
UBS54 or dual CAR T cells (10 x10° cells/mouse) via tail vein injection.

Similar to the activity against MKN-45 heterogenous tumor, 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. 10A). A significant treatment effect was seen
only with the dual CAR T cells (FIGs. 10A-10C). Both flow cytometry and IHC analysis showed
that relapsing or resistant SNU-638 tumors harvested 5 to 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. 10D). At the same time, we found higher
abundance of T cells in EpCAM- tumors of dual CAR T cell-treated mice compared with T cells
in UBS54 single CAR T cell-treated tumors. 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.
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Example 19. Comparison of different CAR treatments

MKN-45 (90% EpCAM positive, ICAM-1 low) tumor cells (1 x 10®/mouse) were
implanted subcutaneously into the upper left flank of NSG mice. Five or seven days later, mice
were randomly treated with 10 x 10° UBS54 CAR T cells, ICAM-1 (F292A) CAR T cells, or
bicistronic dual CAR T cells, or tandon dual CAR T cells via intravenous injection (see Example
9). The response (tumor size and luminescence) to different treatments ((ICAM-1 CAR,
EpCAM CAR, bicistronic dual CAR, and tandem dual CAR) are shown in FIG. 11. Due to low
ICAM-1 expression, ICAM-1 CAR did not produce tumor killing. The EpCAM CAR,

bicistronic dual CAR, and tandem dual CAR showed similar tumor killing.
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WHAT IS CLAIMED IS:

1. A dual chimeric antigen receptor (CAR) comprising:
(a) a single-chain variable fragment (scFv) against EpCAM,
(b) an I domain of the ar subunit of human lymphocyte function-associated antigen-1 that
binds to ICAM-1,
(c) at least one transmembrane domain,
(d) at least one co-stimulatory domains, and

(iv) at least one activating domain.

2. The dual CAR of Claim 1, comprises an EpCAM CAR targeting EpCAM and an ICAM-
1 CAR targeting ICAM-1, wherein the EpCAM CAR comprises scFv against EpCAM, one
transmembrane domain, one or more co-stimulatory domains, and one activating domain, and the
ICAM-1 CAR comprises an I domain, one transmembrane domain, one or more co-stimulatory

domains, and one activating domain.

3. The dual CAR of Claim 1, comprises from N-terminus to C-terminus scFv against
EpCAM, I domain, a transmembrane domain, one or more co-stimulatory domains, and an

activating domain.

4. The dual CAR of Claim 1, comprises from N-terminus to C-terminus I domain, scFv
against EpCAM, a transmembrane domain, one or more co-stimulatory domains, and an

activating domain.

5. The dual CAR of any one of Claims 1-4, wherein the CAR binds to EpCAM with an
affinity between about 50 nM and 50 pM.

6. The dual CAR of any one of Claims 5, wherein the CAR binds to EpCAM with an
affinity between about between 80 nM and 20 pM.

7. The dual CAR of any one of Claims 1-4, wherein the scFv against EpCAM comprises

-38-



10

15

20

25

30

WO 2022/126084 PCT/US2021/072753

heavy chain variable CDR1 of the amino acid sequence of SEQ ID NO: 9, heavy chain variable
CDR?2 of the amino acid sequence of SEQ ID NO: 10, and heavy chain variable CDR3 of the
amino acid sequence of SEQ ID NO: 2,3,4,5,6,7, or 8.

8. The dual CAR of Claim 7, wherein the scFv against EpCAM comprises light chain
variable CDR1 of the amino acid sequence of SEQ ID NO: 11, light chain variable CDR2 of the
amino acid sequence of SEQ ID NO: 12, and light chain variable CDR3 of the amino acid
sequence of SEQ ID NO: 13.

9. The dual CAR of anyone of the preceding claims, wherein the CAR binds ICAM-1 with
an affinity between about 50 nM and about 50 pM.

10. The dual CAR of Claim 9, wherein the I domain comprises the sequence of 130-310
amino acids of SEQ ID NO: 1, with one mutation of F292A, F292S, L.289G, F265S, or F292G,
wherein the numbering of the amino acid residues corresponds to the amino acid residues of

SEQ ID NO: 1.

11. The dual CAR of Claim 9, wherein the I domain comprises the sequence of 130-310
amino acids of SEQ ID NO: 1, with two mutations of K287C and K294C, wherein the

numbering of the amino acid residues corresponds to the amino acid residues of SEQ ID NO: 1.

12. The dual CAR of anyone of the preceding claims, wherein the co-stimulatory domain is

selected from the group consisting of CD28, 4-1BB, ICOS-1, CD27, 0X-40, GITR, and DAP10.

13. The dual CAR of anyone of the preceding claims, wherein the activating domain is CD3

zeta.

14. The dual CAR of anyone of the preceding claims, further comprising a reporter molecule

Somatostatin receptor type 2 (SSTR2).

15.  Anisolated nucleic acid sequence encoding the dual CAR of anyone of the preceding
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claims.

16. T cells or natural killer cells modified to express the dual CAR of anyone of the

preceding claims.

17. An adoptive cell therapy method for treating cancer, comprising the steps of:

administering the CAR-T cells of Claim 16 to a subject suffering from cancer.

18. The method according to Claim 17, wherein the cancer is gastric cancer, pancreatic

cancer, thyroid cancer, or breast cancer.
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INTERNATIONAL SEARCH REPORT

International application No.

PCT/US21/72753

A.  CLASSIFICATION OF SUBJECT MATTER
IPC - AB1P 35/00; A61K 35/17; COTK 14/705; CO7K 16/30 (2021.01)
CPC - ap1k 35/13

CO7K 14/705; AB1K 35/17; A61P 35/00; A61K 39/001166; CO7K 2317/565; CO7K 2317/622; CO7K 2319/03; CO7K 16/30;

According to International Patent Classification (IPC) or to both national classification and TPC.

B.

FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2020/0215108 A1 (SEATTLE CHILDREN'S HOSPITAL) 09 July 2020; Paragraphs: [0013], | 1-8
[0021]
Y — | (MIN, IMET AL.). "CAR T therapy targeting ICAM-1 eliminates advanced human thyroid 1-8
tumors” pages 7569-7583. Clincal Cancer Reseach. Vol. 23, No. 24. 15 December 2017; Page
10, paragraph 3; page 12, last paragraph; page 13, second paragraph; Figure 6; DOI:
10.1158/1078-0432.CCR-17-2008
Y WO 2019/182422 A1 (SL WEIZEN CO., LTD.) 26 September 2019; Page 6, sixth through 2-4, 5/2-4,6/5/2-4, 7/12-4,
eighth paragraph; page 5, fourth paragraph from bottom; page 11, immunological properties; 8/7/2-4
Claim 11; Claim 13
Y — | EP 1479696 A1 (CRUCELL HOLLAND B.V.) 24 November 2004; paragraph [0018]; claims 2-5 | 7-8

D Further documents are listed in the continuation of Box C.

I:] See patent family annex.

*

“AT

“p”
“gr

“y”
“p»

Special categories of cited documents:

document defining the general state of the art which is not considered
to be of particular relevance

document cited by the applicant in the international application

earlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which
is cited to establish t qu‘)ubhcatlon date of another citation or other
special reason (as specified)

documentreferring to an oral disclosure, use, exhibition or other means
document published prior to the international filing date but later than
the priority date claimed

T

'

&

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search

10 March 2022 (10.03.2022)

Date of mailing of the international search report

APR 27 202

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Bux 1450, Algxandria, Vitglnla 223 13- 1450

Facsimile No. §71.273-8300

Authorized officer

Shane Thomas

Telephone No. PCT Helpdesk: 571-272-4300 '

Form PCT/ISA/210 (second sheet) (July 2019)
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INTERNATIONAL SEARCH REPORT

International application No.

PCT/US21/72753

Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item I.c of the first sheet)

carried out on the basis of a sequence listing:

a. m forming part of the international application as filed:
% in the form of an Annex C/ST.25 text file.
D on paper or in the form of an image file.

only in the form of an Annex C/ST.25 text file.

3. Additional comments:

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was

b. D furnished together with the international application under PCT Rule 13fer. 1(a) for the purposes of international search

c. D k furnished subsequent to the international tiling date for the purposes of international search only:
D in the form of an Annex C/ST.25 text file (Rule 13ter.1(a)).

D on paper or in the form of an image file (Rule 13ter.1(b) and Administrative Instructions, Section 713).

2. In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required
statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

Form PCT/ISA/210 (continuation of first sheet (1)) (July 2019)
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INTERNATIONAL SEARCH REPORT International application No.
PCT/US21/72753
Box No. 11 Observations where certain claims were found unsearchable (Centinuation of item 2 of first shect)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. [:] Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningtul international search can be carried out, specifically:

3. Claims Nos.: 9-18

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
-***-Please See Supplemental Page-***-

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers'
only those claims for which fees were paid, specifically claims Nos.:

4. % No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
Groups I+, claims 1-8, SEQ ID NO: 2 (HCDR3 sequence).

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Funn FCTABA/210 (Continuailun of firse sheer (25) (July 201y}
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US21/72753

-***-Continued From Box No. Ill: Observations where unity of invention is lacking-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Groups I+, claims 1-8, SEQ ID NO: 2 (HCDR3 sequence), are directed to dual chimeric antigen receptors.

The receptors of Claims 1-6, 7 (in-part), and 8 are believed to encompass the first named invention of Groups I+ and are the claims that
will be searched to the extent that they comprise an HCDR3 encompassing SEQ ID NO: 2 (first exemplary HCDR3 sequence).

Applicant is invited to elect additional HCDR3s, with specified SEQ ID NO: for each, where available as an option within at least one
searchable claim, to be searched. Additional sequence(s) will be searched upon the payment of additional fees. Applicants must specify
the searchable claims that encompass any additionally elected sequence(s). Applicants must further indicate, if applicable, the claims
which encompass the first named invention, if different than what was indicated above for this group. Failure to clearly identify how any
paid additional invention fees are to be applied to the "+" group(s) will result in only the first claimed invention to be searched/examined.
An exemplary election would be SEQ 1D NO: 3 (HCDR3 sequence).

The inventions listed as Groups I+ do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

No technical features are shared between the HCDR3 sequences of Groups I+ and, accordingly, these groups lack unity a priori.

Additionally, even if Groups I+ were considered to share the technical features including: a dual chimeric antigen receptor (CAR)
comprising: a single-chain variable fragment (scFv) against EpCAM, an | domain of the alpha-L subunit of human lymphocyte
function-associated antigen-| that binds to ICAM-1, at least one transmembrane domain, at least one co-stimulatory domains, and at
least one activating domain; these shared technical features are previously disclosed by US 2020/0215108 A1 to SEATTLE
CHILDREN'S HOSPITAL (dba SEATTLE CHILDREN'S RESEARCH INSTITUTE) (hereinafter “Seattle”) in view of the publication
entitled “CAR T therapy targeting ICAM-1 eliminates advanced human thyroid tumors” by Min, et al. (hereinafter “Min”).

Seattle discloses a dual chimeric antigen receptor, CAR (bi-specific chimeric antigen receptor bearing cells; abstract; paragraph [0013])),
comprising: a single-chain variable fragment, scFv, against a target (a sequence comprising an scFv specific for a cell surface tumor
specific molecule; paragraph [0013]), a binding domain against a second target (a binding domain specific for a tumor celi surface
molecule, wherein the binding domain can be a ligand for a receptor rather than an scFv; paragraphs [0013], [0021]), at least one
transmembrane domain (a transmembrane domain; paragraph [0013]), at least one co-stimulatory domains (a signaling domain
sequence comprising a co-stimulatory domain; paragraph [0013]), and at least one activating domain (the signaling domain sequence
may comprise a CD3-zeta domain, which the instant PCT application defines as an activating domain (page 15, line 29 to page 16, line
4); paragraph {0013)). Seattle does not specifically disclose an scFv against EpCAM, and an | domain of the alpha-L subunit of human
lymphocyte function-associated antigen-I that binds to ICAM-1. However, Min discloses that EpCAM and ICAM-1 can be found
co-occurring on tumor cells (page 10, paragraph 3; Figure 6). It would have been obvious to a person of ordinary skill in the art, at the
time of the invention, to have modified the disclosure of Seattle to incorporate specificity for EpCAM and ICAM-1, based on the teaching
of Min, as Seattle discloses dual-targeted CARs that target tumor cell surface molecules, and that CARs may use ligands for receptors
instead of scFvs, Min discloses that EpCAM and ICAM-1 appear together on tumor cell surfaces, and that LFA-1 is a ligand for ICAM-1,
and this would provide the capability of using a CAR specific for these two cell surface molecules to recognize tumor cells carrying these
molecules, as well as avoiding possible misfolding due to two scFvs present in the same molecule by using a ligand to provide for the
second specificity.

Since none of the special technical features of the Groups I+ inventions is found in more than one of the inventions, and since all of the
shared technical features are previously disclosed by the combination of the Seattle and Min references, unity of invention is lacking.

Form PCT/ISA/210 (extra sheet) (July 2019)
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