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Abstract
Epithelial ovarian cancer is the most lethal of gynecological cancers. The therapeutic e�cacy of chimeric
antigen receptor (CAR) T cell directed against single antigens is limited by the heterogeneous target
antigen expression in epithelial ovarian tumors. To overcome this limitation, we describe an engineered
cell with both dual targeting and orthogonal cytotoxic modalities directed against two tumor antigens
that are highly expressed on ovarian cancer cells: cell surface Muc16 and intracellular WT1. Muc16-
speci�c CAR-T cells (4H11) were engineered to secrete a bispeci�c T cell engager (BiTE) constructed from
a TCR mimic antibody (ESK1) reactive with the WT1-derived epitope RMFPNAPYL (RMF) presented by
HLA-A2 molecules. The secreted ESK1 BiTE recruited and redirected other T cells to WT1 on the tumor
cells. We show that ESK1 BiTE-secreting 4H11 CAR-T cells exhibited enhanced anticancer activity against
cancer cells with low Muc16 expression, compared to 4H11 CAR-T cells alone, both in vitro and in mouse
tumor models. Dual orthogonal cytotoxic modalities with different speci�cities targeting both surface and
intracellular tumor-associated antigens present a promising strategy to overcome resistance to CAR-T cell
therapy in epithelial ovarian cancer and other cancers.

Introduction
Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy with �ve-year survival below
30% (1, 2). Despite aggressive treatment regimens, consisting of surgical tumor debulking complemented
by platinum-based chemotherapy (3), sometimes in combination with bevacizumab and/or PARP
inhibitor maintenance (4, 5), the majority of patients with advanced ovarian cancer relapse; hence there is
a strong unmet need for a therapeutic strategy that can produce durable responses and extend overall
survival. Although signi�cant clinical advances have been achieved in recent years within the �eld of
cancer immunotherapy, there is no formal FDA approval for immunotherapy in EOC, apart from
pembrolizumab in the very rare case of tumor mutational burden-high disease (5).

Targeted immunotherapies using adoptive cell transfer of engineered autologous chimeric antigen
receptor (CAR) T cells have shown remarkable clinical results in hematologic malignancies (6–8). In
contrast, CAR T-cell approaches against solid tumors have so far only led to infrequent responses.
Impaired CAR T-cell proliferation and persistence in vivo, the immunosuppressive tumor
microenvironment, limited CAR T-cell tra�cking to the tumor, and long-term exhaustion of CAR T-cell
functions all have proven to be key obstacles for the success of CAR T-cell therapy (9). In addition to
these common problems in CART therapy, EOC, in particular, is extremely heterogenous, encompassing
different entities with distinct clinicopathological features, genomic pro�ling and hence, diverse antigen
expression (1, 2, 10). Therefore, CAR-T cell therapy targeting single antigens in EOC could be limited, due
to the heterogeneous target antigen expression and outgrowth of tumors lacking the antigen targeted by
CAR-T cells. Some of the common cell surface antigens (mesothelin, Muc16, HER2, and folate-receptors)
that are overexpressed on ovarian cancer cells have been investigated in CAR-T cell development (11). A
CAR-T cell trial against mesothelin in 15 advanced solid tumors, including patients with EOC, showed that
the treatment was well tolerated, but with only stable disease (SD) as the best overall response (12).
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Muc16 (CA125) CAR T cells, modi�ed to secrete IL-12, were tested in a phase I trial using i.v. and i.p.
administration with “stable disease” as the best observed clinical response in a cohort of 18 heavily
pretreated patients with EOC (4, 13). These results suggested that CART cell therapy for EOC faces an
urgent challenge to �nd EOC-selective targets, in order to improve the e�cacy of EOC CART cells.

Spontaneous anti-tumor responses with cytotoxic T lymphocytes have been detected in patients, and the
presence of tumor in�ltrating lymphocytes (TILs) is correlated with a better prognosis and improved
survival in patients with EOC(14) (15, 16). These studies clearly illustrated the effective T cell responses
directed against intracellular tumor antigens, which, compared to surface lineage antigens, account for
the most tumor-speci�c antigens, compared to surface lineage antigens (17). T cell receptor mimic mAbs
(TCRm) that recognize peptide/MHC complex are emerging as potential candidates for directing CAR T
cells to these antigens. Wilm’s tumor (WT)1 is an intracellular, oncogenic transcription factor that is
overexpressed in a wide range of leukemias and solid cancers including EOC. RMFPNAPYL (RMF), a
WT1-derived CD8 + T cell human leukocyte antigen (HLA)–A0201 epitope, is a validated target for T cell–
based immunotherapy in numerous clinical trials (18–21). We are exploring the use of a WT1-speci�c
vaccine in EOC currently(22). In addition, we previously described the generation and therapeutic e�cacy
of a human TCRm mAb, ESK1, speci�c for the WT1-derived RMF epitope in the context of HLA-A*02:01
molecule. The TCRm was also engineered into BiTE and CAR T cell formats that showed effective killing
of ovarian cancer cell lines in animal models (23, 24). Importantly, ESK1-BiTE also induced epitope
spreading to other EOC antigen such as a Her2neu-derived epitope (23), suggesting that this BiTE was
able to reactivate pre-existing anti-tumor T cell responses, conveying the potential to broadening the anti-
tumor immune responses.

Here we propose to overcome antigenic heterogeneity of EOC and to enhance local antitumor activity in
EOC, by engineering the well-studied CAR T cells speci�c for Muc16 (4H11) to also secrete the ESK1-BiTE
against WT1 RMF/HLA-A2 complex, thereby generating dual speci�cities, as well as orthogonal
modalities of killing. We demonstrated that this approach could mediate potent and speci�c antitumor
activity against EOC cells, thereby potentially mitigating the effects of antigen heterogeneity and low
expression of Muc16 in EOC.

Materials and Methods
Cell samples, cell lines and antibodies.

After informed consent on Memorial Sloan-Kettering Cancer Center Institutional Review Board approved
protocols, peripheral blood mononuclear cells (PBMCs) from HLA-typed healthy donors and patients were
obtained by Ficoll density centrifugation. The cell lines used in this study were obtained from ATCC
(Manassas, VA). The cell lines include: Ovarian cancer cell line SKVO-3, AML cell lines AML-14 and HL-60,
T leukemia cell line Jurkat. All tumor cells were HLA typed. Primary ovarian cancer cells were obtained
from ascitic �uid, blood and tissue samples from patients with ovarian cancer, following Institutional
Review Board (IRB) approval. patients with ovarian cancer. The cell lines were cultured in RPMI 1640
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supplemented with 5% FCS, penicillin, streptomycin, 2 mmol/L glutamine, and 2-mercaptoethanol at 37
C/5% CO2. Cells were checked regularly for mycoplasma. SKOV-3 cell line was transduced with HLA-
A*02:01 molecule as described by Latouche (25), using HLA-A*02:01 SFG vector that was a gift from Dr.
Michell Sadelain (MSKCC, New York). SKOV-3 cell line overexpressing Muc16 antigen, SKOV3-MUC16ecto

was a gift from Dr. Renier Brentjens, at MSKCC. Tumor cells for all animal studies were transduced with
GFP/luciferase as described previously (23). ESK1.BiTE and its control, human or mouse ESK1 and its
control human IgG1 or mouse IgG1 were produced by Eureka Therapeutics Inc. (Emeryville, CA), and APC
conjugation was done according to the instructions of the manufacturer (Abcam, ab201807). Mab
against Muc16 (clone 4H11) was a kind gift from Dr. Renier Brentjens. Mab against human HLA A*02
(clone BB7.2), its isotype control mouse IgG2b (clone MPC-11), human CD3 (clone HIT3A or OKT3),
conjugated to various �uorophores, human CD45 mAb (HI30), mouse anti-His tag mAb (clone F24-796)
conjugated to FITC or PE, were purchased from BD Biosciences, (San Diego, CA). Recombinant anti-WT1
protein mAb (CAN-R9(IHC)-56-2) was purchased from Abcam (USA).

Flow cytometry analysis
Muc16 expression on ovarian cancer cell line SKOV-3 was measured by staining the tumor cells with
4H11 mAb conjugated to APC. SKOV-3/HLA-A2 + cell lines were stained with ESK1 mouse IgG1
conjugated to APC, which recognizes WT1-drived RMF epitope in the context of HLA-A0201. For binding
by BiTEs, human T cells or cancer cells were incubated with different concentrations of ESK1-BiTE or
control BiTE for 30 min on ice, washed, and incubated with secondary mAbs against His-Tag. In some
cases, direct staining was performed by using ESK1-BiTE or its control conjugated to APC. HLA-A*02
expression was determined by direct staining of the cells with mAb clone BB7. WT1 intracellular staining
was performed by staining the cells with mAb to WT1 (CAN-R9) and its IgG isotype both conjugated to
Alexa488 using intracellular �xation and permeabilization buffer set (eBioscience, 88-8824-00).
WT1RMF/HLA-A2 expression in Primary ovarian cancer cells were measured by staining the cells with
anti-human CD45 mAb vs mouse ESK1. Flow cytometry data were collected on a LSR Fortessa (BD) and
analyzed with FlowJo V10.

Viral constructs
Retroviral vectors were generated using the SFG backbone as previously shown (26, 27). We constructed
vectors encoding second-generation CARs targeted to the Muc16 ectodomain or CD19 antigen, with 4-
1BB and CD3ζ signaling domains. For the BiTE-secreting CAR T cells, the ESK1 bite sequence was
incorporated into the construct separated by a 2A self-cleaving peptide sequence. Retroviral transduction
of primary T cells was performed using engineered HEK293T, known as Galv9, which are stable retroviral
producer lines that has been previously described (27).

CAR-T-cell production and characterization. Human T cells were puri�ed from healthy donor under an
Institutional Review Board-exempt protocol. In brief, bulk human T cells were activated on day 0 using
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CD3/CD28 Dynabeads (Miltenyi) and cultured in RPMI 1640 medium supplemented with 10% FBS and
100 IU recombinant human IL-2. Lentiviral transduction of cells was performed on day 2 and day 3 by
centrifugation of activated T cells in media containing virus from retroviral producers Galv-9 cells at
2000xg at room temperature for two hours on RetroNectin-coated plates (Takara Bio, T100A/B).
Transduction e�ciency was determined by �ow cytometry using a Alexa 647-labeled anti-idiotype
antibody against the Muc16-targeted CAR (mAb clone 22G6), generated at MSKCC Antibody and
Bioresource Core Facility).

Detection of ESK1-BiTE secretion. Secretion of the ESK1 BiTE was con�rmed by analyzing conditioned
media of Galv9 producer cells by Western blot as previously shown (28). Ni-NTA beads were used to ‘pull
down’ ESK1 bite from the medium supernatants of WT, 4H11BBζ, and ESK1-4H11BBζ Galv9 cells. Protein
was separated using SDS-PAGE and analyzed by immunoblotting using an anti-His-tag antibody. The
ESK1 bite appeared at the predicted molecular weight (∽58 kDa) in the conditioned media of ESK1-
4H11BBζ Galv9s.

ESK1 BiTE secretion by CAR T cells and functional assays. Supernatants of CAR T cells transduced with
the CAR/BiTE construct was collected on day 5 and 7, pooled, concentrated 30–40 folds by
centrifugation using Amicon Centrifugal Filter Units (Milipore Sigma, UFC801024) at 4000xg for 20
minutes in room temperature. Supernatant �uids were stored at 40C, and the secretion of ESK1-BiTE was
measured by staining SKOV3 and Jurkat cells, and �ow cytometric analysis. Recombinant ESK1-BiTE
was used in parallel to determine the approximate concentrations of the secreted BiTE. Functional assay
of ESK1-BiTE was measured by cytolytic activity of the supernatants by using isolated PBMC’s from the
same donor as effector cells. In brief, supernatant �uids in serial dilution were incubated with target cells
and isolated PBMC’s at E:T ratio of 10:1, and the cytotoxicity was measured by luciferase-based assay.

Cytotoxicity assays. For ESK1-BiTE-mediated cytotoxicity, PBMCs from healthy donors were incubated
with targets at a E: T ratio of 20 or 30:1, in the presence or absence of ESK1 or control BiTEs at various
concentration for 5 hr. The cytotoxicity was measured by standard 51Cr-release assay. For measuring
cytotoxicity of CAR T cells, T cells were incubated with luciferase-expressing tumor targets at various E: T
ratios for 24 hours. Next day, additional Mock-T cells from the same donor were added for another 24
hours. Remaining luciferase activity was subsequently measured with a Tecan in�nite M1000 Pro
Microplate Reader. Percentage speci�c lysis was calculated by the following equation: Percentage =
[(target cells alone relative luminescence units (RLU) − total RLU)/(target cells only RLU)] × 100.

Animal models. Seven to 8-week-old male NOD.Cg-Prkdc SCID IL2rgtm1Wjl/SzJ mice, known as NSG,
were purchased from the Jackson Laboratory, and were used for xenograft animal tumor model. SKOV3
ovarian cancer cells transduced with HLA-A2 and GFP/luciferase were used. For ESK1 BiTE therapy,
2.5 million Muc16 low SKOV3/A2+/GFP + cells were ip injected into mice. On day3, after con�rming the
tumor engraftment by bioluminescence imaging (BLI), PBMCs (10 million/mouse) from a healthy donor
were injected ip into mice.
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A few hours later, ESK or control BiTE was ip injected into mice (5ug/mouse) and repeated on a daily
basis. The tumor growth was monitored by BLI after 4 and 9 injections. For 4H11 CART cell therapy, the
same Muc16 low SKOV3/A2 + ovarian cancer cells (2 million/mouse) were injected into the peritoneal
cavity (ip) of mice and the tumor engraftment was con�rmed on day 4 by bioluminescence imaging and
mice were randomized into treatment groups. Two million of CAR T cells were ip. injected into mice,
followed by 2 million Mock-T cell injection the next day. Tumor growth was monitored by �re�y luciferase
imaging once a week, for all the animal models. The P test used for the survival curve is Mantel-Cox.

Results

Therapeutic activity of ESK1-BiTE in ovarian cancer
Expression of the WT1 protein and the WT1 RMF epitope in ovarian cancer cells SKOV3/HLA-A2 + was
shown by intracellular staining and by binding of ESK1 to the RMF/HLA-A2 complex (Fig. 1A and B).
Consistent with the binding, ESK1-BiTE also redirected T cell cytotoxicity against SKOV3/HLA-A2 + cells
in a dose-dependent manner, but not a control cell line HL-60, which was WT1 positive, but HLA-A2
negative (Fig. 1C and D). Furthermore, ESK1 was able to bind primary ovarian cancer cells isolated from a
patient ascites (Fig. 1E). Ascites from a HLA-A*02:01 positive patient was stained with mouse ESK1 vs
anti-CD45mAb or its isotype control, to distinguish CD45 + leukocytes from cancer cells. Only large tumor
cells (CD45-) were positive for ESK1, but not smaller CD45 + lymphocytes. Therefore, ESK1 could
selectively recognize ovarian cancer cells in ascitic �uid. ESK1 BiTE also was effective in treating SKOV3
tumors in a xenograft mouse model (Fig. 2). While effector cells alone or the control BiTE showed
minimal non-speci�c killing, the ESK1-BiTE mediated signi�cant tumor inhibition shown by the
bioluminescence imaging (Fig. 2A) and total BLI �ux (Fig. 2B, C). These data demonstrated the anti-tumor
activity of the ESK1-BiTE in vitro and in vivo, which provided the rationale of targeting WT1 in ovarian
cancer.

Design and generation of CAR T-BiTE
ESK1 has potential off target reactivity, possibly limiting its systemic use in humans (29, 30). Therefore,
we hypothesized that local delivery of the ESK1 by use of a CAR T cell directed to the tumor might both
allow better speci�city and also increase e�cacy using combined treatment with two orthogonal
modalities to prevent heterogeneous tumor cells from escaping. Targeting of two tumor antigens by
different modalities could potentially enhance the therapeutic e�cacy in heterogenous cancers such as
EOC where not all cells highly express a single antigen, such as Muc16 or WT1, at high levels. We
therefore engineered CAR-T cells speci�c for Muc16 to also secrete the ESK1 BiTE. A schematic map of
the 4H11 CAR T BiTE vector in comparison to the 4H11 CAR T construct as well as the BiTE structure are
shown in Fig. 3A and B. Details are described in the materials and methods.

ESK1-BiTE is secreted by CAR T cells and binds to targets
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We tested if the ESK1-BiTE is secreted by the CAR T cells after transduction. Supernatant �uid from HEK-
derived retroviral producer cells (Galv9) demonstrated successful secretion of ESK1 BiTE by western blot
at a predicted molecular weight of approximately 55kDa (Fig. 3B). Importantly, secreted BiTE in
supernatant from transduced ESK1-4H11 CAR T cells bound speci�cally to WT1+/HLA-A2 + AML cell line
AML-14, but not the HL-60 cell line that is WT1 positive, but HLA-A2 negative (Fig. 3C and D). Thirty-fold
concentrated supernatant showed a similar level of binding to AML-14 cell line as 10ug/ml of
recombinant ESK1-BiTE used in parallel, suggesting a concentration of about 300ng/ml of BiTE in the
conditioned media. This level is well above the EC50 of this BiTE (23). Supernatant �uid from mock-T
cells or 4H11 CAR T cells did not bind to AML-14 nor to HL-60, suggesting that the binding by secreted
ESK1-BiTE was speci�c to WT1 RMF/HLA-A2 complex. In addition, supernatant from 4H11-ESK1-BiTE
CAR T cells also bound to Jurkat cells (CD3 + T cells) via their anti-CD3 scFv domains, while supernatants
from Mock-T cells and 4H11 CART cells did not bind (Fig. 3E). When supernatants were used to block
anti-CD3 mAb binding, supernatants from 4H11-ESK1-BiTE CAR T cells partially blocked the anti-CD3
binding, but supernatants from Mock-T or 4H11 CAR T cells did not block binding (Fig. 3F). These results
demonstrated that ESK1 was secreted by the CAR T cells at effective levels and has speci�city for both
WT1 and CD3.

ESK1-BiTE is secreted by CAR T cells and kills its targets
To test if the ESK1-BiTE-secreting 4H11 CAR T cells were able to engage other bystander T cells leading
to a greater cytolytic activity than 4H11 CAR T cells alone, we determined the expression of the
appropriate antigens (Muc16 and WT1 RMF/HLA-A2 complex) in wild type SKOV3 ovarian cancer cells
with “low” Muc 16 expression (Fig. 4A) and those that were transduced with HLA-A2 (Fig. 4C). We also
con�rmed expression in Muc16 transduced cells with “high” Muc16 expression (Fig. 4B) and those that
were also transduced with HLA-A2 (Fig. 4D). CAR T cells were incubated with these target cells and mock-
T cells (as bystander effector T cells) from the same donors and the cytotoxicity was evaluated following
a 48hr coculture. 4H11 CAR T cells potently killed Muc16 high SKOV3 cells, whether A2 + or A2 negative.
Consequent to the high Muc16 expression, ESK1-BiTE secretion by these cells did not have additional
cytotoxic effects to either of these cell lines (Fig. 4E). In contrast, 4H11 CAR T cells showed no activity
above control T cells in killing Muc16 low, SKOV3 cells, whether A2 + or A2 negative (Fig. 4F). However,
the ESK1-BiTE-secreting CAR T cells showed signi�cantly greater cytotoxicity against the Muc16 low
SKOV-3 cell line, than 4H11 CAR T cells alone. Killing was HLA-A2-dependent, and cell dose-dependent.
This suggested that secreted ESK1-BiTE could redirect CD3 + T cells to WT1+/HLA-A2 + target cells,
thereby enhancing the cytotoxicity by targeting against dual antigens. Low levels of non-dose dependent
killing were also seen against the A2 negative target cells, suggesting some non-speci�c activation of the
T cells by the BiTE in these long in vitro cultures (48 hours).

To further investigate if the secreted ESK1 BiTE from 4H11 CART cells was responsible for mediating the
T cell cytotoxicity against target cells, the supernatant �uids of 4H11 CAR T or 4H11-ESK1 CAR T cells
(concentrated about 16-fold) were incubated with activated T cells (mock-T cells from the same
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experiments) as effectors along with SKOV3/HLA-A2 positive or negative target cells overnight. Serial
diluted supernatant from ESK1-4H11 CART cells lysed the SKOV3/A2 + target cells, but not SKOV3/A2
negative target cells (Fig. 4G). The potency of the secreted ESK1 BiTE cytolytic activity was similar to the
control with added recombinant ESK1 BiTE, while control BiTE and Muc16 CAR T cell supernatant �uids
were not active and showed similar background killing as the supernatant �uid from 4H11 CAR T cells.
Thus, the secreted ESK1 BiTE from the CAR T cells has functional antitumor activity and could account
for the enhanced killing activity of the cells shown in the previous experiments. In addition, the BiTE
cytotoxic activity did not appear to contribute to the off- target killing.

Therapy of Muc16 ovarian cancer cells in NSG mice
Based on the in vitro cytotoxicity results, we reasoned that ESK1 BiTE could enhance the anti-tumor
activity against Muc16 low tumor cells by engaging bystander effector T cells. Therefore, the anti-tumor
activity of ESK1-BiTE-secreting 4H11 CAR-T cells was tested in vivo using the Muc16 low/HLA-A2 + 
SKOV3 cell line, in a relevant intraperitoneal (i.p,) model. After con�rming the tumor engraftment on day 4
post tumor injection, mice were randomized to different groups. Mock T cells, 4H11 CAR T cells or ESK1
BiTE-secreting 4H11 T cells were injected i.p. into mice. The following day (day 5), mock-T cells from the
same donors and the same experiments were injected ip into mice of all groups, as bystander effector T
cells, in order to test if ESK1 BiTE was able to redirect these T cells to kill the tumor cells. The tumor
growth was monitored by bioluminescence imaging. The enhanced anti-tumor effects of ESK1 BiTE-
secreting 4H11 CART cells as compared to the regular 4H11 CAR T cells became evident starting on day
19 and these mice continued to improve. On day 26 post tumor engraftment, there was signi�cant
reduction of tumor growth compared to 4H11 CAR T cells and other control groups (Fig. 5A and B). While
both 4H11 and ESK1 BiTE-secreting CART cells inhibited tumor growth, the ESK1 BiTE-4H11 CAR T cells
had greater anti-tumor activity as compared to the control groups and regular 4H11 CAR T cells (Fig. 5C).

Discussion
CAR T cell therapy represents an emerging potential treatment option for solid tumors. CAR T cell therapy
in EOC has been directed at overexpressed surface antigens, such as HER2, mesothelin, Muc16 and folate
receptors. Muc16 can be detected in around 80% of EOC and is expressed to some extent on all the major
ovarian subtypes (high grade serous, low grade serous, mucinous, endometrioid, and clear cell), although
expression is heterogeneous (31, 32). Because of its up-regulation in tumors and minimal expression on
normal tissues, Muc16 is an attractive target in ovarian cancer. Muc16 reactive CAR T cells engineered
from 4H11, an antibody that has been extensively tested in human ovarian models and normal tissue
with high speci�city for tumor cells were studied in a phase I clinical trial(13). Recently, a human
bispeci�c antibody (REGN4018) that binds both Muc16 and CD3, induced T cell activation and killing of
Muc16-expressing tumor cells in vitro, even in the presence of soluble CA-125. Furthermore, in a
genetically engineered immunocompetent mouse expressing human CD3 and human Muc16 [in
humanized target (HuT) mice], REGN4018 inhibited the growth of murine tumors expressing human
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Muc16. Combination therapy with an anti–PD-1 antibody enhanced its e�cacy. This study further
validated Muc16 as a potential tumor target for immunotherapy in ovarian cancer (33).

The lack of signi�cant e�cacy in a trial of Muc16 CART cells armored with IL12 might be due to the
heterogenous or low expression of Muc16 on tumor cells (11, 13). However, in general, CAR T cell therapy
in solid tumors including EOC has been far less successful than in hematological cancers (34). In
addition to the di�culties caused by T-cell suppression, T cell persistence and possible impaired
tra�cking to tumor sites, EOC is marked by its extreme heterogeneity within each patient, subtype and
metastatic lesion. To date no “ideal” target antigens that are highly and homogeneously expressed
throughout EOC have been identi�ed. In this study, we chose to create a dual targeting CAR T cell strategy
that not only is directed to 2 different antigens, thereby reducing possible escape due to heterogeneity, but
also acts to kill by use of two different modalities, that also increases e�cacy and reduces possible
escape. 4H11 CAR T cells were engineered to secret the ESK1-BiTE, derived from a TCR mimic mAb
directed against WT1 epitope presented by HLA-A2, allowing a simultaneous targeting of two antigens
that are highly expressed on EOC. Because WT1 is an oncogenic protein, loss of this antigen is also less
likely. In addition, the ESK1-BiTE may promote epitope spreading to further extend the killing to a third
modality(23). We demonstrated effective secretion of ESK1 BiTE by the 4H11 CART cells and the
functional activity of the BiTE both in vitro and in vivo. While 4H11 CART cells were able to eradicate the
SKOV3/HLA-A2 + tumor cells, ESK1-secreting CAR T cells signi�cantly enhanced their anti-tumor activity
in Muc16 low tumor cells and prolonged the survival of tumor bearing mice.

We selected WT1 RMF presented by HLA-A2 as a model antigen for Muc16 CART cells, because it is a
well-validated intracellular tumor antigen found in a wide array of human cancers (20, 35). Targeting of
this epitope has been attempted in numerous clinical trials using TCR gene adoptive T cell transfer, or
vaccinations in various format against both hematological and solid tumors (19, 20, 22). We previously
demonstrated that ESK1-BiTE induces T cell activation and redirects T cell cytotoxicity against primary
ovarian cancer cells. In addition to a cytolytic effect on cells presenting WT1 RMF epitope, ESK1-BiTE
induced epitope spreading to Her2-derived epitope presented by HLA-A2 molecules, in an autologous
system of primary ovarian cancer (23). Here we have further demonstrated therapeutic e�cacy of ESK1-
BiTE against WT1+/HLA-A2 + SKOV3 ovarian cancer cells in NSG mice. The strategy of targeting both
Muc16 and WT1 by use of orthogonal cytolytic modalities offers multiple advantages: 1. Simultaneously
targeting two prominent tumor antigens on ovarian cancer cells at once, thereby reducing the risk of
antigen loss escape(36); 2. Combining CAR T cells with BiTE into a single gene-modi�ed T cell product
improving e�cacy by enabling two different modes of killing; 3. Use of locally delivered BiTE to reduce
systemic toxicity and possible CRS from excessive T cell activation and off target binding of the BiTE. 4.
Increased e�cacy following CAR T cells tra�cking expansion at the site of the tumor with local
concentrations of the ESK1-BiTE, which in turn may recruit, redirect and activate T cells from the tumor
microenvironment (TME) and reactivated pre-existing tumor-speci�c T cells. Indeed, BiTEs have been
shown to convert regulatory T cells (T-reg) into cytolytic effector cells (37); thus, this approach could
potentially reduce the suppressive tumor microenvironment or convert the suppressive TME to a more
immunogenic environment. 5. Improvement of the pharmacokinetics of low molecular weight and rapidly
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clearing BiTEs by use of continuous secretion at the tumor site. This approach could avoid the need for
the continuous infusion typically required by BiTEs. 6. Improving tumor control as the low molecular
weight BiTE could penetrate tumor mass more e�ciently than CAR T cells; 7. Possible epitope spreading
caused by the BiTE engendering additional recruitment of autologous T cells to attack the tumor.

In summary, this study has demonstrated that the targeted delivery by 4H11 CAR T cells, directed to the
Muc16 antigen, of the ESK1 BiTE, which reacts to a second, intracellular, tumor antigen, WT1, and which
kills by an orthogonal mechanism, could overcome the problem of low Muc16 expression on ovarian
cancer cells and therefore is a possible strategy to improve clinical outcome of CAR T cell therapy.
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Figure 1

Cytolytic activity of ESK1-BiTE against ovarian cancer cells.  (A.)  Expression of WT1 protein was
measured by intracellular staining of the SKOV3 Muc16 low cells using mAb to WT1 protein.  (B).
Expression of the cell surface WT1 epitope RMF/HLA-A2 complex was measured by staining the cells
with mouse ESK1 mAb or its control at 3ug/ml and analyzed by �ow cytometry.  (C and D) ESK1.BiTE-
mediated T cell cytotoxicity against SKOV3/A2 (C) or HL-60 (D). PBMCs from a healthy donor were
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incubated with SKOV3 Muc16 low target cells at a E:T ratio of 30:1 in the presence or absence of BiTEs at
the indicated concentrations for 5 hr. The BiTE-mediated T cell cytotoxicity was measured by standard
 51Cr-release assay. The HL-60 AML cell line (HLA-A2-) was used as a control. (E)  Binding of ESK1 to
fresh tumor cells in ascites from an ovarian cancer patient. Ascites cells were stained with mouse ESK1
vs anti-CD45 or its isotype control, to distinguish lymphocytes from tumor cells. Smaller lymphocytes and
large tumor cells were gated and the CD45 vs ESK1 staining was shown in each gate (lower panels).

Figure 2

Therapeutic activity of ESK1-BiTE against ovarian cancer cells in vivo. SKOV3 Muc16low (2.5 million
cells) were ip injected into NSG mice and tumor engraftment was con�rmed on day 3 by bioluminescent
imaging. PBMCs (10 million/mouse) from a healthy donor were injected ip into mice. A few hours later,
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ESK1 or control BiTE was injected ip into mice (5ug/mouse) and the BiTE dosing was repeated in a daily
basis for total nine days. Tumor growth was monitored by BLI after 4 and 9 injections (A). Tumor burden
was calculated by summing the luminescent signal of each mouse and average signal for each group (n
= 5 per group) plus/minus SD is plotted (B). Total �ux on day 14 post-therapy was shown for each
experimental group and p Value is determined by 2 way ANOVA test (C).

Figure 3
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Generation of 4H11 CAR T cells secreting ESK1-BiTE.

(A) Schematic of retroviral vectors encoding the 4H11BBz CAR alone (top) and ESK1-4H11BBz CAR
constructs encoding a secreted ESK1 bite (bottom). A 6xHis-tag was added at the C-terminal of ESK1 bite
for easy detection and a�nity puri�cation. A P2A element sequence was used to link ESK1 bite with
MUC16 CAR sequences. (B) The (His)6-tag ESK1 bites were pulled down from the medium supernatants
of WT, 4H11BBζ, and ESK1-4H11BBζ producer cells using Ni-NTA agarose beads, separated using SDS-
PAGE, and analyzed by immunoblotting using an anti-His-tag antibody. The ESK1 bite appeared at the
predicted molecular weight (∽58 kDa) in the conditioned media of ESK1-4H11BBζ Galv9 producer cells.
(C-E). Supernatant �uids from 4H11, ESK1.BiTE-4H11 or Mock-T cells were concentrated 30-40 fold and
used to stain AML-14 (C), HL-60 (D), or Jurkat (E) cells, followed by anti-His tag mAb staining to detect
BiTE. Recombinant ESK1 BiTE or its control was used at 10ug/ml. (F). Jurkat cells were blocked by the
supernatant �uids from Mock-T, 4H11 or ESK1.BiTE-4H11 CAR T cells (1:1 ratio) on ice for 30 minutes
and followed by staining with anti-human CD3 mAb.
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Figure 4

Functional activity of 4H11 CART cells secreting ESK1-BiTE. Expression of Muc16 on SKOV3 wild type
(HLA-A2-) or HLA-A2+transduced cells was measured on SKOV3 wild type (Muc16 low) (A and C) or
Muc16-transduced cells (Muc16 high) (B and D), using mAb to Muc16. Mouse ESK1 or its isotype control
(3ug/ml) was used to measure the expression of WT1 RMF/HLA-A2 complex.
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(E and F): CAR T cells (10,000/well were serially diluted and incubated for one day to ensure BiTE
secretion in the wells. After 1 day of incubation, SKOV3 target cells (10,000 cells/well) and (5,000 Mock T
from same donor) were added to all wells for a total of 48 hours of incubation. (G). Supernatants from
4H11 CAR T or ESK1 BITE-secreting CART cells were pooled and concentrated for 16-fold and then
serially diluted and incubated with PBMCs as effectors and target SKOV3 cells, at an E:T ratio of 10:1 for
48 hours. ESK1-BiTE and its control BiTE (1ug/ml) was used as control, in a similar serial dilution. The
mean shown is the average of triplicate microwell cultures plus minus SD. The data are representative of
six separate experiments.
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Figure 5

Anti-tumor activity of 4H11 CAR T cells secreting ESK1-BiTE in vivo. (A) Muc16 low SKOV3 cells (2 million
cells) were injected ip into NSG mice and tumor engraftment was con�rmed on day 5 by bioluminescent
imaging. 4H11 CAR T cells, ESK1 BiTE-secreting 4H11 CAR T cells, or control mock-T cells (2
million/mouse) were injected ip, followed by injection ip of two million activated T cells (mock-T from the
same donor) on the next day. Tumor burden was monitored by bioluminescent imaging on day 12, 19 and
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26. (B). Tumor burden of mice in panel A was calculated by summing the luminescent signal of each
mouse, and average signal for each group (n = 4 per group, except for tumor alone group n = 3) plus
minus SD, is plotted.  Survival of mice from panel A experimental groups was monitored and the
signi�cance was evaluated by Mantel-Cox P test. * = <0.05; ** = <0.01 (C).


