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Abstract

Purpose: Targeting solid tumors with CAR T-cells remains challenging due to heterogenous
target antigen expression, antigen escape, and the immunosuppressive tumor microenvironment
(TME). Pancreatic cancer is characterized by a thick stroma generated by cancer-associated
fibroblasts (CAFs), which may contribute to the limited efficacy of mesothelin-directed CAR
T-cells in early-phase clinical trials. To provide a more favorable TME for CAR T-cells to target
pancreatic ductal adenocarcinoma (PDAC), we generated T-cells with an anti-mesothelin CAR
and a secreted T-cell-engaging molecule (TEAM) that targets CAFs through fibroblast activation
protein (FAP) and engages T-cells through CD3 (termed meso™F CAR-TEAM cells).

Experimental design: Using a suite of /n vitro, in vivo, and ex vivo patient-derived models
containing cancer cells and CAFs, we examined the ability of meso™P CAR-TEAM cells to target
PDAC cells and CAFs within the TME. We developed and used patient-derived ex vivo models
including patient-derived organoids with patient-matched CAFs and patient-derived organotypic
tumor spheroids (PDOTS).

Results: We demonstrated specific and significant binding of the TEAM to its respective
antigens (CD3 and FAP) when released from mesothelin-targeting CAR T cells, leading to T
cell activation and cytotoxicity of the target cell. MesoPAP CAR-TEAM cells were superior in
eliminating PDAC and CAFs compared to T cells engineered to target either antigen alone in our
ex-vivo patient-derived models and in mouse models of PDAC with primary or metastatic liver
tumors.

Conclusions: CAR-TEAM cells enable modification of tumor stroma, leading to increased
elimination of PDAC tumors. This approach represents a promising treatment option for
pancreatic cancer.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease with a dismal prognosis
(1). The current standard of care for metastatic disease consists of chemotherapy
combinations such as FOLFIRINOX (fluorouracil, irinotecan, leucovorin, oxaliplatin) or
gemcitabine and nab-paclitaxel (2,3). Though immune checkpoint blockade provides a long-
lasting clinical benefit in many cancer types, several phase | and Il clinical trials in PDAC
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showed no advantage to checkpoint blockade, likely due to the lack of an effective T-cell
infiltration (4-7).

The tumor microenvironment (TME) of PDAC has an extracellular matrix- (ECM) and
collagen-rich stroma, which is mainly generated by cancer-associated fibroblasts (CAFs)
that also play a key role in the survival, proliferation, and invasion of cancer cells (8).

CAFs are a heterogeneous population, performing various functions in the PDAC TME.
Inflammatory CAFs (iCAF) and myofibroblastic CAFs (myCAFs) are considered the main
mediators of PDAC progression and drug resistance (9,10). However, Huang et al. have
recently reported that antigen-presenting CAFs (apCAFs) evolve from mesothelial cells
during the progression of pancreatic cancer and contribute to immune evasion by inducing
T regulatory cell (Treg) formation (11). Another way of PDAC promotion through CAFs
has been recently described through a Netrin G1-mediated mechanism via the glutamate
and glutamine metabolism by Francescone et al (12). Moreover, Krishnamurty et al. and
Hingorani et al. reported on a CAF population expressing leucine-rich-repeat-containing
protein 15 (LRRC15+) as an important mediator of PDAC tumor progression and suppressor
of tumor immunity (13,14). An approach to increase CD8+ effector T cells with the aim to
improve checkpoint blockade (ICB) in a preclinical PDAC model has been recently reported
using a blocking CD100 (semaphorin 4D) monoclonal antibody (mAb)(15). Mace et al. and
Zhang et al. demonstrated through inhibition of IL-6 or Heat shock protein 90 (Hsp90)
increased efficacy in preclinical PDAC models when combined with ICB respectively
(16,17)

The ECM generated by CAFs forms a physical barrier that reduces drug distribution at the
tumor site and supports the survival and migration of cancer cells (18,19). Additionally,
CAFs secrete a variety of growth factors, chemokines, and cytokines that support the
invasion and proliferation of tumor cells and change the TME into an immunosuppressive
‘immune cell milieu’, helping to circumvent immune surveillance (10,20).

Fibroblast activation protein (FAP), a membrane-bound serine protease, has been reported

as a pan-CAF marker and is expressed on iCAFs and myCAFs (10). FAP is involved in
modulation of the ECM and promoting angiogenesis, epithelial to mesenchymal transition
(EMT), and secretion of immunosuppressive factors (21). The expression of FAP is
restricted in healthy tissue and is detected on activated fibroblasts associated with wound
healing and pathological fibrotic conditions of the lung, liver, and heart (22,23). Moderate

to high expression of FAP on stromal tissue in PDAC specimens from pancreatic cancer
patients has been correlated with worse clinical outcomes (24). Therefore, FAP represents an
ideal antigen to target CAFs and disrupt their role in promoting tumor growth.

Chimeric antigen receptor (CAR) T-cell therapy has been a breakthrough treatment in
hematological malignancies, but clinically significant outcomes in solid tumors have yet

to be realized (25). Mesothelin has been identified as an ideal cell surface target antigen

due to its prevalent overexpression in many solid tumors, including PDAC, and its limited
presence in normal tissues (26,27). Several anti-mesothelin CAR T-cells have advanced into
clinical trials, such as NCT01897415 and NCT02159716 (28,29). While patients were able
to tolerate the treatment well, only limited anti-tumor effects have been reported (26).
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We hypothesized that a genetically engineered T-cell product could be designed to target
both pancreatic cancer cells and the TME. To this end, we developed a bicistronic lentiviral
vector encoding an anti-mesothelin CAR and a secreted T-cell engaging molecule (TEAM)
that targets FAP on CAFs and CD3 on T-cells. TEAMs are a form of dual-specific T-cell
engagers (TCE), conceptually similar to BiTEs®. We termed our mesothelin-targeting, FAP
TEAM-secreting CAR T-cell product, mesoPP CAR-TEAM cells.

One of the challenges in developing CAR T-cells for PDAC is the lack of preclinical models
that sufficiently represent the TME. Most preclinical CAR T-cell research is performed with
immunodeficient murine models (30) lacking fibroblasts or CAFs as substantial cells of the
TME. When human CAFs are added into these models to mimic the stroma-rich TME,

the human stromal cells are replaced by endogenous murine stromal cells over 2-4 weeks
(31-33). As part of our evaluation of the function of our meso™" CAR-TEAM cells, we
generated several new preclinical PDAC models consisting of PDAC cells combined with
CAFs. We used patient-derived ex vivo models including patient-derived organoids with
patient-matched CAFs and patient-derived organotypic tumor spheroids (PDOTS). Using
these novel models, we show that FAP TEAM secretion increases the potency and tumor
control of mesothelin-targeting CAR T-cells.

MATERIALS AND METHODS

Cell lines

CAPAN-2 (Cat# HTB-80, RRID:CVL_0026), BXPC-3 (Cat# CRL-1687), and ASPC-1
(Cat# CRL-1682, RRID:CVCL_0152) PDAC cell lines were purchased from American
Type Culture Collection (ATCC) and cultured as recommended. An unimmortalized PDX-
derived PDAC cell line, PDX 1294, was a kind gift from the Liss lab at MGH. PDX

1294 was derived from a patient with pancreatic cancer and has recently been classified
and analyzed on transcriptional level and been compared to other patient PDAC tumor
samples (868 different patients) as well as 111 cell lines and 26 PDX-derived cell

lines (34). It contains a GIn61 His mutation in the KRAS gene and shows increased

CD274 (PD-L1) mRNA expression level. PDX 1294 was cultured in DMEM:F12 (ATCC)
supplemented with 10% FBS and 1% Penicillin/Streptomycin. TrypLE Express (Gibco) was
used to disassociate PDAC cell lines between routine passaging to preserve expression

of mesothelin. Click beetle green luciferase (CBG) and enhanced green fluorescence
protein (eGFP) were transduced into all PDAC cell lines. The cells were sorted on a

BD FACSAria to ensure 100% GFP expression. Unless otherwise stated, all mentions

of PDAC cell lines refer to their CBG/GFP variant. AsPC-1 mesothelin knock-out
overexpressing human FAP cells have been generated as follows. Briefly, AsPC-1 cells
have been electroporated with 10ug of Cas9 mRNA and 0.3nmol of sgRNA (Synthego
CRISPRevolution GGAGACAGACCAUGUCGACG) using BTX ECM 830 electroporator.
Human FAP or murine FAP overexpression was obtained by transducing mesothelin knock-
out AsPC-1 with a lentiviral vector encoding for human FAP cDNA (NP_004451.2) or
murine FAP cDNA (NP_032012.1). Efficient knock-out of mesothelin and FAP expression
were measured by flow cytometry and mesothelin knock-out (human or mouse) FAP+
AsPC-1 pure population was isolated by cell sorting.
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HFF (Cat# SCRC-1041) and MRC-5 (Cat# CCL-171) fibroblast cell lines were obtained
from ATCC and cultured as recommended. MRC-5 and HFF have been transduced with
CBG and eGFP as described above. CAF-1 was kindly provided by the Ting lab at

MGH, Harvard Medical School. CAF-1 cells were disassociated with 0.25% Trypsin-EDTA
(Gibco) for passaging and cultured with DMEM (ATCC) supplemented with 10% FBS

and 1% Penicillin/Streptomycin (D10). All cell lines were routinely tested for mycoplasma
contamination. Cell lines ordered from ATCC were used within 6 months of ordering or
authenticated via STR analysis.

Generation of CAR constructs

Transgenes for meso™P, CD19FAP and mesoCP1® CARTEAM anti-FAP, and anti-mesothelin
CAR alone were designed in Geneious Prime (Version 2020.05). After synthesizing, the
constructs were cloned into a lentiviral plasmid backbone regulated by a human EF-1a
promoter (Genscript). Each CAR construct contains a CD8 hinge and transmembrane
domains, a 4-1BB co-stimulatory domain, and an intracellular CD3z signaling domain. Each
construct also contains a mCherry as a fluorescent marker for the evaluation of transduction
efficiency, as previously described (35-38). TEAM sequences were designed with an IgK
leader, scFvs against either FAP or CD19 and human CD3, followed by a linked His-tag
(39). The scFvs against mesothelin, FAP, and CD19 were derived from sequences of SS1,
sibrotuzumab, and blinatumomab, respectively (available to the public).

CAR T-cell production

Under an institutional review board (IRB)-exempt protocol, leukapheresis product from
anonymous healthy human donors was purchased from the MGH blood bank. T-cell
Isolation kits (Stem Cell Technologies) were used according to manufacturer protocols and
T-cells were cryopreserved. For CAR-T cell production, cells were thawed in R10 media and
activated with human CD3/CD28 Dynabeads (Life Technologies), which were added at a 3:1
bead to T-cell ratio, along with 20 1U/mL media of recombinant human IL-2 (PeproTech).
The next day, a corresponding amount of lentivirus was added to each well to have the
appropriate MOI per construct. Untransduced T-cells (UTD) from matching donors were
cultured simultaneously under the same conditions to serve as controls. Every 2-3 days,
media was doubled and IL-2 was added to a final concentration of 201U/mL. Magnetic
separation was used to remove Dynabeads from T-cell culture on Day 7. If needed, 2-3
million total T-cells from each condition were taken for sorting on Day 8 on a BD FACSAria
based on mCherry expression through a similar MFI gate across all constructs, to account
for differences in surface expression of CAR. Sorted CAR T-cells were kept in culture and
expanded as described above every 2-3 days until Day 14-15 and used directly for /n vitro
assays. On Day 14-15, expression of mCherry was measured via flow cytometry to calculate
the transduction efficiency. Bulk CAR T-cells were then normalized across constructs and
donors to the lowest transduction efficiency prior to cryopreservation or in assays.

Flow cytometry

The following antibody clones were used for flow cytometry: His-tag (ThermoFisher,
HIS.H8), Mesothelin (Maus-Lab antibody, A2A11), Mouse Fab2 (Cell Signaling, 4410),
hFAP (R&D, 427819), mFAP (R&D, MAB9727), Rat IgG (ThermoFisher, A48263), CD69
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(Biolegend, FN50). For co-culture phenotyping: CD3 (BD, SK7), CD4 (BD, SK3), CD8
(BD, SK1), CCRY7 (BD, 150503), CD45RA (Biolegend, H1100), PD-1 (BD, EH12.1),
LAG-3 (BD, T47-530), TIM-3 (BD, 7D3). For direct staining of anti-mesothelin ScFv (SS1)
expression, we used FITC-Labeled Human Mesothelin (ACROBiosystems, MSN-HF223).
For human CAR T quantification in the peripheral blood of NSG mice Trucount tubes (BD
Biosciences, 340334) were used according to the manufacturer’s protocol. For co-culture
sorting: CD3 (BD, SK7) and CD45 (BD, HI30). Appropriate isotype control antibodies were
used as necessary. In general, cells were washed in PBS + 2% FBS before staining with
respective antibodies at ambient temperature for 15 minutes in the dark. Cells were washed
again and stained with DAPI to assess cell viability before analyzing on a BD Fortessa
X-20. Analysis was done in FlowJo and SPICE was used to visualize varying expressions of
exhaustion markers.

Luciferase killing assay

CAR T-cells or UTDs were co-incubated with target-cells that express CBG luciferase

at varying Effector: Target (E:T) ratios. At indicated time points, cells were lysed with

a luciferase assay kit (Promega), and luciferase activity was read on a Biotek Neo2
luminescence plate reader. Specific lysis was calculated with the formula: % specific lysis
= ((Luminescence Tumor only) — (Luminescence Tumor + CART)) / (Luminescence Tumor
only) x 100%.

Real-time cytotoxicity assay

Cell impedance cytotoxicity experiments were performed on an XxCEL Ligence real-time cell
analysis (RTCA) MP instrument (ACEA Biosciences). Respective target cells were coated
on an ACEA plate for about 24 hours before adding T-cells in the indicated E:T ratios, or
leaving tumor-only wells. For the inlet experiments, CAFs were first coated on the plate

as target cells. Sorted CARTEAM cells were then added to the top of the inlet, while UTD
T-cells, for a 1:1 or 1:10 (E:T) ratio were added to the well below the inlet. ASPC-1
experiments used plates coated anti-CD9. Cell index was recorded for each well and specific
lysis was calculated by the software provided by the manufacturer.

Co-culture repeat stimulation assay

On day 0, sorted CAR T-cells were phenotypically analyzed using flow cytometry to acquire
their baseline phenotype. A 1:1 ratio of ASPC-1:CAF was added to each well of a 24-well
plate and allowed to settle at 37°C for 1-2 hours. MFI-sorted CAR T-cells expressing the
same level of mCherry or UTDs were added in biological triplicates per condition into

the prepared 24 well plates to have a final ASPC-1:CAF-1:T-cell ratio of 1:1:2. The entire
experiment was plated in duplicate so that one set of plates could be used to count CAR
T-cell expansion and determine their phenotype while the other set was used to isolate
RNA for expression analysis. Every 7 days, the T-cells in one set of plates were gently
resuspended and a portion of the cells (at least 1e5) were stained for flow cytometry with
a propidium iodide & acridine orange viability stain (Logos Biosystems) and phenotypic
markers. The percentage of CAR T-cells was determined by live, CD3+mCherry+ cells,
UTDs were identified as CD3+mCherry—, CAF as CD3-mCherry+, and AsPC-1 as GFP+.
T-cell expansion was determined by the number of T-cells (calculated based on the total
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number of cells and percentage of T-cells determined by flow) compared to the number of
T-cells added to the culture on day 0. For subsequent stimulations, the number of CAF and
ASPC-1 cells needed to have a 1:1:2 ratio of ASPC-1:CAF-1:T-cell was calculated based
on the total number of T-cells per condition and added to new 24 well plates as described
for day 0. The cells resuspended for flow from the previous plate were then added to the
new plates and incubated for another 7 days. On the same day, the replicate plates for RNA
isolation were completely resuspended and the cells were sorted on a BD FACS Avria using
DAPI, mCherry, CD3, and CD45 gates to harvest only the CAR T-cells. At least 10,000
cells were sorted out, washed once in PBS, pelleted, and frozen directly at =80 °C for
RNA-expression analysis.

RNA-expression analysis

Frozen sorted CAR T-cell pellets from co-culture experiments using MFI sorted CAR T-cells
(expressing the same level of mCherry) or UTDs at various time points (as described above)
were directly lysed with RLT buffer (Qiagen) on ice and hybridized to probes from the
CAR-T CodeSet and additional probes from a custom CodeSet (Nanostring), as described in
manufacturer instructions. All assays were performed on a nCounter MAX Analysis System
(Nanostring), while the nSolver and nSolver Advanced Analysis program was used for all
analyses.

Confocal live cell, time-lapse microscopy

CAF and ASPC-1 cells, at ratios of 1:1, were added to Ibidi 8 well glass bottom slides
(ibid80826) and incubated overnight at 37°C. Sorted CAR T-cells and UTD T-cells were
stained with a Cell Tracker Deep Red kit (Invitrogen, C34565) as per the manufacturer’s
instructions. The cells were added and allowed to attach and equilibrate for approximately
30 minutes before imaging. Live cell, time-lapse imaging was performed as recently
described by Larson et al (38). Time-lapses were acquired every 10 seconds up to 5 minutes.
A custom macro was made in FIJI v4 to analyze the cell tracking and can be viewed on
GitHub (https://github.com/prajuvikas/PV-2022May-Edge-dynamics-Analysis.qgit). Briefly,
the T-cells were background subtracted and smoothed before intensity-based thresholding
and size filtering. Given the variation in the microenvironment of the T-cells, we defined
regions of interest (ROISs) for specific T-cells in the field of view that either interacted with
CAFs and/or cancer cells or neither. The T-cell masks were then analyzed for differences
between any 2 adjacent time points as the change in cell area. This change in area was then
averaged across 20 time points to give an average change in area for each T-cell.

Avidity assessment with acoustic force cell microscopy

Poly-L Lysine coated flow cell z-Movi chips (LUMICKS) were seeded with ASPC-1 and
CAF cells at a 1:1 ratio, before incubating for 2-3 hours. Sorted CAR T-cells and UTD
T-cells were stained with a CellTrace Far red dye kit (Thermo Fisher). Each chip was run
with mesoFAP mesoCP19 and UTD T-cells, after a 5-minute binding period, and visualized
on the z-Movi cell avidity analyzer (LUMICKS). The order of cells loaded was such that
those CARTEAM with a TEAM with predicted specific binding were added later, to prevent
confounding of the binding of control cells (such as coating the cell layer with TEAM
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thereby providing anti-CD3 domains). The percentage of cells bound as a function of
acoustic force applied was then analyzed through Ocean software (LUMICKS).

In vivo models

NOD-SCID-y chain =/- (NSG) mice (The Jackson Laboratory) were housed and bred at
the Massachusetts General Hospital (MGH) Center for Cancer Research under pathogen-
free conditions. Mice were maintained and used for conducting experiments in adherence
to an MGH Institutional Animal Care and Use Committee (IACUC)-approved protocol
(#2020N000114). All mouse handling, including injections and monitoring, was performed
by an animal technician who was not made aware of presumed results. Mice were
normalized before treatment to have similar tumor engraftment (as measured by mean
caliper measurement) across all groups. CAF-1:PDAC was resuspended in 150ul of a 1:1
mixture of PBS and Matrigel (Corning) and injected into each mouse subcutaneously.
Caliper measurements were taken biweekly. 2, 7, or 12 days after injection CAR T-cells
were thawed, washed twice with PBS, and resuspended to 3e6 CAR T-cells/100uL PBS
and injected intravenously through the tail vein. Mouse experiments continued until IACUC
guidelines recommended euthanasia. The liver metastatic model utilized in this study has
been previously described and is outlined in more detail in the Supplementary Methods
(40,41).

Immunohistochemistry

After mice were euthanized, tumor was extracted and fixed in 4% PFA overnight, washed
with PBS, and stored in 70% EtOH until staining. Tissue slides were then made and
embedded in paraffin. Slides were stained for CD3, mCherry, GFP, and FAP by the
specialized histopathology services core facility at MGH. White balancing correction was
performed for all images. For clarity improvement, we applied identical brightness and
contrast adjustment. Quantification of the respective stains was done in FIJI, an ImageJ
software package, by converting the image to 8-bit and adjusting the threshold to exclude
background signal compared to the stain, a protocol described by Yang et al. (42).

Multiplex-I1SH-IF

Multiplex-1SH-1F was performed by the specialized imaging facility at MGH and is
described in more detail in the Supplementary Methods. Briefly, FFPE tissue sections
were stained with a panel of 4 RNA probes (Hs-FAP 411978, GFP 409018, mCherry
431208, Hs-CD3E 553978) and one Mesothelin antibody (Abcam ab236546). Whole slide
images were acquired at 20x (0.5um) resolution. Cell segmentation and phenotyping were
performed within annotated tumor regions using HALO Image Analysis Platform and
HALO Al (Indica Labs). Liver samples were stained at Johns Hopkins Sidney Kimmel
Comprehensive Center Tumor Microenvironment Core using a multiplex IHC protocol as
previously described and outlined in more detail in the Supplementary Methods (43).

Patient-derived organotypic tumor spheroids (PDOTS)

Tumor samples were collected from patients and analyzed according to Dana-Farber/
Harvard Cancer Center IRB-approved protocols. PDOT preparation and analysis are
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described in more detail in the Supplementary Methods. Briefly, PDOTS were generated
from a fresh tumor specimen. The spheroid-collagen mixture was injected into the center gel
region of the 3D microfluidic culture device. Two days later, CAR-T-cells were added to the
side/media channel at the desired effector:target (E:T) ratio of 1:3. After an additional three
days (Day 5), conditioned media was collected and banked for cytokine profiling. PDOTS
were stained and imaged for viability assessment.

Patient-derived Organoids

Patient-derived organoids (PDOs) and matching CAFs were generated from patient surgical
specimens following a combination of mechanical and enzymatic dissociation as recently
described (44). CAR-T-cells were combined with PDOs and CAFs at a ratio of 1:3:12
organoids to CAFs to T-cells in 25% Matrigel. Cells were maintained in co-culture for

a total of 5 days with an interim harvest on day 2. A more detailed description of PDO
generation and analysis is provided in the Supplementary Methods.

Patient Samples

Statistics

Written informed consent was obtained from each subject. This study was conducted in
accordance with the declaration of Helsinki.

Data is generally depicted as mean + standard error of the mean, unless stated otherwise
within figure legends. Statistically significant differences were determined by tests as
indicated within figure legends. P<0.05 was considered as significant. P-values are indicated
with asterisks as indicated in each figure legend and listed as follows: * = p<0.05,

** = p<0.01, *** = p<0.001, **** = p<0.0001, and ns = p>0.05). The humber of

repeated biological and technical replicates is indicated in the corresponding figure legends.
Statistical analysis was conducted in GraphPad Prism (Version 9.4.1).

Data Availability Statement

RESULTS

All requests for raw and analyzed data will be reviewed by Massachusetts General Hospital
to determine if they are subject to intellectual property or confidentiality obligations. Patient-
related data not included in the paper may be subject to patient confidentiality. Any data

and materials that can be shared will be released using a material transfer agreement. Please
contact Marcela V. Maus at mvmaus@mgh.harvard.edu.

Meso™P CAR-TEAM cells lyse mesothelin+ PDAC cells and specifically recognize FAP
through the TEAM

We generated a bicistronic lentiviral vector encoding an anti-mesothelin CAR with a
secreted T-cell engaging molecule (TEAM) consisting of an anti-FAP domain and an
anti-CD3 domain (Figure 1A, B). We named this construct meso™P. As controls, we
generated meso®P1® and CD19FAP constructs consisting of an anti-mesothelin CAR with a
CD19 TEAM or an anti-CD19 CAR with a FAP TEAM, respectively. We also generated a
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headless™P construct consisting of only the intracellular CAR signaling domain and a FAP
TEAM (Figure 1B). All constructs were based on the EF1-alpha-driven second-generation
anti-mesothelin CAR backbone containing the intracellular domains 4-1BB and CD3z. The
TEAM was designed by linking two single-chain variable fragments (scFvs), one binding
the target and one binding CD3. A polyhistidine-tag (His-tag) sequence was added to
facilitate detection, as we have previously reported (39) (Figure 1B). We achieved sufficient
lentiviral-mediated gene transfer of CARTEAM transgenes into primary human T-cells, with
a median transduction efficiency of 20.6%, 27.7%, and 49.6% for mesoFAP, CD19AP,

and meso©P19 respectively (Supplementary Figure S1A). Linear correlation between the
expression of fluorescent reporter (mCherry) and the CAR molecule was confirmed by
FITC-labelled mesothelin staining (Supplementary Figure S1B).

Mesothelin is highly expressed in 80-85% of PDAC samples (27). We detected mesothelin
on a patient-derived xenograft (PDX) cell line (1294) and the established PDAC cell

lines AsPC-1, BXPC-3, and CAPAN-2 (Figure 1C; Supplementary Fig S1C). To evaluate
CAR T-cell activation and cytotoxicity in response to mesothelin, we measured CD69
expression on CAR T-cells upon interaction with mesothelin-coated plates (Supplementary
Figure S1D), and we performed luciferase-based killing assays on CAR T-cells co-cultured
with PDAC cell lines (which were previously transduced with luciferase and GFP) or
real-time cytotoxicity assays on CAR T-cells co-cultured with PDX cells (Figure 1D, E;
Supplementary Figure S1E, F). All CAR T-cells containing the meso-CAR (meso™" and
mesoCP19) significantly upregulated CD69 and lysed PDAC cells upon interaction 7 vitro,
whereas untransduced (UTD), CD19FAP or headlessFAP CAR T-cells did not.

Fibroblast activation protein (FAP) is used to identify cancer-associated fibroblasts (CAFs)
(10,45) and activated fibroblasts. Accordingly, we detected FAP on immortalized CAF cells
(CAF-1) and the fibroblast lines MRC-5 and HFF (Figure 1F, G; Supplementary Figure
S1G). CAF-1 cells are primary PDAC patient-derived cancer-associated fibroblast cells that
have been further immortalized and transduced with hTERT and mCherry. CAF-1 cells have
recently extensively been characterized by Ligorio et al. (46), demonstrating that CAF-1
cells closely recapitulate the main features of endogenous CAFs. Indeed, CAF-1 cells

have been shown to promote PDAC growth and metastasis formation in mouse models of
PDAC. In addition, Oh et al. have demonstrated that CAF-1 secrete TGF-betal, a known
suppressor of effector T cells (47). TEAM secretion from CAR-TEAM cells and their ability
to bind their target was examined using supernatant from transduced human CAR-TEAM
cells mixed with the FAP+ human fibroblast cell line HFF or the CD19-transduced cell

line K562. TEAM binding to FAP or CD19 was detected using a secondary anti-His-tag
antibody. We detected specific and significant binding of the TEAMs to their respective
antigen-expressing cell line (Figure 1 H, 1). To test the CD3-binding activity of TEAMs,

we incubated UTD T-cells with concentrated supernatant from HEK cells transduced with
the headless™" construct. We detected TEAM molecules on the surface of UTDs using
flow cytometry for the His-tag (Supplementary Figure S1H). When MRC-5 fibroblasts were
treated with meso™P, meso©P19, or UTD T-cells and analyzed in a luciferase-based killing
assay, only the meso™ T-cells eliminated the FAP-positive target cells, whereas meso©P19
T-cells or UTDs did not (Figure 1J). Similarly, FAP-specific CAR-TEAM cells eliminated
FAP-transduced HEK cells (FAP+ HEKS), whereas untransduced HEK cells or FAP+ HEK
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cells treated with UTD were not eliminated (Supplementary Figure S1I). In the absence
of FAP, binding of CD3 by TEAMs did not impact the expansion of CAR-TEAM cells
compared to UTD (Supplementary Figure S1J).

Meso P CAR-TEAM cells lyse CAFs and outperform control CAR T-cells in co-culture
assays combining PDAC and CAFs

To test whether mesoAP CAR-TEAM cells eradicate FAP-expressing fibroblast cell lines,
we performed three types of co-culture conditions in real-time cytotoxicity assays. First, we
treated HFF cells 1:1 with mesoFAP, mesoCP19, or meso CAR-TEAM cells, UTD T-cells
alone, or UTDs combined with supernatant from meso™P CAR-TEAM cells (containing
FAP-targeting TEAM) and measured cytotoxicity. Only meso™F CAR-TEAM cells and
UTDs combined with supernatant containing the anti-FAP TEAM eliminated FAP+ HFF
cells (Figure 2A, B).

Second, we wanted to further demonstrate the activity of the TEAM independent of the
CAR T-cell, therefore, we examined cytotoxicity using a 0.4mm trans-well system to create
a physical barrier between CAR-TEAM cells and UTD T-cells. We plated CAF-1 cells in
the lower chamber and allowed them to attach. We then added UTDs to the lower chamber
and sorted CAR-TEAM cells to the upper chamber (Figure 2C). UTDs eliminated CAF-1 in
the lower compartment when FAP TEAM secreting cells were in the upper chamber (Figure
2D). We noted a 12h delay in CAF-1 killing compared to when mesoPP CAR-TEAM cells
were in direct contact with FAP+ target cells. We hypothesized this delay was due to the
kinetics of diffusion of the TEAM into the lower compartment of the trans-well system
(Figure 2C, D).

Third, we evaluated meso™P CAR-TEAM cells in a system containing both PDAC cells
and CAFs. We first co-cultured AsPC-1 and CAF-1 with unsorted (containing UTD)
CAR-TEAM cells, meso CAR T-cells, or UTDs. We first plated CAFs and PDACs at a

1:1 ratio. We then added unsorted CAR-TEAM cells (containing UTDs) at a ratio of 0.2
T-cell: 1 CAF : 1 PDAC. MesoFAP CAR-TEAM cells containing UTDs clearly outperformed
meso©P19 and meso CAR T-cells (Figure 2E, F). Additional ratios of 1 T-cell : 1 CAF :

1 PDAC showed similar results. Increasing the ratio to 1 T-cell : 1 CAF : 1 PDAC still
showed significant differences between mesoP and meso CAR and between meso™P and
mesoP19 (Supplementary Figure S2A).

To simulate the ratio of CAFs to tumors in tumor samples, as per the literature (46,48),

we increased the CAF:PDAC ratio to 9:1. In this setting, the superior effect of mesoFAP
CAR-TEAM cells was, as expected, more compelling (Supplementary Figure S2B, C). Even
though CAF cells appear larger, the distribution of both cell types on the plate appears
similar (Supplementary Figure S2D). With the same CAF:PDAC ratio of 9:1 we additionally
compared meso™P with CD19FAP in another cytotoxicity assay showing superiority of
meso™P targeting PDAC cells in this co-culture system (Supplementary Figure S2E). Since
meso CAR T-cells and meso©P1® CAR-TEAM cells demonstrated comparable outcomes,
we focused on using the meso®P1® CAR-TEAM cells as the control for mesoPAP to better
reflect the transduction efficiencies and specificity of the TEAM.
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Meso™P CAR-TEAM cells demonstrate increased proliferation and differential activation in
the presence of PDAC and CAFs

To explore the proliferative capacity including gene expression of meso™" CAR-TEAM
cells, we repeatedly stimulated sorted CAR-TEAM, normalized to mCherry expression
level, or UTD T-cells with target PDAC and CAF cells. Six days after the first stimulation
with AsPC-1 and CAF-1, mesoP cells had a higher expansion rate than meso®P19 CAR-
TEAM cells (Figure 3A). After a second stimulation, there was a further expansion of
mesoAP CAR-TEAM cells, whereas meso©P19 or CD19FAP had reduced expansion. This
trend continued following a third stimulation. At day 13, after 2 consecutive stimulations,
exhaustion markers (TIM-3, PD-1, and LAG-3) were increased on all CAR-TEAM cells
compared to UTD by flow cytometric analysis. There was a trend with lower expression

of exhaustion markers on mesoP and CD19FAP compared to meso®P19 (Figure 3B).

All CAR-TEAM cells had significantly more effector memory and less naive and central
memory T-cells compared to UTD at day 20; however, there were no significant changes in
memory phenotype between mesoFAP, meso®P19, and CD19FAP as measured by CCR7 and
CDA45RA expression (Supplementary Figure S3A).

To determine how repeat stimulation with target cells affected CAR-TEAM cell gene
expression, we performed NanoString analysis on mesoP and meso©P19 CAR-TEAM
cells 24 hours after the third stimulation with AsPC-1 and CAF-1 (on day 14). Immediately
before the gene expression analysis, CAR-TEAM cells were sorted by flow cytometry to
separate them from remaining PDAC and CAF cells (Figure 3C). Transcriptional analysis
revealed a specific gene profile for mesoPAP CAR-TEAM cells in comparison to meso€P19,
The top 3 differentially expressed genes were upregulation of T-cell receptor alpha variable
35 (TRAV35) and tissue inhibitor matrix metalloproteinase-1 (TIMP1) and downregulation
of STAT6 (Figure 3D). Pathway scoring presented robust clustering between mesoFAP and
meso©P19 (Figure 3E). Meso AP CAR-TEAM cells showed increased gene expression in
pathways for TCR signaling, TCR diversity, NKT receptors, and cytotoxicity compared to
mesoCP19, Besides increased pathways for persistence, T-cell migration, and co-stimulatory
molecules, T-cell exhaustion and activation markers were elevated in meso™" cells. Cell
cycle and metabolism pathways were also increased, whereas apoptosis appeared reduced
for mesoFP in comparison to meso€P19. After 3 consecutive stimulations with CAF and
PDAC, there were increased T-cell exhaustion markers in mesoPP CAR-TEAM cells in
the pathway analysis. Nevertheless, the mRNA profiles of PD-1, TIM-3, and LAG-3 were
not significantly different between meso™P and meso©P19 (Supplementary Figure S3B). We
also compared the transcriptional profile of meso™" and meso®P19 on day 0 (just before
co-culture with AsPC-1 and CAF-1 cells) versus day 14 (after 3 stimulations with AsPC-1
and CAF-1) and performed a pathway analysis. The top differential gene expression in
mesoCP19 CAR-TEAM cells was the downregulation of mitogen-activated protein kinase
(MAPK3), whereas meso™P showed highly upregulated IL1A (Supplementary Figure S3C,
D). During pathway analysis, both CAR-TEAM cells clustered according to the time point
they were collected. The main differences between time points were in TGF-beta signaling,
MHC class Il antigen presentation, and interferon signaling pathways (Supplementary
Figure S3E, F). These signaling pathways were elevated on day 0 in mesoPAP CAR-TEAM
cells compared to day 14, whereas the opposite was true for meso©P19, Taken together, these
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changes could reflect the signaling that is associated with the CD3 clustering through FAP
TEAM after the third stimulation with PDAC and CAFs.

Live cell, time-lapse microscopy, and acoustic force microscopy reveal reduced edge
dynamics and increased binding avidity of mesoFAP CAR-TEAM cells

In comparison to the formation of the immunological synapse on T-cells, little is known
about the interactions of CAR T-cells with their target cells. Recently, Larson et al.
described the interaction of CAR T-cells with solid tumor cells using live cell, time-lapse
microscopy (38). We used this same method to investigate the binding properties between
CAR-TEAM cells and target cells. For this purpose, we co-cultured AsPC-1 cells and
CAFs in a 1:1 ratio, so that each well contained areas of PDAC and CAF, PDAC alone,

or CAFs alone to analyze the interactions of CAR-TEAM cells with each target cell type
(Figure 4A). We used percent change in CAR-TEAM cell area over time relative to its
initial area (termed ‘edge dynamics’) as a measure of CAR T-cell movement during these
interactions. The edge dynamics of mesoPP CAR-TEAM cells were significantly reduced
when interacting with PDAC and CAF compared to PDAC alone. However, the difference
between mesoFAP interaction with PDAC and CAF versus CAF alone was not significant
(Figure 4A-C; Supplementary Figure S4A; Supplementary Videos S1-4). When mesoFAP
CAR-TEAM cells had no interaction with any target, their edge dynamics increased
significantly, suggesting greater mobility of cells searching for their target. We also found
a significant reduction in the edge dynamics of meso®P19 when interacting with PDAC

or PDAC and CAF in comparison to meso©P19 with no target interaction (Figure 4D, E;
Supplementary Figure S4B; Supplementary Videos S5-8). UTDs served as a control and
showed no significant difference between PDAC and CAF, PDAC alone, CAF alone, or no
target (Figure 4F, G; Supplementary Figure S4C; Supplementary Videos S9-12).

We hypothesized that the reduced edge dynamics were due to higher avidity of CAR-TEAM
cells when both antigens were encountered. To delineate binding of the TEAM to its ligands
(CD3 and target antigen), we used dynamic acoustic force microscopy to measure binding
avidity (Figure 4H-J), a method recently described by Larson et al. and Leick et al. (37,38).
We coated flow chambers with AsPC-1 and CAF-1 cells at a 1:1 ratio (Supplementary
Figure S4D), added CAR-TEAM cells, and exposed them to gradually increasing acoustic
force. We found that meso™P CAR-TEAM cells had significantly higher binding avidity

in presence of PDAC and CAF compared to meso©P19 or UTD (Figure 4K). To assess

the effect of the FAP TEAM, we compared mesoFP, UTD with FAP TEAM added, and
meso€P19 on a flow chamber coated with FAP+ HFF fibroblasts. The binding avidity of
meso™P was similar to UTDs combined with FAP TEAM in the presence of FAP+ HFF
cells (Figure 4L).

Meso AP CAR-TEAM cells are efficacious against PDAC and CAFs in an in vivo model

To assess the anti-tumor effects of mesoPAP CAR-TEAM cells in vivo, CAF-1 and AsPC-1
cells were subcutaneously injected into the flank of NOD-SCID-112rg™~(NSG) mice at a 9:1
ratio 2 days prior to treatment with an intravenous injection of CAR-TEAM cells (Figure
5A). Mice treated with meso™\P had a significantly reduced tumor burden within the first 10
days compared to mice treated with meso®P19 or UTD cells. The effect on tumor mass of
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meso©P19 in comparison to UTD was delayed and started to be significant on day 13 (Figure
5B). However, by day 17, the mean tumor volume of meso®P19-treated mice had decreased
and was no longer significantly different from the meso™P-treated mice. We hypothesized
that this decrease might be due to the lack of CAF expansion and functional persistence

in vivo. When stained for PDAC and T-cells by immunohistochemistry (IHC), tumors

from CAR-TEAM-treated mice had significantly reduced AsPC-1 cells and increased CD3+
T-cells compared to UTD (Figure 5C, D).

We next investigated the composition of subcutaneous mixed PDAC/CAF tumors at different
time points using multiplex immunofluorescent (IF) RNA-in situ hybridization (ISH)
imaging. To detect AsPC-1 cells via IF imaging, we used an anti-mesothelin antibody.
Since we had used GFP to detect AsPC-1 cells via IHC, we performed a side-by-side
analysis on day 13 tumor tissue. Mesothelin IF and GFP IHC were co-localized in AsPC-1
cells (Supplementary Figure S5A). Before CAR-TEAM cell injection on day 0, the tumors
had a homogeneous distribution of mCherry*FAP* CAFs by multiplex RNA-ISH IF,

with interspersed islands of mesothelin® PDAC tumor cells (Supplementary Figure S5B).
Six days after CAR-TEAM or UTD cell intravenous injection, there was a significant
reduction in the number of CAFs (mCherry+FAP+) and PDAC cells (mesothelin+) in mice
treated with meso™P compared to mice treated with meso®P19 or UTD (Supplementary
Figure S5C-F). However, the ratios of CAFs, PDAC cells, T-cells (CD3+), or CAR T-

cells (CD3+mCherry+) to the total number of cells per quantified tumor area were not
significantly different in mice treated with meso™" versus meso®P19 or UTD on day 8
(Supplementary Figure S5G). We hypothesized that though the tumor size is decreasing the
proportion of PDAC, CAF, and T-cells remains the same. Whereas meso™P-treated mice
showed a homogenous distribution of CAR-TEAM cells throughout the tumor, we detected
regions of meso®P19-treated tumors that were not populated by CAR-TEAM cells and were
instead populated by CAFs (Supplementary Figure S5C-G).

On day 13 following CAR T-cell treatment, the number of mesothelin-expressing cells

was significantly reduced in mice treated with CAR-TEAM cells compared to UTD
(Supplementary Figure S5H, 1). Moreover, labeling mesothelin, CD3, mCherry, and FAP
allowed to distinguish between AsPC-1, CAF-1, and CAR-TEAM including UTD and to
exclude trogocytosis on to CAR TEAM (Supplementary Figure S6A). Similar to the IHC
results, there was no longer a significant difference in the number of FAP+ cells in tumors
from mice treated with mesoPAP versus meso©P19 at day 13, despite meso™P tumors having
significantly fewer CAFs on day 6. To determine if this difference was due to the lack of
expansion of CAF-1 cells /in vivo, as observed in previous studies (49), we compared tumor
volume and composition when PDAC cells alone, PDAC and CAF cells, or CAF cells alone
were injected into NSG mice. We confirmed that CAF-1 cells do not expand when injected
subcutaneously with AsPC-1 or PDX1294 cells or when injected alone (Supplementary
Figure S6B-E). Therefore, /7 vivo analysis of CAF-1 cells after treatment with meso AP

or meso®P19 s not an accurate depiction of CAF depletion when analyzed longer than

one week. The maximal reduction of tumor volume (consisting of PDAC and CAF) after
treatment with meso™" compared with meso©P19 CAR-TEAM cells was reached after
10-13 days, corresponding to the percentage reduction of CAFs over time. We hypothesize
that the missing expansion of CAFs when co-injected with AsPC-1 or PDX1294 cells would
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explain the limited difference in tumor volume of mice treated with mesoPAP compared with
mesoCP19 at later time points.

In a phase I clinical study of lentiviral transduced anti-mesothelin CAR T-cells targeting
solid cancer types, peak copy humbers of CAR T-cells in the peripheral blood were
detected between days 6 to 14. The persistence of CAR T did not last longer than

28 days in most of the patients (28). A more recent first-in-human phase | trial with
regionally applied anti-mesothelin CAR T-cells in mesothelioma patients demonstrated only
39% of patients with CAR T-cells detectable in the peripheral blood after 100 days (50).
Despite normalizing for transduction efficiencies across the different CAR T constructs
(Supplementary Figure S7A), we could not detect CAR T-cells in the peripheral blood

of mice, engrafted with CAF:AsPC-1 subcutaneous tumors, treated with intravenous CAR
T-cells. While we observed infiltration of CAR T-cells, in the tumor (Figure 5C), we could
detect a very low number of CAR T-cells in the peripheral blood (Supplementary Figure
S7B) of the same treated mice, suggesting that CAR-TEAM cells mainly traffic and reside
at the tumor site making it difficult to infer CAR-T cell persistence from peripheral blood
count, at least in NSG mice.

Meso P CAR-TEAM cell treatment is efficacious against a pancreatic tumor mouse model
of liver metastasis

To overcome the limited in vivo persistence of CAFs and assess long-term in vivo effects

of mesoAP CAR-TEAM, we developed a subcutaneous tumor model consisting of a

mixed population of mesothelin-expressing tumor cells (AsPC-1 wt) and FAP-expressing
tumor cells (AsPC-1 FAP+ mesothelin —/-) (Supplementary Figure S7C). Tumor cells were
injected at a 1:1 ratio 7 days prior to treatment with an intravenous dose of CAR-TEAM
cells. In this experimental set-up, we observed an initial tumor reduction in mice treated
with mesoFAP and mesoCP19: consistent with anti-mesothelin CAR activity. Compared to
mesoCP19 treated mice, meso™ P treated mice were able to completely control tumor growth
starting from day 14 and outperformed meso®P1? over time (Figure 5E, F).

To better understand how CAR-TEAMS performed relative to separate CARs targeting
mesothelin and FAP, we leveraged our AsPC-1 wt : AsPC-1 FAP+ meso —/— mixed model in
vivo. For this experiment, we generated a FAP-targeting CAR based on the same scFv as our
TEAM (sibrotuzumab) and confirmed its specificity against human (without cross-reactivity
to murine) FAP (Supplementary Figure S7D, E, respectively). We then compared mice
treated with meso™P to mice treated with anti-meso, anti-FAP, or a 1:1 mix of anti-meso
CAR-T cells and anti-FAP CAR-T cells (Supplementary Figure S7F). To further challenge
the therapeutic potential of our CAR-T cells, we injected AsPC-1 wt and AsPC-1 FAP+
mesothelin —/- 12 days prior to CAR-T cell treatment to have a higher tumor burden. While
all CAR-T cell treatment groups showed some tumor reduction compared to UTDs, only
mesoFAP treated mice showed a significantly reduced tumor burden starting from day 10
(Supplementary Figure S7G). Interestingly, co-injection of FAP and meso CAR T-cells also
reduced tumor burden, but only at day 14 and to a lower extent compared than meso™"
(Supplementary Figure S7G). These data suggest that meso™\" exhibits in vivo activity
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against both mesothelin and FAP-expressing cells comparable to, if not superior than,
co-injection of meso and FAP single-targeting CAR-T cells.

Approximately 50% of PDAC patients display metastatic disease at the time of diagnosis,
most frequently involving the liver (51). Importantly, FAP+ fibroblasts are abundant within
PDAC liver metastases (52), which we also demonstrate (Supplementary Figure S7H, ).
Assessing the efficacy of meso™P in a metastatic model of PDAC would lay the foundation
for clinical translation. Therefore, we decided to investigate the efficacy of meso™\" in

an orthotopic model of PDAC liver metastases. We injected ASPC-1 and CAF-1 into the
spleens of NSG mice until the formation of liver metastases could be observed, 2 weeks later
(Figure 5G). These mice developed liver metastases characterized by a core of tumor cells
surrounded by layers of fibroblasts (Figure 5H), reminiscent of the desmoplastic stroma of
human PDAC liver metastases (Supplementary Figure S7H, 1) (52). Intravenous injection of
either meso™\" or mesoP19 resulted in prolonged survival compared to UTDs (Figure 5I).
However, only mesoFAP treatment induced complete clearance of CAF-1 cells in the liver
metastases, as shown by immunohistochemistry (IHC) analysis (Figure 5J, K). Collectively,
these data suggest that meso™" CAR-T cells control both primary PDAC tumors and liver
metastases.

Meso AP CAR T-cells decrease tumor growth in an in-vivo PDX-CAF model and are
superior in an ex-vivo patient-derived PDAC model of tumor spheroids (PDOTS)

To assess the efficacy of meso™F in a patient-derived xenograft (PDX) model of PDAC,
we co-injected CAFs mixed with PDX1294 cells at a 9:1 ratio into the flank of NSG mice
and injected CAR-TEAM cells intravenously two days later (Figure 6A, B). Since CAF-1
cells do not expand /n vivo, we chose to treat with CAR-TEAM at the same time point after
tumor engraftment as for AsPC-1, to recapitulate that PDAC tumors contain a multitude of
CAFs. Animals receiving meso™P CAR-TEAM cells had a significant reduction of tumor
volume within the first 12 days compared to mice treated with meso©P19 (Figure 6C). To
assess the tumor composition and infiltration of CAR-TEAM cells following treatment,

we performed IHC on tumor tissues collected from mice on day 12 after CAR-TEAM
treatment. Meso P treatment significantly reduced GFP+ PDX 1294 cells compared to the
mesoP19, UTD, and tumor-only groups. In addition, meso™P significantly reduced the
amount of FAP+ CAF-1 compared to meso®P19 or UTD cells, which were not significantly
different from each other (Figure 6D, E).

To investigate the effects of CAR-TEAM cells in a patient-derived PDAC model containing
autologous tumor and immune/stromal cells, we analyzed the efficacy of meso™P,
mesoCP19 CD19FAP using patient-derived organotypic tumor spheroids (PDOTS) (53) from
a patient with locally advanced PDAC. PDOTS containing CAFs and tumor cells directly
from the tumor digest were prepared in collagen hydrogels and injected into the center gel
region of a 3D microfluidic culture device. CAR-T cells were loaded into the side channels
via the media port (Figure 6F). After 5 days, meso™P-treated PDOTS significantly reduced
the percent of tumor cell area with a corresponding increase in dead cells compared to
mesoCP19-treated PDOTS (Figure 6G). This effect was more pronounced when mesoFAP
treatment was compared to CD19FAP and UTD. To assess CAR-TEAM cell effector function
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in this model, a bead-based immunoassay was used to profile secreted cytokines and
chemokines in supernatant harvested from PDOTS on day 5. There was an increase in
IFN-y, CXCL-10 (interferon-gamma induced protein = IP-10), GM-CSF, IL-13, and TNFa
secretion in meso™P-treated PDOTS compared to meso©P19-treated PDOTS (Figure 6H).

MesoFAP CAR-TEAM cells proliferate more and control tumor growth better than control
T-cells in a co-culture system of patient-derived organoids with matching CAFs

Due to the limitations of preclinical human PDAC in vivo model systems, such as the

lack of matching CAF expansion, we sought to determine the efficacy of meso™" in

a patient-derived organoid (PDO) system with matched patient-derived CAFs. To model
PDAC and include its stromal-rich TME, PDOs, and CAFs were generated from fresh
tumor specimens obtained from 3 different patients undergoing surgical resection (Figure
7A, B). PDOs were screened for mesothelin expression by flow cytometry and CAFs for
FAP expression by western blot (Supplementary Figure S8A-E). CAR-TEAM or UTD were
added to the co-cultures in 25% Matrigel domes and profiled on day 2 and day 5. After

5 days, there was a substantial change in the structural organization of mesoFP-treated
co-cultures compared to meso©P12 and UTD by transillumination microscopy. Whereas

the organoid co-cultures treated with meso©P19 and UTD were still densely organized,
mesoFAP-treated co-cultures were disintegrated, rounded up, and appeared to have lost their
structure due to the effective T-cell killing (Figure 7C). Cell recovery from the organoid
co-cultures on day 5 revealed a significant expansion of CD3+ cells in mesoFAP-treated
co-cultures compared to meso©P19 (Figure 7D; Supplementary Figure S8F-H), supporting
our previous /n vitro findings. Flow cytometric analysis of the components of the organoid
co-culture system showed a significant reduction of mesothelin-expressing PDO cells on day
5 with meso™P and meso®P1® CAR-TEAM cell treatment compared to UTD (Figure 7E,
F). We also detected a significant reduction in CAFs at days 2 and 5 in organoid co-cultures
treated with mesoP compared to meso®P19 or UTD, suggesting superior CAF targeting
by mesoFAP CAR-TEAM (Figure 7E, G). Analysis of activation or exhaustion markers on
the T-cells revealed a higher percentage of CD69+, LAG-3+, PD-1+, and TIM-3+ cells in
the organoid system treated with mesoFAP compared to meso®P1% and UTD on day 2 and
day 5 after treatment (Figure 7H; Supplementary Figure S81-K). In our data, organoids
were cultured in CAF-conditioned media for 3 days (Supplementary Figure S8L) and then
we used flow cytometry to obtain live cells (Supplementary Figure S8M) and measure
proliferation by Ki-67 (Supplementary Figure S8N). We see a tremendous increase in
proliferation in this set of conditions, suggesting the CAFs are secreting factors that are
promoting organoid proliferation; the factors secreted by CAFs can be used to replace the
robust growth factor support initially described by Tuveson and colleagues (44). In the first
PDO VITAL assay of its kind, we detect cytotoxicity of CAR T-cells towards PDOs after 48
hours and demonstrate a trend toward the superior killing of PDO by meso™P compared to
mesoCP19. Since there were several rounds of adaptations and technical challenges of this
novel assay, technical duplicates are reported (Figure 71).

Altogether these data reveal that a novel CAR T-cell secreting a TEAM that targets
CAFs in the TME is superior in terms of proliferation, persistence, and tumor eradication
compared to CAR T-cells targeting mesothelin alone. Moreover, we show that meso P
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are differentially activated in model systems containing PDAC and CAFs. Finally, we
demonstrate that PDOTS and organoids provide a feasible platform for the analysis of CAR
T-cells in a multidimensional environment that represents PDAC and its TME.

DISCUSSION

Targeting solid tumors remains a hurdle for CAR T-cell applications due to limitations

in suitable target antigens, tumor antigen escape, and the immunosuppressive TME which
can limit T-cell infiltration and sustained function (25,30). Pancreatic cancer is known

for its dense stroma derived from CAFs, which is a critical factor in the TME. The
immunosuppressive effects of FAP-expressing CAFs in PDAC have been reported by
Kraman et al. (54). In this context, the chemokine axis comprised of CXC-chemokine ligand
12 (CXCL12) and its receptor CXC-chemokine receptor 4 (CXCR4) has been described

to inhibit T cell infiltration and support tumor growth in the KPC PDAC mouse model

(55). Data from patients with colorectal cancer also suggest that FAP-expressing CAFs
correlated with dense immunosuppressive macrophage-rich stroma and reduced response to
immunotherapy (56).

We have previously shown that CAR T-cells secreting T-cell engagers (TCE) can be used to
bypass antigen escape in glioblastoma (39). Therefore, we undertook a similar technological
approach but engineered the TCE to target the TME to specifically overcome a critical
barrier in pancreatic cancer. In the current study, we introduce meso™P CAR-TEAM cells
that target two antigens, mesothelin, and FAP, thereby eliminating the two predominant

cell types in pancreatic cancer, PDAC and CAFs, as shown in different preclinical models.
Preclinical models that represent the TME have been inadequate for various reasons, such
as pre-clinical studies of human CAR T-cells being performed in immunodeficient murine
models, which cannot endogenously form the human TME. These animals lack human
myeloid cells and human stroma (fibroblasts or CAFs), which are necessary components to
investigate the TME (57,58). One strength of our work lies in the multi-dimensional analysis
of mesoAP CAR-TEAM cells across different preclinical models of pancreatic cancer
combining PDAC and CAFs in vitro, in vivo, and in patient-derived ex vivo models such as
patient-derived organoids with patient-matched CAFs and patient-derived tumor spheroids
(PDOTS) containing autologous tumor and immune/stromal cells (59). Recently, Lee et al.
presented a preclinical non-invasive PET-based (positron emission tomography) approach to
monitor and predict anti-FAP CAR T-cell responses /in vitroand in vivo using a radiolabeled
FAP inhibitor in an NSG mouse lung cancer model (31). In contrast to our work, the authors
used a cross-species anti-FAP CAR targeting murine and human FAP. The FAP-directed
antibody that we used to derive our FAP-TEAM was human-specific and did not cross-react
with murine FAP (23). Indeed, there is more than one approach that aims to target CAFs in
the stroma. A recent manuscript using a syngeneic PDAC model reported about increased
efficacy of sequential application of anti-FAP CARs combined with anti-claudin18.2 CARs
(60). A recently published manuscript (bioRxiv 2023:2023.04.13.536777) demonstrates the
use of anti-FAP CARs combined with anti-mesothelin CARs in syngeneic tumor models and
in a xenograft model. This approach may also be feasible, yet does not negate the value of
the approach we have taken; requiring two CARS and two vectors may increase the cost of
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translation and release testing of two “drug products,” so there may be advantages to the
approach we have explored.

Although we could not test meso™P CAR-TEAM cells in a syngeneic murine PDAC model,
due to cross-species immune barriers, we used an /n vivo model combining human CAFs
with human PDAC cells in NSG mice. This is analogous to the work of Sakemura et al., who
recently reported on the effect of anti-BCMA and anti-FAP CAR T-cells in an NSG model
engrafted with multiple myeloma tumor cell lines and bone marrow-derived CAFs (61).
Although syngeneic tumor models allow for better mechanistic understanding of the biology
and cellular interactions, it can be difficult to balance the interpretation of mechanistic
studies that use murine reagents relative to the behavior of the human reagents in various
humanized models. Here, we prioritized tesing in various human-based models, including
organoids, PDOTS, and hemi-splenectomy models, in part because we did not have access to
critical reagents needed to test this concept in murine form.

There is growing interest in PDOs as they recapitulate not only the phenotype but also

the molecular characteristics of the primary tumor. Seppélé et al. recently reported on the
prediction of clinical response to chemotherapy in PDAC patients based on pharmacotyping
of PDOs (62). To analyze and design interactions and function of PDOs with cellular
immunotherapies, Dekkers et al. recently reported on a novel technology combining single-
cell 3D imaging with transcriptomic profiling of engineered T-cells with PDOs (63). Finally,
we show in our work the superiority of meso™P CAR T-cells in comparison to control
constructs using co-culture transillumination imaging and flow cytometry for the analysis of
CAR-TEAM-treated PDOs from PDAC patients combined with matching CAFs. PDOTS,
as another patient-derived ex-vivo system, combines PDAC and features of the TME (53).
Though PDQOTSs have not yet been used to predict clinical responses, they have been used to
examine CAR NK cells in combination with STING agonists to demonstrate efficacy against
malignant pleural mesothelioma (59). Using PDOTS as a representative ex-vivo system,

we demonstrate that meso™F CAR-TEAM cells are a promising therapeutic candidate in
pancreatic tumors.

Consistent with our previous work (39), we found that secretion of the TEAM conferred
unexpected benefits to the phenotype and function of the transduced T-cells. CAR T-cells
are known to enter a dysfunctional state that limits their efficacy upon reaching the
immunosuppressive TME (25,64). We found that when we repeatedly stimulated CAR-
TEAM cells with PDAC and CAF cells Jn vitro, mesoPP CAR-TEAM cells had a
significant proliferation advantage compared to control CAR-TEAM cells. We have recently
shown that disruption of the IFNgR1 pathway in solid tumors led to reduced avidity and
duration of binding between them, and made solid tumor cells more resistant to CAR T-cell
killing (38). We also showed that enhanced avidity was associated with increased CAR
T-cell expansion and anti-tumor activity /n7 vivo in acute myeloid leukemia and multiple
myeloma (37). Interestingly, we found here that meso™P CAR-TEAM cells interacting with
PDAC and CAFs also had increased avidity, suggesting a potential role for autocrine-bound
TEAM molecules in enhancing binding and CAR T-cell killing. We note that the increased
binding activity could be due to increased adhesion of the TEAM, which could potentially
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be achieved independently of CD3 signaling. We hypothesized that these properties could
provide an advantage when mesoP CAR T-cells enter the TME of PDAC.

A limitation of our study is the current limited knowledge of the role of FAP+ CAFs in
metastatic PDAC. It has been reported by Cohen et al. and Bughda et al. that increased FAP
expression on ‘tumor-associated myofibroblasts’ such as CAFs could be correlated to higher
PDAC detection in lymph nodes of PDAC patients (65,66). More recently, a population

of mesenchymal stromal cells (MSC) expressing FAP from resected PDAC samples have
been associated with tumor promotion, invasion, and formation of metastasis (14,67). Good
et al. reported that continuous antigen exposure of anti-mesothelin CAR T-cells within
pancreatic cancer leads to a transition from CD8+ CAR T-cell state into a dysfunctional
NK-like CAR T-cell state (68). After another stimulation with both antigens such as PDAC
and CAFs, we detected an increase of NKT receptor pathways, Treg, and Th17 pathways

in meso™F in comparison to meso©P19, In contrast to Good et al., we detected increased
proliferation and found increased pathways for cytotoxicity in meso™P CAR-TEAM cells
compared to meso®P19 CAR-TEAM cells. We hypothesized that this additional benefit
might be accomplished through FAP TEAM, as we also detected an increase of pathways
involved in persistence, TCR diversity and TCR signaling, T-cell migration, cell cycle,

and costimulatory molecules in meso™P in comparison to meso®P9. In line with this
observation, we also detected a reduction of TGF-beta and apoptosis pathways.

Clinical trials of anti-mesothelin CAR T-cells for solid tumors, including PDAC, began over
a decade ago and suggested that additional functionalities would be required for effective
clinical use (69). Unfortunately, repeated infusions of the first-in-human anti-mesothelin
CAR T-cell trial (NCT01355965) led to immunization and sensitization to the CAR itself,
and one patient experienced anaphylaxis and cardiac arrest after the third infusion of CAR
T-cells (70,71). A follow-on clinical trial (NCT02159716) used the same CAR construct,
now with lentiviral transduced autologous T-cells, and demonstrated a good safety profile
with one dose-limiting toxicity (sepsis) treated in the arm without cyclophosphamide.
However, anti-tumor responses were limited (28,69). A recent phase 1 clinical trial
(NCT02414269) has shown that local delivery of anti-mesothelin CAR T-cells followed by
infusion of the anti-PD1 monoclonal antibody, pembrolizumab, was safe and led to modest
antitumor effects in malignant pleural mesothelioma (50). Altogether, these early clinical
data indicate that targeting mesothelin with CAR T-cells has acceptable toxicity but modest
clinical benefit.

One of the first reports of targeting murine FAP with CAR T-cells in the pre-clinical setting
raised safety concerns due to FAP expression in bone marrow stromal cells (BMSC) in mice
(23). Wang et al., Kakarla et al., and Lo et al., on the other hand, did not observe severe
toxicities when using murine anti-FAP CAR T-cells (72-74). In published syngeneic murine
animal models, anti-murine FAP CAR T-cells against cardiac fibrosis were extensively
analyzed in a variety of histological tissue sections (s.a. spleen, skin, testis, lungs, intestines,
and liver - (22)) and did not indicate toxicities. One limitation of our models is that we
could not definitively prove the safety or potential on-target, off-tumor toxicities of secreted
or T-cell-bound anti-FAP TEAMs because the anti-FAP sequence used in this manuscript

is human-specific and does not cross-react with murine FAP. However, the first clinical
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trial investigating sibrotuzumab was safe and well-tolerated (75). In addition, there are
two ongoing trials of FAP-targeting CARs, though the origin of the binder domain is not
clear: one phase 1 trial investigating FAP CAR T-cells in 4 patients with malignant pleural
mesothelioma (NCT 01722149) demonstrated the persistence of intra-pleural administered
anti-FAP-CAR T-cells in peripheral blood without any evidence of on-target off-tumor
toxicity (76). Another trial using a fourth-generation anti-Nectin4/FAP CAR T-cell is
currently recruiting patients with advanced malignant solid tumors (NCT 03932565). A
FAP/4-1BB targeting bispecific fusion protein was recently tested in a phase 1 clinical
trial and demonstrated a tolerable safety profile in patients with advanced solid tumors
(77). Together these data suggest that targeting FAP with CARs or TEAMSs appears safe.
Furthermore, mesothelin can also be highly expressed on fibroblasts in damaged liver

and has been associated with liver, lung, and kidney fibrosis (78). In such a scenario,

it is possible that co-targeting of mesothelin and FAP, whether by dual CARs or a CAR-
TEAM approach, could potentially exacerbate off-tumor toxicities; ultimately, many of these
questions are only settled with clinical experience.

The advantage of meso™ remains in the generation and secretion of FAP-specific TEAMs
at the mesothelin overexpressing tumor site where mesoF accumulate and exert its optimal
effects. This would be beneficial compared to peripherally infused TCEs due to their short
half-life in blood due to rapid renal clearance. In summary, our work suggests a novel CAR
T-cell approach for pancreatic cancer. We demonstrate that meso™P CAR-TEAM cells are
not only activated in a different fashion but are also superior in the elimination of PDAC
and CAFs in a series of pre-clinical models. Moreover, we show that ex-vivo patient-derived
samples such as PDO with matching CAFs and PDOTS represent a novel and feasible
readout for CAR-TEAM function and analysis.

Supplementary Material

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

Pancreatic ductal adenocarcinoma (PDAC) is historically difficult to treat, with poor
outcomes. CAR T cells are a promising treatment option for PDAC due to their

ability to track down and eliminate cancer cells. However, CAR T cells have yet to

reach their full potential in solid tumors, in part due to suppression by the tumor
microenvironment (TME). Here, we generated CAR T cells targeting a PDAC-associated
antigen (mesothelin) that also secrete a T-cell engaging antibody molecule (TEAM) to
fibroblast activation protein (FAP) and CD3 (termed mesoPAP CAR-TEAM cells) to
target cancer-associated fibroblasts (CAFs) in the TME by engaging T cells. These CAR-
TEAM cells successfully eliminated PDAC and CAFs in several in vitro, in vivo, and ex
vivo patient-derived models, demonstrating their potential benefit in treating patients with
PDAC. Given these results, we aim to initiate a clinical trial of mesoPP CAR-TEAM
cells to primarily determine their safety in patients with efficacy as a secondary endpoint.
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Figure 1. MesoPAP CAR T-cdlls specifically recognize their target antigensand eliminate
mesothelin-expressing PDAC cells and FAP-expressing fibroblasts.

A. Schematic of meso™P CAR T-cells targeting PDAC and CAFs (created with
BioRender.com). B. Graphic representation constructs used to make TEAM-secreting CAR
T-cells. C. Representative histograms of flow cytometric analysis of mesothelin and FAP
expression on PDAC cell lines, AsPC-1 and PDX-1294. D-E. CARTEAM cytotoxicity
against AsPC-1 and PDX-1294 assessed by (D) a luciferase-based specific lysis assay and
(E) a real-time impedance-based assay. F. Representative histograms of flow cytometric
analysis of FAP expression on the fibroblast-cell line MRC-5 and HFF. G. Representative
histograms including bar graph of flow cytometric analysis of FAP and mesothelin
expression on CAF-1. H-I. Flow cytometric detection of His tag on TEAMs that recognize
their specific target antigen on FAP+ HFF cells or CD19+ K562 cells. J. CARTEAM
cytotoxicity against MRC-5 assessed by a luciferase-based specific lysis assay. All data
represent mean +/~SEM and are representative of at least 3 independent experiments. Stars
indicate significance between biological triplicates using a two-tailed #test at the 10:1
ratio (panels D and 1), and one-way ANOVA with Dunnett’s multiple comparison post hoc
analysis (panel E), or HFF vs. K562 (panel H). *p<0.05, **p<0.01, ****<0.0001, E:T =
effector to target ratio. PDAC: pancreatic ductal adenocarcinoma, CAF: cancer-associated
fibroblasts, UTD: untransduced T-cell.
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Figure 2. MesomP CAR T-cellsor UTD mixed with FAP TEAM specifically eliminate FAP-
expressing fibroblasts and are superior to CARstargeting mesothelin only in PDAC + CAF
co-cultures.

A. Schematic of meso™P CAR T-cells targeting HFF fibroblasts. B. Real-time impedance-
based cytotoxicity assay of sorted CARTEAM or UTDs with supernatant from meso™\"
CAR T-cells against FAP-expressing HFF using an effector to target ratio (E:T) of 1:1. C.
Schematic of transwell system containing UTDs and CAFs in the bottom well and TEAM-
secreting CAR T-cells in the upper well. D. Real-time impedance-based cytotoxicity assay
of sorted CARTEAM jn the transwell system with CAF-1 and UTD cells in the lower well,
E:T = 1:1. E. Schematic of co-culture system containing target-cells CAF-1 and AsPC-1 in
a 1:1 ratio treated with CAR or UTD as effector cells (E:-T=1:5=0.2 CAR: (1 CAF:1
PDAC)). F. Real-time impedance-based killing assay in the co-culture system (CAFs and
AsSPC-1 in 1:1 ratio) treated with meso™P, meso€P19, or anti-mesothelin CAR T-cells or
UTD controls. All data are plotted as the mean +/-SEM. Stars indicate significance between
biological triplicates assessed by one-way ANOVA and Dunnett’s multiple comparison
post hoc analysis. ***p<0.001, ****p<0.0001. PDAC: pancreatic ductal adenocarcinoma,
CAF: cancer-associated fibroblasts, UTD: untransduced T-cell. Schematics were created
with BioRender.com.
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Figure 3. Meso™P proliferate morein the presence of PDAC and CAF and demonstrate a
different activation profile than control CAR T-cells.

A. Fold change in T-cell expansion when CARTEAM or UTD were repeatedly stimulated
with AsPC-1 and CAF-1. (AsPC-1:CAF-1:T-cell ratio of 1:1:2). B. Exhaustion markers
expressed by T-cells in the co-culture at day 13 as measured by flow cytometry. Data is from
one representative donor. C. Schematic of co-culture set-up (created with BioRender.com).
T-cells (live, CD45+, CD3+, and mCherry+) were sorted 24h after the 3rd stimulation (day
14) and RNA analysis was performed by NanoString. D. Volcano plot of differential RNA
expression of flowcytometric sorted (expressing the same level of mCherry) meso™P CAR
T-cells versus meso®P1® CAR T-cells following co-culture with AsPC-1 and CAFs. The top
20 genes are annotated. The grey horizontal line indicates an adjusted p-value of 0.05 and
0.001. E. Pathway analysis of NanoString data comparing meso™F and meso©P1® CAR
T-cells from 3 independent healthy donors (ND218, ND210, and ND100). All data represent
mean +/—SEM of at least biological triplicates. MFI-sorted CAR T cells or UTDs were
added in biological triplicates per condition. Stars indicate significance as determined by
one-way ANOVA and Dunnett’s multiple comparison post hoc analysis. *p < 0.05, **p <
0.01, ***p < 0.001 ****p < 0.0001, E:T = effector to target ratio. PDAC: pancreatic ductal
adenocarcinoma, CAF: cancer-associated fibroblasts, UTD: untransduced T-cell, TEMRA:
T-effector memory and CD45+/CCR7- subset, ND: normal donor.
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Figure 4. Live cell, time-lapse microscopy shows reduced edge dynamics and acoustic force
microscopy revealsincreased binding avidity of meso™ P in comparison to controls.

A. Representative image of sorted meso™P CAR T-cells (pink/salmon) interacting with
AsPC-1 (cyan), CAFs (magenta), or AsPC-1 and CAFs. B. Representative images
visualizing edge dynamics (percentage change of CAR T-cell area over time) of mesoFAP
CAR T-cells over 20 frames (frame 1 dark blue to frame 20 white). C. Percentage change
of meso™P CAR T-cell area over time (number of cell interactions counted: PDAC, n=28;
P+C, n=25; CAF, n=42; not on target, n=25). D,F. Representative images visualizing edge
dynamics of D. meso®P1? CAR T-cells or F. UTD T-cells. E,G. Percentage change of E.
mesoCP19 CAR T-cells over time (number of cell interactions counted: PDAC, n=28; P+C,
n=16; CAF, n=18; not on target, n=23) or G. UTDs over time (number of cell interactions
counted: PDAC n=12; P+C, n=8; CAF, n=10; not on target, n=14). H-J. Schematic showing
1:1 ratio of AsPC-1 and CAFs in the flow chamber to measure cell binding of meso™AP
(H), mesoCP12 (1), and UTD (J) avidity by acoustic force microscopy (created with
BioRender.com). K. Percentage of meso™P meso®P1® or UTD bound to 1:1 AsPC-1 and
CAF mixture (left) with an increasing amount of acoustic force (pN) and (right) at 2000pN
as measured by z-Movi. L. Fold increase of bound meso™P CAR T-cells or UTD cells
with the addition of FAP-TEAM on HFF fibroblasts using z-Movi. All data represent mean
+/-SEM. Representative images have been chosen within 1 standard deviation from the
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median. Results were obtained from biological duplicates, from at least 3 different locations
on the slide. Stars represent significance as determined by unpaired two-tailed t-tests. *p <
0.05, **p < 0.01 ***p < 0.001****p < 0.0001. UTD: untransduced T-cell, pN: picoNewton,
P+C: PDAC+CAF.
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Figure 5. meso™P CAR T-cdlls are efficacious against PDAC and CAFsin vivo.
A. Schematic of experimental setup in which CAF-1 and AsPC-1 (9:1 ratio) were

subcutaneously implanted in the flank of NSG mice. Mice were treated intravenously

with UTD, mesoP, or meso®P1® CAR T-cells 2 days after tumor-CAF implantation. B.
Tumor volume over time as measured by caliper. C. Representative hematoxylin and eosin
(H&E) staining and immunohistochemical (IHC) staining for GFP (AsPC-1), and CD3
(T-cells) on tumors harvested on day 18 from mice treated with UTD, meso©P19 or mesoFAP
CAR T-cells. D. Quantification of C as % area positive for each marker. E. Schematic of
experimental setup with AsPC-1 and AsPC-1 mesothelin —/-= FAP+ in a 1:1 ratio being
subcutaneously implanted into the flank of NSG mice. Mice were treated intravenously
with UTD, mesoFP, or meso®P1® CAR T-cells 7 days after tumor implantation. F. Tumor
volume over time as measured by caliper. G. Schematic of experimental hemi-spleen model
for liver metastasis. H. Representative immunofluorescence images of PDAC (AsPC-1
GFP+) and CAFs (mCherry+) metastasis in murine liver. |. Kaplan-Meier curve of survival
cohort of mice (n=7 mice carried out through death). J. IHC representation of sequential
cut slides from liver metastasis from mice sacrificed on day 21. K. Quantification of J as
percent positive cell for each marker (n=3). Data represent mean +/-SEM. Stars indicate
significance as determined by unpaired two-tailed #tests. *p < 0.05, **p < 0.01, ***p
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<0.001, ****p < 0.0001 (panels D and K). N=4-5 animals/group, repeated with T-cells
from two healthy donors. Data represent two-way ANOVA with correction for multiple
comparisons, individual p-values are indicated *p < 0.05, ****p < 0.0001 (panel B and F).
Data represent survival analysis (Kaplan-Meier) individual p-values are indicated *p < 0.05,
ns = not significant (panel ). Schematics were created with BioRender.com.
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Figure 6. Meso™P CAR T-cells outperform control CAR T-cellsin PDX in vivo and ex vivo
models.

A. Schematic of experimental design in which CAFs and PDX1291 cell line (9:1 ratio) were
subcutaneously implanted in the flank of NSG mice. Mice were treated intravenously on
day 2 post-tumor-CAF implantation with UTD, meso™P, and meso©P19 CAR T-cells. B.
Transduction efficiencies of normalized CARTEAM including UTD of in vivo experiment
from 3 independent experiments. C. Tumor volume over time as measured by caliper

(n=5 mice per group). D. Representative hematoxylin and eosin (H&E) staining and
immunohistochemical (IHC) staining for GFP (PDX1294), FAP (CAF), and CD3 (T-cells)
on tumors harvested on day 14. Scale bar indicates 100mm. E. Quantification of D. as
percent area positive for each marker; 4-6 representative examples quantified. F. Schematic
of PDOTS experimental setup including the 3D microfluidic co-culture system with a side
channel (where CAR TEAM are added with an E:T of 1:3) and center/gel region (where
tumor spheroids are grown in collagen hydrogels). G. Evaluation of live/dead cells on day
5 of mesoFAP-, mesoCP19- and CD19AP-treated or tumor-only PDOTS (n=3). H. Secreted
cytokine and chemokines analysis as Log, fold change (relative to control samples) on day
5 of mesoFAP, mesoCP1?, CD19AP and tumor-only PDOTS from F. Data represents mean
+/-SEM. Stars indicate significance as determined by unpaired two-tailed #tests (panels B
and D) or one-way ANOVA with Tukey’s multiple comparisons test (panel F). *p < 0.05,
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**p < 0.01 ***p< 0.001****p < 0.0001, ns: not significant. Schematics were created with
BioRender.com.
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Figure 7. Efficacy of meso™P CAR T-cdll in patient-derived organoids (PDO) with matching
CAFs.
A. PDAC patient information corresponding to PDO and CAF co-cultures. B. Schematic of

meso™P CAR T-cells targeting organoid co-cultures consisting of PDAC PDO and CAF. C.
Co-culture transillumination at day 2 and day 5 of co-culture visualized by Nikon ECLIPSE
Ti2 microscope at 20X. Transillumination and RPF images merged by NIS-Elements AR
Software. D. CD3+ recovery acquired at both day 2 and day 5. E. Representative flow
cytometry plots of specific cytotoxicity of meso™" targeting JHH317 FAP+ CAF and PDO
co-culture at day 5. F. Flow cytometric analysis showing PDO count recovered on day 2
and day 5. G. Flow cytometric analysis showing CAF count recovered on day 2 and day 5.
H. Flow cytometric analysis of activation and exhaustion markers on CD3+ CART-cells at
day 2 and day 5. |. VITAL CTL killing assay of target PDO with CAR T effector cells, and
UTD T-cells in increasing ratios of effector : target/T cells (technical duplicate; unpaired,
two-tailed #test, p=0.09 at 10:1:1 ratio). Data represent means of biological and technical
triplicates. Stars indicate significance as determined by Wilcoxon test (panels D, F, and G)
or paired, two-tailed #test (panel H and I). *p <0.05, ****p <0.0001. PDO: pancreatic ductal
adenocarcinoma organoids, Dx: diagnosis, NGS: next-generation sequencing. Schematics
were created with BioRender.com.
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