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One Sentence Summary: Systemic cadherin-17-specific CAR-T cell therapy is efficacious against

colorectal cancer liver metastases in multiple preclinical models.

ABSTRACT

Liver metastases represent the leading cause of death in patients with colorectal cancer (CRC).
Chimeric antigen receptor (CAR) T cell therapy holds promise in this context, but any effort to bring
it to the bedside requires careful antigen selection and testing in clinically-relevant models. Here, we
identified Cadherin-17 (CDH17) as a candidate antigen for CAR-T cell therapy of CRC liver
metastases. We hence designed human CDH17 CARs differing in antigen binding and extracellular
spacer regions and compared the different constructs in preclinical models of antitumor efficacy,
cytokine release syndrome, and on-target off-tumor toxicity. Whereas the binding domains differed
in efficacy in vitro, the spacer region shaped the kinetics of the CAR T cells in vivo. When employed
in a CRC liver xenograft model, CDH17 CAR-T cells efficiently suppressed tumor growth upon
either systemic or locoregional administration. However, when tested in mice reconstituted with a
human immune system, CAR-T cells injected locally caused a particularly harsh cytokine release

syndrome. Confocal microscopy revealed that CDH17 is exposed on the entire surface of tumor cells,
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whereas its expression in healthy colon is restricted to lateral junctions between epithelial cells.
Accordingly, CDH17 CAR-T cells showed dose-dependent cytokine release in response to CRC
tissues slices, while displaying no reaction against healthy colon tissue samples. Overall, these
findings support systemic delivery of CDH17 CAR-T cells as a safe and effective approach to treat

CRC liver metastases and pave the way for a phase 1/2 clinical trial.
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INTRODUCTION

Colorectal cancer (CRC) is the third most common tumor and the second leading cause of all cancer-
related deaths, accounting for 1.9 million cases and 916.000 deaths globally as of 2020(7). The
prognosis of CRC with liver metastases (LM) is poor. About 15-25% of patients present with LMs at
the time of diagnosis and 18-25% of patients will develop LMs within 5 years from diagnosis(2).
Curative resection preceded by neo-adjuvant chemotherapy is the standard treatment for metastatic
patients. However, based on the number, size and location of metastases, surgery is only applicable
in 10-20% of cases. Most patients receive systemic chemotherapy with a 5-year survival rate of

around 30% (3, 4).

T cells engineered to express chimeric antigen receptors (CARs) targeting CD19 and B-cell
maturation antigen (BCMA) have demonstrated remarkable efficacy in patients with B cell tumors
and multiple myeloma (5—8). However, in the case of solid tumors, clinical experience is constrained
by poor efficacy and toxicity concerns, partly owing to the paucity of target antigens with suitable
expression profiles. Antigen distribution and expression are key attributes defining the success of
CAR-T therapies(9). CAR-T cells require higher degrees of antigen expression than endogenous T
cells to achieve activation and exert cytotoxic functions. Accordingly, CAR targets should be highly
and homogenously expressed by the tumor and shared by most patients to broaden treatment
applicability. However, identification of tumor antigens with such features is challenging, as tumor
heterogeneity and variable disease histology, both within and between patients, characterize solid
tumors and favor resistance to therapy and relapses. Additionally, the optimal target should be absent
from normal cells to avert undesirable damage of normal tissues(70). This requirement is not easy to
meet, as the surface proteome of solid tumors shares high similarities to that of their healthy
counterparts. Not surprisingly, on-target off-tumor CAR-T cell reactions have been observed
clinically with different degrees of severity. For example, CAR-T cells targeting carbonic anhydrase

IX (CAIX) caused grade 2-4 liver toxicities due to the recognition of normal bile duct epithelium(/7)
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and human epidermal growth factor receptor 2 (HER2)-specific CAR-T cells induced fatal respiratory
distress and multi-organ dysfunction due to the targeting of normal lung cells(/2). Additionally,
patients receiving anti-claudin 18.2 (CLDN18.2) CAR-T cells developed mucosal toxicity due to
antigen expression in gastric mucosal cells, although this was deemed acceptable (/3). Rational
selection of the CAR target should therefore be informed by distribution in the tumor but ultimately

driven by minimal expression in normal tissues.

In addition to antigen choice, CAR design plays a crucial role in determining performance of CAR-
T cells. A CAR is a synthetic receptor that converts extracellular stimuli, namely the recognition of
the antigen, to intracellular signal transduction. This process is initiated by the CAR extracellular
moiety, which includes the binding and spacer domains. Far from being a simple docking device, the
extracellular region is essential to CAR functioning. Most commonly, CARs bind antigens through
single-chain fragment variables (scFv) generated from monoclonal antibodies (mAbs) with defined
affinity and epitope. Both characteristics may impact CAR activity in ways that can be hard to predict.
For example, low affinity scFvs may fail in triggering the response, whereas excessive activation can
lead to exhaustion and bystander toxicities(/4). Additionally, long extracellular spacers can provide
enhanced flexibility and allow for CAR-T cell tracking(15), whereas short spacers may foster CAR
phosphorylation by excluding large phosphatases from the immunological synapse (76). Depending
on features inherent to the target antigen, such as accessibility, density, and off-tumor expression, the
optimal scFv and extracellular spacer may vary. One enabling characteristic of the CAR technology
is the possibility of swapping its modular domains, which should allow tailoring CAR design to

antigen’s characteristics and build the most effective construct.

Here, we aimed at identifying a CAR antigen for effective and safe treatment of CRC-LMs. To this
aim, we profiled RNA expression of target candidates in LMs from a cohort of patients with CRC
and used expression data in normal tissues to drive antigen selection. We have since designed a panel

of CARs differing in the extracellular moiety and leveraged models of antitumor efficacy, on-target
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off-tumor toxicity and cytokine release syndrome (CRS) to devise a preclinical workflow for the
evaluation of CAR-T cell products and delivery route holding the most favorable safety/efticacy
profile. These results constitute the foundation for a phase 1/2 clinical trial in patients with CRC-

LM:s.
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RESULTS

Cadherin 17 (CDH17) is the lead target for CAR T-cell therapy of CRC-LMs

To select targets for CAR therapy of CRC-LMs, we applied a rational workflow integrating data from
the literature, online databases, and transcriptomic profiling of tumor samples obtained in our
institution (Fig. 1A). We started by curating a list of 258 genes with features suitable for CAR
targeting based on their reported expressions in CRC or pancreatic ductal adenocarcinoma (PDAC)
and relative normal tissues. To meet the need of selecting surface proteins, the gene list was designed
by selecting manuscripts reporting proteomic data (/7-22) and refined using the Human Protein
Atlas(23) and UniProt(24), thus restricting the list to 133 candidates. To have internal controls, we
also included 47 antigens already in clinical development for carcinomas, such as the
carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAMS)(25), and B cell tumors,
such as CD19(2¢6) (Fig. 1B).

We then evaluated the expression of the 133 genes in tumors from 17 patients who underwent surgical
resection of CRC-LMs showing more than 70% tumor cellularity from histopathological analysis (27)
(table S1). To select highly expressed targets in the tumor, gene transcription expression deciles were
calculated based on the expression ranking. The reliability of this method was confirmed by the high
ranking of known epithelial CAR antigens, such as CEACAMS, and low ranking of hematological
ones, such as CD19 (fig. S1). Among the 86 new candidates, we selected 30 genes showing high
expression (deciles 8"-10") in more than 70% of patients (Fig. 1C).

To avert on-target off-tumor toxicities, we mapped top 30 genes to the Genotype-Tissue Expression
(GTEx) RNA dataset with the aim of identifying their expression profile in healthy tissues. Means
and standard deviations were calculated for all genes in each tissue to identify four expression classes,
ranging from 1 (not detected) to 4 (high expression), to which genes were allocated. To identify safe
targets, we excluded genes showing high average expression (4) in any normal tissue except for the

intestinal tract, as well as genes showing medium average expression (>3) across all normal tissues,
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according to previously described criteria(/9). Among all analyzed genes, the only candidate
satisfying safety criteria was CDH17, which showed an off-tumor expression limited to colon and
small intestine (Fig. 1D).

Analysis of the Gene Expression Profiling Interactive Analysis (GEPIA) database(28) confirmed that
CDH17 is frequently upregulated in gastrointestinal cancers compared with corresponding healthy
tissues, including carcinomas arising from pancreas and stomach (fig. S2). Focusing on CRC, we
observed CDH17 upregulation in malignant versus healthy tissues, and such high expression was
maintained across all stages of tumor progression (Fig. 1, E and F). Immunohistochemistry staining
of 20 primary CRC tumors and 10 LMs confirmed high CDH17 expression in all cases (Table 1).
Moreover, CDH17 showed homogeneous expression in almost all malignant cells (Fig. 1, G and H
and fig. S3, A and B). In contrast, CDH17 expression was less frequent and more heterogeneous in
other tumors tested. Consistent with previous reports(29), 3/10 primary PDAC showed CDH17
expression and 8/10 and 3/10 neuroendocrine tumors (NETs) derived from the ileum and from the
pancreas, respectively, were CDH17 positive (fig. S3, C to E). Collectively, these data support

CDH17 as the lead target for CAR therapy of metastatic CRC.

CARs including the A4 4R scFv efficiently redirect T cells against CDH17* tumors

Having identified CDH17 as a suitable target for CAR-T cells, we generated different CAR constructs
with the aim of applying a functional screening process to identify optimal CAR design and delivery
route for the treatment of CRC-LM (Fig. 2A). To minimize the potential for immunogenicity, we
generated CDH17 scFvs by exploiting the variable heavy and light chain sequences of two humanized
mAbs, namely A4 4R and Lic3. To confer ranging degrees of flexibility, we leveraged three
extracellular spacers. The short hinge spacer was derived from IgG1 antibody (H), whereas both the
intermediate and long spacers were derived from low-affinity nerve growth factor receptor (LNGFR),
either mutated to abrogate potential binding to NGF (NMS) or wild-type (NWL). LNGFR-based CAR

spacers carry the benefit of serving both as flexibility modules and selection markers(75). The six
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extracellular domains were tethered to second generation CAR backbones containing signaling
domains from CD28 and CD3({ and cloned into bidirectional lentiviral vectors (LV) carrying CD20
as selection marker (Fig. 2B).

Functionality screening was initiated by exploiting a triple-parameter-reporter (TPR) Jurkat cellular
model(30). TPR Jurkat cells were transduced to express the CAR variants and stimulated with tumor
cells. The specificity of CAR targeting was confirmed by the lack of signal against antigen-negative
tumors, either CDH17 knock-out LoVo CRC cells or CDH17- BxPC-3 PDAC cells (fig. S4, A to C).
In contrast, CDH17" LoVo cells induced a clear upregulation of calcineurin-nuclear factor of
activated T cells (NFAT) and nuclear factor kB (NF-kB) signals (Fig. 2C and fig. S4, D and E). This
effect was stronger for CARs bearing the A4 4R scFv over the Lic3 scFv. These results were
confirmed using primary T cells, showing increased antitumor potency of constructs including A4 4R
over Lic3 scFv, despite comparable integrations of CAR vector as measured by analysis of vector
copy number (Fig. 2D and fig. S5A). Functionality and specificity of CAR-T cells carrying the
A4 4R scFv was confirmed in killing experiments against CDH17  and CDH17" tumor cells, and by
swapping the CAR costimulatory domain from CD28 to 4-1BB (fig. S5B and fig. S6, A and B). Based
on these results, the Lic3 scFv was abandoned and only CDH17 CAR constructs carrying the A4 4R
scFv were brought forward.

To identify the CDH17 region wherein A4 4R binding site resides, we designed CDH17 mutants
carrying individual deletions of the seven extracellular domains (EC) of the protein (Fig. 2E). All
CDH17 mutant-encoding sequences, alongside wild-type CDH17, were cloned into bidirectional LVs
carrying the truncated LNGFR (ALNGFR) selection marker and transduced into CDH17- SW620
CRC cells. Tumor cells were efficiently transduced, as confirmed by ALNGFR staining, and
comparably expressed truncated mutants, as measured by CDH17 staining (Fig. 2F). Since the
antibody used for flow cytometry analysis binds to an epitope located within EC7, the AEC7 mutant
showed no detectable CDH17 signal. Transduced cells were then co-cultured with A4 4R CAR-T

cells carrying the three extracellular spacers. Only the AEC1 mutant was spared by CAR-T cells,
9
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similarly to untransduced CDH17- SW620 cells, thus placing the epitope recognized by the A4 4R
scFv within the EC1 domain (Fig. 2G and fig. S7).

Because cellular avidity predicts the degree of antitumor activities in vivo(3/), we sought to measure
the interaction between tumor cells and CDH17 CAR-T cells carrying different extracellular spacers.
To this aim, we exploited the z-Movi Cell Avidity Analyzer, which quantifies binding avidity by
applying acoustic forces of increasing magnitude in the z-plane between the tumor cell layer and T
cells. Both CDH17-H and CDH17-NWL CAR-T cells required the application of higher acoustic
forces to detach from tumor cells compared with CDH17-NMS CAR-T cells (Fig. 2, H and 1),
suggesting stronger functional engagement between CDH17-H or CDH-NWL CAR-T cells and
tumor cells. Altogether, in vitro screening identified the A4 4R scFv as the lead binding domain and

pointed to NMS spacer design as the least effective among the three remaining CAR-T cell products.

CARs including H and NWL spacers exert potent antitumor activity in vivo

To confirm the superiority of the H and NWL designs, we tested CAR-T cell performances in
xenograft mouse models of PDAC and CRC. NSG mice were injected subcutaneously with CDH17*
AsPC-1 (Fig. 3, A to E) or LoVo (Fig. 3, F to J) cells marked with a secreted luciferase (32), and
then infused intravenously with CAR" or untransduced T cells (Fig. 3, A and F). AspC-1 and LoVo
cells represent models for high and low CDH17 expression, respectively (fig. S8A). In the AsPC-1
model, CDH17-H and CDH17-NWL CAR-T cells proved superior to CDH17-NMS CAR-T cells,
both in terms of tumor growth (Fig. 3B) and survival rates (Fig. 3C), possibly owing to defective T
cell expansion (Fig. 3D) and activation (Fig. 3E) in the latter. Similarly, CDH17-NMS CAR-T cells
failed to efficiently control tumor growth (Fig. 3G) and survival (Fig. 3H), and were less expanded
(Fig. 3I), and activated (Fig. 3J) in mice engrafted with LoVo cells. Despite higher activation, the
persisting progeny of CDH17-H and CDH17-NWL CAR-T cells retained high percentage of stem
memory (CD62L*CD45RA", Tscm) and central memory (CD62L*CD45RA™ Tem) T cells (fig. S8, B

and C) in both xenograft mouse models. Moreover, ex vivo analysis of tumor masses revealed higher
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frequencies of tumor-infiltrating lymphocytes in mice treated with CDH17-H and CDH17-NWL
CAR-T cells compared with those that received CDH17-NMS CAR-T cells, together with a higher
enrichment in the CD8 compartment (fig. S8, D and E).

To investigate cellular cues for defective tumor control by CDH17-NMS CAR-T cells, we measured
CAR expression by LNGFR staining. Despite similar degrees of the transduction marker CD20 (fig.
S8F), CDH17-NMS CAR-T cells displayed a 4-fold lower surface expression of the CAR compared
with CDH17-NWL CAR-T cells (fig. S8G). This effect was also evident in the pre-infusion product
(fig. S8H) and may possibly be attributed to cytosolic retention of the CAR construct, as demonstrated
by intracellular staining (fig. S8I). Hence, based on the inadequate tumor control possibly ascribed to
defective surface expression of the CAR, CDH17-NMS CAR-T cells were excluded from further

evaluations.

Systemic CDH17 CAR-T cell delivery proves equally effective as intra-hepatic administration
while curtailing CRS

Locoregional delivery of CAR-T cells has been recently applied as a strategy to counteract inefficient
CAR-T cell trafficking to the tumor site(33, 34). To test if this approach would improve tumor control
in the context of CRC-LMs, we set up a xenograft mouse model by injecting LoVo cells in the liver
of NSG mice that were subsequently treated with CDH17-H or CDH17-NWL CAR-T cells, infused
either intravenously or intrahepatically (Fig. 4A). No improved functionality could be ascribed to
either of the two delivery routes, which proved equally potent in controlling tumor growth (Fig. 4, B
and C). Both CDH17-H and CDH17-NWL CAR-T cells expanded after locoregional and systemic
infusion (Fig. 4D), with an initial raise of the CD8" population followed by a contraction phase in
favor of CD4" cells (fig. S9, A and B). CAR-T cell activation and interferon (IFN)-y release were
also similar, regardless of the delivery route (Fig. 4, E and F), and all conditions were enriched in

Tscm and Tewm (Fig. 4G).
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Overall, these results highlighted no efficacy advantage in administering CDH17 CAR-T cells
locoregionally rather than systemically.

Besides offsetting the spatiotemporal barriers, locoregional delivery should benefit CAR-T cells by
igniting a rapid and strong local immune reaction(34). NSG mice, although appropriate to assess basic
antitumor efficacy of engineered T cells, cannot account for the complex crosstalk with other human
immune cells. Additionally, as recently demonstrated in preclinical models of hematological
malignancies(35-37), the absence of myeloid cells rules out the possibility of profiling CRS
development. To overcome these limitations, we exploited a model of tumor xenograft in the liver of
immunodeficient mice reconstituted with a human immune system. To this aim, we transplanted
human hematopoietic stem and progenitor cells into triple transgenic NSG mice (SGM3) expressing
human interleukin (IL)-3, granulocyte-macrophage colony stimulating factor (GM-CSF) and stem
cell factor (SFC). Upon human reconstitution, SGM3 mice (HuSGM3) were injected intrahepatically
with LoVo cells and treated at high tumor burden either systemically or locoregionally with CAR-T
cells (Fig. 5A). Locoregional delivery of CAR-T cells accelerated tumor debulking by CDH17-H
CAR-T cells (Fig. 5B), possibly as consequence of faster and synchronous T-cell activation (Fig. 5C).
This effect was more apparent in HuSGM3 mice than in classical NSG, possibly due to the adjuvant
role of innate immune cells. Yet, the two delivery routes were equally effective in the long-term and
initial differences were smoothed for both CAR-T cell products (Fig. 5D). Moreover, similar IFN-y
production was measured in mice treated with CAR-T cells systemically and locoregionally,
supporting an overall comparable efficacy profile among the two delivery routes (Fig. SE). However,
locoregional treatment was far more toxic than systemic delivery, as mice injected with CAR-T cells
in the liver developed irreversible weight loss (Fig. 5F), which resulted in 100% mortality with both
CAR-T cell products (Fig. 5G). The effect was seemingly related to the antigen-specific activation of
CAR-T cells, as mice infused with control untransduced T cells did not develop any toxicity signs
but died from tumor outgrowth. Because rapid weight loss and fatal events have been recognized as

clinical signs of CRS in preclinical models of hematological malignancies(35—37), we reasoned that
12
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the toxicity observed might be ascribed to CRS. Licensing of myeloid cells is responsible for the
systemic release of cytokines which causes the syndrome (35, 38). We therefore measured serum
amount of myeloid cytokines, and observed higher concentrations of IL-6, IFN-y-induced protein 10
(IP-10), and monocyte chemoattractant protein-1 (MCP-1) after locoregional infusion of CDH17-H
CAR-T cells as compared with systemic delivery. Higher concentrations of IL-6 were also measured
in mice treated with systemic rather than locoregional CDH17-NWL CAR-T cells (Fig. 5, H to J). To
rule out that the systemic toxicity observed was due to recognition of the hematopoietic compartment
by CAR-T cells rather than to CRS development, we analyzed CDH17 expression in hematopoietic
cells. In line with transcriptomic data, we could not detect CDH17 expression in any of the
populations analyzed, including B cells, CD8 and CD4 T cells, myeloid cells, and NK cells (Fig. 5K
and fig. S10, A to C). Accordingly, none of these populations were recognized in killing experiments
by either CDH17-H or CDH17-NWL CAR-T cells (Fig. 5L). To confirm these data, we analyzed
hematopoietic reconstitution in tumor-bearing humanized mice treated with CDH17 CAR-T cells.
CDH17 CAR-T cells efficiently controlled tumor growth without causing severe weight loss (Fig. 5,
M and N). Most importantly, despite a clear expansion of CAR-T cells, no signs of reactivity against
hematopoietic cells were observed in these mice, which showed unaltered kinetics of human
CD45"'NGFR" cells (non-CAR-T cells), including B cells or monocytes (Fig. 5, O to R). Taken
together, these results point to the onset of severe CRS as the underlying cause of toxicity manifested
in mice treated locoregionally and support systemic infusions as the delivery route of choice to

increase the safety profile of CDH17 CAR-T cells in the context of CRC-LMs.

Patient-derived CDH17 CAR-T cells are effective against primary tumors

Moving to a more relevant clinical setting, we tested the two leading CDH17 CAR-T cell products
using patient-derived peripheral blood (PB) T cells and tumor organoids generated from patients with

CRC-LMs (PDOs, Fig. 6A). Analysis of T cell composition in patients with CRC-LM revealed
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comparable frequencies of CD4" and CD8" cells (fig. S11A). As expected, however, patient T cells
included a high frequency of terminal effectors (CD62L"CD45RA", Temra) and lower frequencies of
Tnsem and Tew (fig. S11B), which are usually higher in healthy controls(39). We then analyzed the
expression of inhibitory markers commonly expressed by exhausted T cells retrieved from patients
with cancer or chronic infections. A fraction of T cells co-expressed the inhibitory markers PD-1 and
2B4, whereas TIM-3 and LAG-3 showed minimal expression (fig. S11C).

To generate CAR-T cells, PB T lymphocytes from patients or healthy donors (HD) were stimulated
with aCD3/CD28 beads, transduced with LVs and expanded with IL-7 and IL-15, according to a
protocol that preserves T cell fitness(39). No prominent phenotypical differences were observed in
the manufacturing of patients T cells compared to HDs. The procedure yielded a cellular product with
good activation and poor exhaustion phenotype (fig. S11, D to G), overall comparable expansion
kinetics (Fig. 6B) and cellular compositions, measured as CD4/CDS ratio (Fig. 6C and fig. S11H),
and memory T cells compartments (Fig. 6D and fig. S11I). Transduction efficiency was analyzed by
staining the CD20 marker for CDH17-H CAR-T cells and the LNGFR spacer for CDH17-NWL
CAR-T cells. Although similar frequency of CD20" cells were observed between CDH17-H CAR-T
cells derived from CRC-LMs or HDs (Fig. 6E), lower percentages of LNGFR" cells were detected in
CDH17-NWL CAR-T cells manufactured from CRC-LMs compared with controls (Fig. 6F).
Nonetheless, both CAR-T cell products proved effective at killing autologous or allogeneic PDOs
(Fig. 6G), despite the lower cytotoxicity of CDH17-NWL CAR-T cells manufactured from CRC-
LMs possibly arising from lower transduction efficiency.

To test reactivity against PDOs in vivo, we set up a mouse model by injecting CRC-LM PDOs into
the livers of NSG mice, which were then treated with two systemic infusions of CDH17 CAR-T cells,
either CDH17-H or CDH17-NWL.28C (Fig. 6H). Both cellular products provided a potent control of
tumor growth in treated mice (Fig. 61 and fig. S11J), as opposed to mice treated with untransduced T
cells, which suffered from multiple tumor lesions in the liver, as confirmed by echography scans (Fig.

6, J and K). Eventually, treatment with CDH17 CAR-T cells significantly prolonged the survival of
14
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PDO-bearing mice (Ut versus CDH17-H.28C P = 0.0002; Ut versus CDH17-NWL.28C P < 0.0001;
Fig. 6L). In accordance with tumor shrinkage, both CDH17-H and CDH17-NWL.28C cells showed
peripheral expansions (Fig. 6M) and, despite a clear activation, retained a high percentage of Tscm
cells and good representations of both CD4" and CD8" subpopulations (Fig. 6, N to P). These data,
besides highlighting the potential of manufacturing procedures to overcome initial T cell defects,
support the clinical exploitation of CDH17 CAR-T cells as therapeutic treatment for patients with

CRC-LMs.

CDH17 CAR-T cells display poor on-target off-tumor reactivity toward healthy intestine

CDH17 is a cell-adhesion glycoprotein with a polarized expression at the cell-to-cell junctions
between normal epithelial cells of small intestine and colon(40, 41). To address the safety profile of
CDH17 CAR-T cells, we first sought to verify the localization of the antigen in healthy and tumoral
intestinal epithelial cells. To this aim, we performed a dual immunofluorescence staining of human
healthy colon tissues using CDH17 and occludin, which is a marker for apical tight junctions in
colonic epithelial cells(42). In normal colon, CDH17 stained positive at the lateral junctions between
epithelial cells but negative at the basal side, which is the one accessible to CAR-T cells (Fig. 7A).
On the contrary, primary CRC or CRC-LMs showed marked disruption of tissue architecture and
continuous high expression of CDH17 all over cell surface (Fig. 7, B and C).

To functionally test the on-target off-tumor potential of CDH17 CAR-T cells toward tissues with
native structural integrity, we exploited the tissue slice assay previously reported as a tool to measure
potential CAR-T cell-mediated lung toxicities(43). Briefly, CDH17 CAR-T cells were added for 24
hours onto fresh colonic tissue slices retrieved from patients with CRC undergoing surgery and CAR-
T cells reactivity was evaluated by measuring cytokine release toward tumoral or adjacent healthy
tissues. Both CDH17 CAR-T cells products showed robust and dose-dependent release of IFN-y and

tumor necrosis factor (TNF)-a toward CRC tissue slices, whereas no reactivity was evident against
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healthy colon tissue slices, even at the highest CAR-T cell dose (Fig. 7, D and E). As additional proof
of the specificity of targeting by CAR-T cells and the suitability of the tissue slice assay, we observed
no cytokine release when CDH17 CAR-T cells were challenged against antigen-negative healthy liver
tissue slices (fig. S12, A and B). Altogether these results, which rule out on-target off-tumor toxicity,

further support the clinical transability of CDH17 CAR-T cells for the treatment of CRC-LMs.
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DISCUSSION

In this study, we designated CDH17 as the lead CAR target in CRC-LMs by applying a rational
workflow integrating evidence from the literature, healthy tissue-specific RNA datasets and patient-
derived transcriptomic outputs. To address the challenge of developing an effective and safe anti-
CDH17 CAR-T cell therapy, we used a preclinical pipeline to screen a panel of CARs in models of
antitumor efficacy, CRS, and on-target off-tumor toxicity. Our data reveal that systemic delivery of
CDH17 CAR-T cells holds the most favorable toxicity profile for application in CRC-LMs, enabling

efficient tumor targeting while mitigating CRS potential.

High and homogeneous antigen expression in the tumor are key attributes to increase the chances of
achieving complete responses after CAR-T cell therapy. CDH17 was found to be highly and
consistently expressed in almost all malignant cells of primary and metastatic CRC lesions, pointing
to this tumor type as the primary indication for CDH17 CAR-T cell therapy. In line with published
data(40, 44, 45), PDAC, NETs and stomach adenocarcinomas also stained positive for CDH17,
despite scattered signals and inter-patient variability, suggesting the possibility of widening CDH17
CAR-T cell treatment to other gastrointestinal cancers, possibly in combination with strategies

fostering the clearance of antigen-negative tumor clones.

Antigen involvement in tumor biology can reduce risk of relapse due to the emergence of antigen-
loss tumor cell variants. CDH17 is a cell adhesion glycoprotein responsible for maintaining intestinal
integrity through homophilic interactions between adjacent epithelial cells(4/). In CRC, CDH17
overexpression increases tumor cell proliferation and metastatic colonization of the liver thanks to an
RGD-mediated interaction with a2B1 integrin(46). Given its malignant relevance, CDH17 has been
targeted in CRC with mAbs inhibiting its binding to the a2B1 integrin(47) or with bispecific
antibodies restricting TRAILR2 activation to CDHI17" tumor cells(48) (NCT04137289,

NCT05087992).
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Recently, a CAR therapy targeting CDH17 has also been described(49), which is currently under
investigation in patients with gastrointestinal cancers (NCT06055439). Differently from published
CAR, which comprises a CDH17 llama-derived nanobody coupled to a third-generation scaffold, in
this study we employed mouse-derived humanized scFvs mounted on a second-generation CAR. In
particular, we designed six CDHI17 CAR constructs varying in antigen-binding domain and
extracellular spacer to select the optimal CAR candidate for clinical translation. For this, we leveraged
in vitro assays to screen CAR-T cell functionality, including the measure of transcriptional activation,
cytotoxic activity, and binding avidity. Interestingly, this last assay was uniquely able to predict
differences among spacer variants in vivo, aligning with recent reports supporting the measurement

of cellular avidity as the most accurate in vitro method to predict in vivo efficacy(317, 50).

In the setting of solid tumors, regional delivery of CAR-T cells has reinforced therapeutic promise.
Unlike leukemic cells, which naturally circulate in the peripheral compartment, solid tumors are
difficult to reach by CAR-T cells and shielded by stromal barriers and inhibitory signals.
Locoregional therapy offers direct access to the tumor, which favors early activation kinetics and
tumor debulking and fosters the development of robust endogenous responses(5/—53). As such, this
delivery route is under investigation for several solid malignancies, including central nervous system
tumors, peritoneal carcinomas, and CRC-LMs(34). In accordance with reported data, in our models
locoregional therapy resulted in faster kinetics of tumor debulking and CAR-T cell triggering
compared with systemic infusion. This effect was particularly marked in mice reconstituted with a
human immune system, supporting the notion that the host immune compartment reinforces
antitumor responses. Despite an initial delay, however, at later time points systemic therapy resulted
in comparable therapeutic efficacy as locoregional infusion, possibly owning to elevated liver
vascularization. Of notice, locoregional treatment proved toxic, suggesting that the rapid, substantial
and synchronous activation of the CAR-T cells might have licensed local myeloid cells to release

high amounts of inflammatory mediators responsible to worsen CRS manifestations. As such, our
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results clearly point to systemic delivery of CDH17 CAR-T cells as the best choice to mitigate CRS
potential without compromising efficacy. Conveniently, this approach brings specific advantages
compared to the challenges of locoregional therapy. The infusion of CAR-T cells in the resected tumor
cavity might exacerbate postoperative sequelae due to CAR-T cell-induced cytokine storm, whereas
regional delivery might be technically challenging due to the need for safe access and the volume of
infusion required. In case of LMs, delivery of CEACAMS CAR-T cells by hepatic artery infusion has
been applied, but required technical optimizations to improve CAR-T cell infiltration, such as the use
of Pressure-Enabled Drug Delivery(54). Far from claiming that our result may fit all solid tumor
applications, our findings emphasize that the effects of delivery route may be more diversified than
initially expected and should be carefully evaluated for each CAR-T cell product and disease

indication in preclinical models of efficacy and toxicity.

Clinical experience in solid tumors indicates that standalone CAR-T cells therapies are commonly
poised to fail in achieving long-term remissions, supporting the need of developing improved
strategies in this context. Recently, CD39 emerged as a key inhibitory pathway in CRC and CD39-
disrupted T cell receptor-engineered T cells showed improved potency in xenograft mouse models of
CRC(27), offering a promising strategy to increase the functionality of CDH17 CAR-T cells as well.
Additionally, applying lymphodepleting regimens enhanced by chemotherapy or biological agents
might also improve the therapeutic outcome by reprogramming the tumor microenvironment and
increasing CAR-T cell infiltration(55, 56). Alternatively, dual targeting of a CAR and a chimeric
costimulatory receptor might increase binding avidity and targeting of clones with low antigen
densities(57). Finally, because malignant branched N-glycans interfere with immunological synapse
formation and foster inhibitory signals(58), the combination of CDH17 CAR-T cells with de-
glycosylating agents could allow counteracting multiple layers of tumor resistance and improve both

immediate and long-term therapeutic benefit.
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On-target off-tumor reactions against healthy tissues expressing the target antigen are a major concern
for CAR therapy in solid tumors. Although CDH17 has been selected by applying stringent safety
criteria, its expression by intestinal epithelia would make those cells immediate CAR targets.
Interestingly, however, as reported for other cell-adhesion antigens of the gastrointestinal tract, such
as Claudin-18, the highly polarized expression at the cell-to-cell junctions between epithelial cells
grants a favorable safety profile due to the limited exposure of the CAR-binding domain to peripheral
CAR-T cells(13, 40, 41). In a previous work, the on-target off-tumor potential of CDH17 CAR-T
cells was assessed by using a syngeneic mouse model engrafted with murine CAR-T cells. In this
model, the authors underscored no toxicity toward healthy intestine. Since our anti-CDH17 scFv is
not cross-reactive toward the murine antigen, in this work we measured the reactivity of CDH17
CAR-T cells towards fresh tissue slices generated from surgical material of patients with CRC (59).
Remarkably, whereas CDH17 CAR-T cells released Th1 cytokines in response to tumor tissues, such
activity was not measured towards autologous intestinal healthy tissues, supporting the safety of
devising a CAR-T cell therapy toward the CDH17 antigen. These results further highlight antigen
accessibility as a key element that needs to be acknowledged and contribute to expanding the
traditional view of safety studies, which have long been based mostly on antigen expression. Although
CDH17 CAR-T cells proved safe in our preclinical models, we cannot exclude beyond reasonable
doubt the emergence of clinical toxicities. In a translational effort toward a safe clinical application,
it would be valuable to couple the CDH17 CAR construct to a safety switch for the ablation of
engineered T cells at the occurrence of toxic manifestations. Suicide genes deriving from the
Thymidine Kinase(60, 61), inducible caspase 9(62) and truncated EGFR(63) have been used to this

purpose and might offer valid solutions.

The definition of therapeutic product, patient population, and treatment schedule are crucial
parameters for clinical translation. In this study, we sought of designing a CAR-T cell product

featuring both immediate effector functions and long-lasting persistence capacities. CD28 co-
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stimulated CARs typically release higher quantities of cytokines and achieve faster tumor debulking,
which is a crucial requisite when tackling aggressive solid tumors. Additionally, this CAR design
might be particularly suited in hypoxic conditions, which are characteristic of solid tumors, due to its
propensity to promote anaerobic glycolysis. To balance out the effector function of CD28 and build
a therapeutic product showcasing both early antitumor activities and long-lasting persistence, we
sought of using manufacturing procedures favoring the enrichment of early-memory T cells. The
screening process of the different CARs has identified CDH17-H.28C and CDH17-NWL.28( as the
most promising constructs. Both CARs share the same binding domain but differ in the extracellular
spacer, which is either derived from IgGl or LNGFR, respectively. Although the two CARs
performed similarly, at a closer look some differences become evident. From a development
standpoint, the limited size of the IgG1 spacer reduces the dimension of the CAR and could improve
vector production and yield. Nevertheless, the inclusion of a LNGFR-based spacer enables the in vivo
tracking of CAR-T cells and potentially enrichment with clinical-grade immuno-magnetic beads(75).
Moreover, systemic delivery of CDH17-NWL.28( product emerged as the treatment condition
holding the most favorable balance between antitumor activity and inflammatory reactions, according
to results from the humanized mouse model and in vivo reactivity against PDOs. Importantly, both
CDH17-H.28C and CDHI17-NWL.28C cells were efficiently manufactured from patient-derived
PBMCs and showcased an enrichment of Tscwm cells(39). Recently, data from the ZUMA-7 clinical
trial testing the use of axi-cel as second-line treatment in patients with B cell lymphoma showed that
high frequencies of Tscm CAR-T cells in the infusion product was associated with the most durable
responses(64). Interestingly, higher proportion of differentiated T cell subsets correlated with more
severe CRS and neurotoxic manifestations in both preclinical and clinical studies(36, 64). Therefore,
the adoption of early apheresis coupled with manufacturing procedures that favor the enrichment of

early-memory T cells should grant better clinical outcomes and mitigate toxicities.
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We acknowledge some potential limitations of our present study. First, we recognize the lack of
functional results on de novo CRC or other anatomical metastatic sites. However, CDH17 staining
was positive in all 20 primary CRC tumors tested, which envisions therapeutic benefit also in this
setting. Second, we did not perform a direct comparison between this therapeutic approach and others
already employed in the clinic for treating CRC-LMs, such as CEA CAR-T cells, but this will be the
object of future studies. Lastly, although mice reconstituted with a human immune system allowed
us to evaluate the reactivity of CDH17 CAR-T cells against hematopoietic cells, we didn’t profile on-
target off-tumor toxicity in mice transgenic for human CDH17. However, we value the tissue-slice
assay to study on-target off-tumor reactions in a fully-human ex vivo system.

In summary, we have selected CDH17 as a promising target for potent and safe immunotherapy of
CRC-LMs with CAR-T cells. By leveraging on multiple preclinical models, we identified the CDH17
CAR-T cell product and delivery route holding the most favorable efficacy/toxicity profile,

streamlining the initiation of a phase 1/2 clinical trial in patients with CRC-LMs.
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MATERIALS AND METHODS

Study design

The objective of this study was to identify a CAR antigen for the treatment of CRC-LM and devise a
CAR-T cell therapy with optimal safety and efficacy profiles. To this aim, we generated CAR
constructs varying the extracellular domain and screened them in preclinical models of efficacy and
safety, in vitro and in vivo. All in vitro experiments were performed with at least three different
healthy donors. In vivo studies were conducted using three to ten mice per group based on previous
experiments indicating that this sample size ensures reliable reproducibility and the potential for
statistically significant differences. The sample size was not determined through statistical methods.
Tumor-bearing mice were randomized into treatment groups before T cell infusion to have similar
tumor burdens in all experimental groups. Treatments were administered by an operator who was
blinded to the group assignments. All in vitro and in vivo analyses were based on objectively
measurable data, and the exact number of animals and experimental replicates are specified in the

figure legends.

CAR constructs. CAR constructs were generated with scFvs derived either from Lic3 or A4 4R
mADb, whose sequences are described in patents WO2017120557A1 and WO 2012054084A2,
respectively. Both scFvs were synthetized by GeneArt (Thermo Fisher Scientific) and cloned into a
CAR incorporating a CD28 trans-membrane and costimulatory domain and a CD3({ endodomain(65).
To generate CDH17.BB(, the CD28 transmembrane and co-stimulatory domains were substituted
with CD8 and 4-1BB sequences, respectively. As extracellular spacers, we incorporated either an
IgG1 hinge or LNGFR-derived NMS and NWL sequences previously described(75). All CAR
complementary DNAs were cloned into bidirectional lentiviral vectors including the human
phosphoglycerate kinase promoter and provided by L. Naldini (San Raffaele-Telethon Institute for
Gene Therapy)(66). CAR constructs were placed in sense orientation, whereas the marker gene CD20

was cloned in antisense orientation.
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Mouse experiments. All experiments were approved by the Institutional Animal Care and Use
Committee of IRCCS San Raffaele Scientific Institute and by the Italian Governmental Health
Institute. Female or male 6- to 9-week-old NOD.Cg-Prkdcscid I12rgtm1 Wjl (NSG) (Charles River
Laboratories) and NSGTgCMV-IL3, CSF2, KITLG1Eav/MloySz] (SGM3) mice (Charles River
Laboratories) were kept in a specific pathogen-free facility within individually ventilated cages. For
initial experiments addressing antitumor efficacy, NSG mice were injected subcutaneously with
1.5x10° LoVo LUCIA"ALNGFR" cells or 4x10° AsPC-1 LUCIA'ALNGFR" cells and treated with
107 CAR-T cells administered intravenously. For experiments validating the CAR-T cell delivery
route, NSG mice were infused intrahepatically with 10° LoVo LUCIA*ALNGFR" cells and treated
with 10" CAR-T cells delivered either intrahepatically or intravenously. For experiments in
humanized mice, SGM3 mice were sub-lethally irradiated and infused intravenously with 10° human
CD34" cells purified from umbilical cord-blood samples collected at the Gynecology Unit at IRCCS
Ospedale San Raffaele under written informed consent approved by IRCCS Ospedale San Raffaele
Ethics Committee (Protocol 34CB, Milan, Italy). Upon reconstitution, mice were infused
intrahepatically with 10° LoVo LUCIA*ALNGFR" cells and then treated with 5x10° CAR-T cells
delivered either intrahepatically or intravenously. To evaluate CRS development, weight loss was
monitored daily and the concentration of serum human cytokines was assessed using the
LEGENDplex bead-based cytokine immunoassay (BioLegend, 740724). In all experiments, tumor
growth was monitored by bioluminescence assay using the QUANTI-Luc detection reagent
(InvivoGen, rep-qlcl) and expressed as relative light units (RLUs). Mice were euthanized at RLU >
10° or when showing signs of discomfort. When specified, at euthanasia, subcutaneous tumor masses
were retrieved, dissociated using gentleMACS (Miltenyi Biotec, 130-093-235, 130-095-929) and
analyzed by flow cytometry. For experiments addressing the efficacy towards CRC-LM PDOs, NSG

mice were infused intrahepatically with 40 LUC* PDOs and treated twice with 107 CAR-T cells
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delivered intravenous on day 3 and 7. Tumor growth was monitored by bioluminescence and mice
were euthanized at signals > 10°. Tumor growth was expressed as tumor fold increase over day 0

from treatment with CAR-T cells.

Statistical Analysis. Individual-level data are presented in data file S1. Statistical analysis was
performed using GraphPad Prism 10.0.2. Unless otherwise specified, data are presented as mean +
SEM. Datasets were analyzed with paired or unpaired Student’s t test, one-way or two-way analysis
of variance (ANOVA), and the log-rank Mantel-Cox tests, depending on the experimental design.
Appropriate statistical tests, and corrections for multiple testing, were applied as described in the
figure legends. Biological replicates are indicated in figure legends as “independent donors,”
technical replicates are indicated as “independent samples.” Differences with a P value < 0.05 were

considered statistically significant.

Supplementary Materials

Materials and Methods

Figs. S1 to S12
Table S1
MDAR Reproducibility Checklist

Data File S1

25



548

549
550
551

552
553

554
555

556
557

558
559
560
561
562
563
564

565
566
567
568
569

570
571
572
573
574

575
576
577
578
579

580
581
582
583
584

585

References

1. E. Morgan, M. Amold, A. Gini, V. Lorenzoni, C. J. Cabasag, M. Laversanne, J. Vignat, J. Ferlay,
N. Murphy, F. Bray, Global burden of colorectal cancer in 2020 and 2040: incidence and mortality
estimates from GLOBOCAN. Gut 72, 338-344 (2023).

2. A. W. C. Kow, Hepatic metastasis from colorectal cancer. J Gastrointest Oncol 10, 1274—1298
(2019).

3. O. Akgiil, E. Cetinkaya, S. Ers6z, M. Tez, Role of surgery in colorectal cancer liver metastases.
World J Gastroenterol 20, 6113—6122 (2014).

4. H. Takahashi, E. Berber, Role of thermal ablation in the management of colorectal liver
metastasis. Hepatobiliary Surg Nutr 9, 49-58 (2020).

5.F. L. Locke, D. B. Miklos, C. A. Jacobson, M.-A. Perales, M.-J. Kersten, O. O. Oluwole, A.
Ghobadi, A. P. Rapoport, J. McGuirk, J. M. Pagel, J. Mufioz, U. Farooq, T. van Meerten, P. M.
Reagan, A. Sureda, I. W. Flinn, P. Vandenberghe, K. W. Song, M. Dickinson, M. C. Minnema, P.
A. Riedell, L. A. Leslie, S. Chaganti, Y. Yang, S. Filosto, J. Shah, M. Schupp, C. To, P. Cheng, L.
I. Gordon, J. R. Westin, All ZUMA-7 Investigators and Contributing Kite Members, Axicabtagene
Ciloleucel as Second-Line Therapy for Large B-Cell Lymphoma. N Engl J Med 386, 640—-654
(2022).

6. P. Rodriguez-Otero, S. Ailawadhi, B. Arnulf, K. Patel, M. Cavo, A. K. Nooka, S. Manier, N.
Callander, L. J. Costa, R. Vij, N. J. Bahlis, P. Moreau, S. R. Solomon, M. Delforge, J. Berdeja, A.
Truppel-Hartmann, Z. Yang, L. Favre-Kontula, F. Wu, J. Piasecki, M. Cook, S. Giralt, Ide-cel or
Standard Regimens in Relapsed and Refractory Multiple Myeloma. N Engl J Med 388, 1002-1014
(2023).

7. A. D. Cohen, A. L. Garfall, E. A. Stadtmauer, J. J. Melenhorst, S. F. Lacey, E. Lancaster, D. T.
Vogl, B. M. Weiss, K. Dengel, A. Nelson, G. Plesa, F. Chen, M. M. Davis, W.-T. Hwang, R. M.
Young, J. L. Brogdon, R. Isaacs, I. Pruteanu-Malinici, D. L. Siegel, B. L. Levine, C. H. June, M. C.
Milone, B cell maturation antigen-specific CAR T cells are clinically active in multiple myeloma. J
Clin Invest 129, 2210-2221 (2019).

8. N. Raje, J. Berdeja, Y. Lin, D. Siegel, S. Jagannath, D. Madduri, M. Liedtke, J. Rosenblatt, M. V.
Maus, A. Turka, L.-P. Lam, R. A. Morgan, K. Friedman, M. Massaro, J. Wang, G. Russotti, Z.
Yang, T. Campbell, K. Hege, F. Petrocca, M. T. Quigley, N. Munshi, J. N. Kochenderfer, Anti-
BCMA CAR T-Cell Therapy bb2121 in Relapsed or Refractory Multiple Myeloma. N Engl J Med
380, 1726-1737 (2019).

9. R. G. Majzner, S. P. Rietberg, E. Sotillo, R. Dong, V. T. Vachharajani, L. Labanieh, J. H.
Myklebust, M. Kadapakkam, E. W. Weber, A. M. Tousley, R. M. Richards, S. Heitzeneder, S. M.
Nguyen, V. Wiebking, J. Theruvath, R. C. Lynn, P. Xu, A. R. Dunn, R. D. Vale, C. L. Mackall,
Tuning the Antigen Density Requirement for CAR T-cell Activity. Cancer Discov 10, 702—723
(2020).

10. C. L. Flugel, R. G. Majzner, G. Krenciute, G. Dotti, S. R. Riddell, D. L. Wagner, M. Abou-El-

26



586
587

588
589
590
591

592
593
594

595
596
597
598

599
600
601

602
603
604
605

606
607

608
609
610

611
612
613

614
615
616
617

618
619
620
621
622

623
624

Enein, Overcoming on-target, off-tumour toxicity of CAR T cell therapy for solid tumours. Nat Rev
Clin Oncol 20, 49-62 (2023).

11. C. H. J. Lamers, S. Sleijfer, A. G. Vulto, W. H. J. Kruit, M. Kliffen, R. Debets, J. W. Gratama,
G. Stoter, E. Oosterwijk, Treatment of metastatic renal cell carcinoma with autologous T-

lymphocytes genetically retargeted against carbonic anhydrase IX: first clinical experience. J Clin
Oncol 24, €20-22 (2006).

12. R. A. Morgan, J. C. Yang, M. Kitano, M. E. Dudley, C. M. Laurencot, S. A. Rosenberg, Case
report of a serious adverse event following the administration of T cells transduced with a chimeric
antigen receptor recognizing ERBB2. Mol Ther 18, 843—-851 (2010).

13. C. Qi, J. Gong, J. Li, D. Liu, Y. Qin, S. Ge, M. Zhang, Z. Peng, J. Zhou, Y. Cao, X. Zhang, Z.
Lu, M. Lu, J. Yuan, Z. Wang, Y. Wang, X. Peng, H. Gao, Z. Liu, H. Wang, D. Yuan, J. Xiao, H.
Ma, W. Wang, Z. Li, L. Shen, Claudin18.2-specific CAR T cells in gastrointestinal cancers: phase 1
trial interim results. Nat Med 28, 1189—1198 (2022).

14.J. Feucht, J. Sun, J. Eyquem, Y.-J. Ho, Z. Zhao, J. Leibold, A. Dobrin, A. Cabriolu, M. Hamieh,
M. Sadelain, Calibration of CAR activation potential directs alternative T cell fates and therapeutic
potency. Nat Med 25, 8288 (2019).

15. M. Casucci, L. Falcone, B. Camisa, M. Norelli, S. Porcellini, A. Stornaiuolo, F. Ciceri, C.
Traversari, C. Bordignon, C. Bonini, A. Bondanza, Extracellular NGFR Spacers Allow Efficient

Tracking and Enrichment of Fully Functional CAR-T Cells Co-Expressing a Suicide Gene. Front
Immunol 9, 507 (2018).

16. Q. Xiao, X. Zhang, L. Tu, J. Cao, C. S. Hinrichs, X. Su, Size-dependent activation of CAR-T
cells. Sci Immunol 7, eabl3995 (2022).

17.J. L. Luque-Garcia, J. L. Martinez-Torrecuadrada, C. Epifano, M. Cafiamero, I. Babel, J. L.
Casal, Differential protein expression on the cell surface of colorectal cancer cells associated to
tumor metastasis. Proteomics 10, 940-952 (2010).

18. S. Surinova, L. Radova, M. Choi, J. Srovnal, H. Brenner, O. Vitek, M. Hajduch, R. Aebersold,
Non-invasive prognostic protein biomarker signatures associated with colorectal cancer. EMBO
Mol Med 7, 1153—-1165 (2015).

19. F. Perna, S. H. Berman, R. K. Soni, J. Mansilla-Soto, J. Eyquem, M. Hamieh, R. C.
Hendrickson, C. W. Brennan, M. Sadelain, Integrating Proteomics and Transcriptomics for
Systematic Combinatorial Chimeric Antigen Receptor Therapy of AML. Cancer Cell 32, 506-
519.e5 (2017).

20. K. Allenson, J. Castillo, F. A. San Lucas, G. Scelo, D. U. Kim, V. Bernard, G. Davis, T. Kumar,
M. Katz, M. J. Overman, L. Foretova, E. Fabianova, I. Holcatova, V. Janout, F. Meric-Bernstam, P.
Gascoyne, 1. Wistuba, G. Varadhachary, P. Brennan, S. Hanash, D. Li, A. Maitra, H. Alvarez, High
prevalence of mutant KRAS in circulating exosome-derived DNA from early-stage pancreatic
cancer patients. Ann Oncol 28, 741-747 (2017).

21. M. MacKay, E. Afshinnekoo, J. Rub, C. Hassan, M. Khunte, N. Baskaran, B. Owens, L. Liu, G.
J. Roboz, M. L. Guzman, A. M. Melnick, S. Wu, C. E. Mason, The therapeutic landscape for cells
27



625

626
627
628
629
630
631

632
633
634
635
636
637

638
639

640
641

642
643
644
645
646

647
648
649
650
651
652

653
654

655
656
657
658
659

660
661
662
663

engineered with chimeric antigen receptors. Nat Biotechnol 38, 233-244 (2020).

22. S. Vasaikar, C. Huang, X. Wang, V. A. Petyuk, S. R. Savage, B. Wen, Y. Dou, Y. Zhang, Z.
Shi, O. A. Arshad, M. A. Gritsenko, L. J. Zimmerman, J. E. McDermott, T. R. Clauss, R. J. Moore,
R. Zhao, M. E. Monroe, Y.-T. Wang, M. C. Chambers, R. J. C. Slebos, K. S. Lau, Q. Mo, L. Ding,
M. Ellis, M. Thiagarajan, C. R. Kinsinger, H. Rodriguez, R. D. Smith, K. D. Rodland, D. C.
Liebler, T. Liu, B. Zhang, Clinical Proteomic Tumor Analysis Consortium, Proteogenomic Analysis
of Human Colon Cancer Reveals New Therapeutic Opportunities. Cell 177, 1035-1049.¢19 (2019).

23. M. Uhlén, L. Fagerberg, B. M. Hallstrom, C. Lindskog, P. Oksvold, A. Mardinoglu, A.
Sivertsson, C. Kampf, E. Sjostedt, A. Asplund, I. Olsson, K. Edlund, E. Lundberg, S. Navani, C.
A.-K. Szigyarto, J. Odeberg, D. Djureinovic, J. O. Takanen, S. Hober, T. Alm, P.-H. Edqvist, H.
Berling, H. Tegel, J. Mulder, J. Rockberg, P. Nilsson, J. M. Schwenk, M. Hamsten, K. von
Feilitzen, M. Forsberg, L. Persson, F. Johansson, M. Zwahlen, G. von Heijne, J. Nielsen, F. Pontén,
Proteomics. Tissue-based map of the human proteome. Science 347, 1260419 (2015).

24. UniProt Consortium, UniProt: the Universal Protein Knowledgebase in 2023. Nucleic Acids Res
51, D523-D531 (2023).

25. B. Ghazi, A. El Ghanmi, S. Kandoussi, A. Ghouzlani, A. Badou, CAR T-cells for colorectal
cancer immunotherapy: Ready to go? Front Immunol 13, 978195 (2022).

26. J. Castillo, V. Bernard, F. A. San Lucas, K. Allenson, M. Capello, D. U. Kim, P. Gascoyne, F.
C. Mulu, B. M. Stephens, J. Huang, H. Wang, A. A. Momin, R. O. Jacamo, M. Katz, R. Wolff, M.
Javle, G. Varadhachary, I. I. Wistuba, S. Hanash, A. Maitra, H. Alvarez, Surfaceome profiling
enables isolation of cancer-specific exosomal cargo in liquid biopsies from pancreatic cancer
patients. Ann Oncol 29, 223-229 (2018).

27. A. Potenza, C. Balestrieri, M. Spiga, L. Albarello, F. Pedica, F. Manfredi, B. C. Cianciotti, C.
De Lalla, O. A. Botrugno, C. Faccani, L. Stasi, E. Tassi, S. Bonfiglio, G. M. Scotti, M. Redegalli,
D. Biancolini, B. Camisa, E. Tiziano, C. Sirini, M. Casucci, C. lozzi, D. Abbati, F. Simeoni, D.
Lazarevic, U. Elmore, G. Fiorentini, G. Di Lullo, G. Casorati, C. Doglioni, G. Tonon, P. Dellabona,
R. Rosati, L. Aldrighetti, E. Ruggiero, C. Bonini, Revealing and harnessing CD39 for the treatment
of colorectal cancer and liver metastases by engineered T cells. Gut 72, 1887-1903 (2023).

28. Z. Tang, C. Li, B. Kang, G. Gao, C. Li, Z. Zhang, GEPIA: a web server for cancer and normal
gene expression profiling and interactive analyses. Nucleic Acids Res 45, W98-W102 (2017).

29. F. Jacobsen, R. Pushpadevan, F. Viehweger, M. Freytag, R. Schlichter, N. Gorbokon, F.
Biischeck, A. M. Luebke, D. Putri, M. Kluth, C. Hube-Magg, A. Hinsch, D. Héflmayer, C. Fraune,
C. Bernreuther, P. Lebok, G. Sauter, S. Minner, S. Steurer, R. Simon, E. Burandt, D. Dum, F. Lutz,
A. H. Marx, T. Krech, T. S. Clauditz, Cadherin-17 (CDH17) expression in human cancer: A tissue
microarray study on 18,131 tumors. Pathol Res Pract 256, 155175 (2024).

30. S. Jutz, J. Leitner, K. Schmetterer, I. Doel-Perez, O. Majdic, K. Grabmeier-Pfistershammer, W.
Paster, J. B. Huppa, P. Steinberger, Assessment of costimulation and coinhibition in a triple

parameter T cell reporter line: Simultaneous measurement of NF-xB, NFAT and AP-1. J Immunol
Methods 430, 10-20 (2016).

28



664
665
666
667

668
669

670
671
672
673

674
675

676
677
678
679

680
681
682
683
684

685
686
687
688

689
690
691

692
693
694
695

696
697

698
699

700
701

31. M. B. Leick, H. Silva, I. Scarfo, R. Larson, B. D. Choi, A. A. Bouffard, K. Gallagher, A.
Schmidts, S. R. Bailey, M. C. Kann, M. Jan, M. Wehrli, K. Grauwet, N. Horick, M. J. Frigault, M.
V. Maus, Non-cleavable hinge enhances avidity and expansion of CAR-T cells for acute myeloid
leukemia. Cancer Cell 40, 494-508.e5 (2022).

32. L. Falcone, M. Casucci, Exploiting Secreted Luciferases to Monitor Tumor Progression In
Vivo. Methods Mol Biol 1393, 105-111 (2016).

33. S. C. Katz, R. A. Burga, E. McCormack, L. J. Wang, W. Mooring, G. R. Point, P. D. Khare, M.
Thorn, Q. Ma, B. F. Stainken, E. O. Assanah, R. Davies, N. J. Espat, R. P. Junghans, Phase I
Hepatic Immunotherapy for Metastases Study of Intra-Arterial Chimeric Antigen Receptor-
Modified T-cell Therapy for CEA+ Liver Metastases. Clin Cancer Res 21, 3149-3159 (2015).

34. L. Cherkassky, Z. Hou, A. Amador-Molina, P. S. Adusumilli, Regional CAR T cell therapy: An
ignition key for systemic immunity in solid tumors. Cancer Cell 40, 569-574 (2022).

35. M. Norelli, B. Camisa, G. Barbiera, L. Falcone, A. Purevdorj, M. Genua, F. Sanvito, M.
Ponzoni, C. Doglioni, P. Cristofori, C. Traversari, C. Bordignon, F. Ciceri, R. Ostuni, C. Bonini, M.
Casucci, A. Bondanza, Monocyte-derived IL-1 and IL-6 are differentially required for cytokine-
release syndrome and neurotoxicity due to CAR T cells. Nat Med 24, 739—748 (2018).

36. S. Arcangeli, C. Bove, C. Mezzanotte, B. Camisa, L. Falcone, F. Manfredi, E. Bezzecchi, R. El
Khoury, R. Norata, F. Sanvito, M. Ponzoni, B. Greco, M. A. Moresco, M. G. Carrabba, F. Ciceri, C.
Bonini, A. Bondanza, M. Casucci, CAR T cell manufacturing from naive/stem memory T
lymphocytes enhances antitumor responses while curtailing cytokine release syndrome. J Clin
Invest 132, e150807 (2022).

37. C. Bove, S. Arcangeli, L. Falcone, B. Camisa, R. El Khoury, B. Greco, A. De Lucia, A.
Bergamini, A. Bondanza, F. Ciceri, C. Bonini, M. Casucci, CD4 CAR-T cells targeting CD19 play
a key role in exacerbating cytokine release syndrome, while maintaining long-term responses. J
Immunother Cancer 11, 005878 (2023).

38. T. Giavridis, S. J. C. van der Stegen, J. Eyquem, M. Hamieh, A. Piersigilli, M. Sadelain, CAR T
cell-induced cytokine release syndrome is mediated by macrophages and abated by IL-1 blockade.
Nat Med 24, 731-738 (2018).

39. S. Arcangeli, L. Falcone, B. Camisa, F. De Girardi, M. Biondi, F. Giglio, F. Ciceri, C. Bonini,
A. Bondanza, M. Casucci, Next-Generation Manufacturing Protocols Enriching TSCM CAR T
Cells Can Overcome Disease-Specific T Cell Defects in Cancer Patients. Front Immunol 11, 1217
(2020).

40. M.-C. Su, R.-H. Yuan, C.-Y. Lin, Y.-M. Jeng, Cadherin-17 is a useful diagnostic marker for
adenocarcinomas of the digestive system. Mod Pathol 21, 1379—1386 (2008).

41. M. W. Wendeler, D. Drenckhahn, R. Gessner, W. Baumgartner, Intestinal LI-cadherin acts as a
Ca2+-dependent adhesion switch. J Mol Biol 370, 220-230 (2007).

42. A. Buckley, J. R. Turner, Cell Biology of Tight Junction Barrier Regulation and Mucosal
Disease. Cold Spring Harb Perspect Biol 10, 2029314 (2018).

29



702
703
704
705
706

707
708
709

710
711
712

713
714

715
716
717

718
719
720
721
722

723
724
725
726

727
728
729
730

731
732
733
734
735

736
737
738
739
740

43. M. Seif, T. K. Kakoschke, F. Ebel, M. M. Bellet, N. Trinks, G. Renga, M. Pariano, L. Romani,
B. Tappe, D. Espie, E. Donnadieu, K. Hiinniger, A. Hader, M. Sauer, D. Damotte, M. Alifano, P. L.
White, M. Backx, T. Nerreter, M. Machwirth, O. Kurzai, S. Prommersberger, H. Einsele, M.
Hudecek, J. Loffler, CAR T cells targeting Aspergillus fumigatus are effective at treating invasive
pulmonary aspergillosis in preclinical models. Sci Trans! Med 14, eabh1209 (2022).

44 N. C. Panarelli, R. K. Yantiss, M. M. Yeh, Y. Liu, Y.-T. Chen, Tissue-specific cadherin CDH17
is a useful marker of gastrointestinal adenocarcinomas with higher sensitivity than CDX2. Am J
Clin Pathol 138, 211-222 (2012).

45. A. N. Snow, S. Mangray, S. Lu, R. Clubwala, J. Li, M. B. Resnick, E. Yakirevich, Expression
of cadherin 17 in well-differentiated neuroendocrine tumours. Histopathology 66, 1010-1021
(2015).

46. J. 1. Casal, R. A. Bartolomé, RGD cadherins and o231 integrin in cancer metastasis: A
dangerous liaison. Biochim Biophys Acta Rev Cancer 1869, 321-332 (2018).

47. R. A. Bartolomé, C. Aizpurua, M. Jaén, S. Torres, E. Calvifio, J. I. Imbaud, J. I. Casal,
Monoclonal Antibodies Directed against Cadherin RGD Exhibit Therapeutic Activity against
Melanoma and Colorectal Cancer Metastasis. Clin Cancer Res 24, 433—444 (2018).

48. J. M. Garcia-Martinez, S. Wang, C. Weishaeupl, A. Wernitznig, P. Chetta, C. Pinto, J. Ho, D.
Dutcher, P. N. Gorman, R. Kroe-Barrett, J. Rinnenthal, C. Giragossian, M. A. Impagnatiello, I.
Tirapu, F. Hilberg, N. Kraut, M. Pearson, K. P. Kuenkele, Selective Tumor Cell Apoptosis and
Tumor Regression in CDH17-Positive Colorectal Cancer Models using BI 905711, a Novel Liver-
Sparing TRAILR2 Agonist. Mol Cancer Ther 20, 96—-108 (2021).

49. Z. Feng, X. He, X. Zhang, Y. Wu, B. Xing, A. Knowles, Q. Shan, S. Miller, T. Hojnacki, J. Ma,
B. W. Katona, T. P. F. Gade, D. L. Siegel, J. Schrader, D. C. Metz, C. H. June, X. Hua, Potent
suppression of neuroendocrine tumors and gastrointestinal cancers by CDH17CAR T cells without
toxicity to normal tissues. Nat Cancer 3, 581-594 (2022).

50. R. Greenman, Y. Pizem, M. Haus-Cohen, A. Goor, G. Horev, G. Denkberg, K. Sinik, Y. Elbaz,
V. Bronner, A. G. Levin, G. Horn, S. Shen-Orr, Y. Reiter, Shaping Functional Avidity of CAR T
Cells: Affinity, Avidity, and Antigen Density That Regulate Response. Mol Cancer Ther 20, 872—
884 (2021).

51. M. Mulazzani, S. P. Fraile, I. von Miicke-Heim, S. Langer, X. Zhou, H. Ishikawa-Ankerhold, J.
Leube, W. Zhang, S. Doétsch, M. Svec, M. Rudelius, M. Dreyling, M. von Bergwelt-Baildon, A.
Straube, V. R. Buchholz, D. H. Busch, L. von Baumgarten, Long-term in vivo microscopy of CAR
T cell dynamics during eradication of CNS lymphoma in mice. Proc Natl Acad Sci U S A 116,
24275-24284 (2019).

52. C. E. Brown, D. Alizadeh, R. Starr, L. Weng, J. R. Wagner, A. Naranjo, J. R. Ostberg, M. S.
Blanchard, J. Kilpatrick, J. Simpson, A. Kurien, S. J. Priceman, X. Wang, T. L. Harshbarger, M.
D’Apuzzo, J. A. Ressler, M. C. Jensen, M. E. Barish, M. Chen, J. Portnow, S. J. Forman, B. Badie,
Regression of Glioblastoma after Chimeric Antigen Receptor T-Cell Therapy. N Engl J Med 375,
2561-2569 (2016).

30



741
742
743
744
745
746
747

748
749
750
751

752
753
754
755
756
757

758
759
760
761

762
763
764
765
766
767

768
769
770
771
772

773
774
775

776
777
778
779
780
781

53. P. S. Adusumilli, M. G. Zauderer, 1. Riviére, S. B. Solomon, V. W. Rusch, R. E. O’Cearbhaill,
A. Zhu, W. Cheema, N. K. Chintala, E. Halton, J. Pineda, R. Perez-Johnston, K. S. Tan, B. Daly, J.
A. Araujo Filho, D. Ngai, E. McGee, A. Vincent, C. Diamonte, J. L. Sauter, S. Modi, D. Sikder, B.
Senechal, X. Wang, W. D. Travis, M. Gonen, C. M. Rudin, R. J. Brentjens, D. R. Jones, M.
Sadelain, A Phase I Trial of Regional Mesothelin-Targeted CAR T-cell Therapy in Patients with
Malignant Pleural Disease, in Combination with the Anti-PD-1 Agent Pembrolizumab. Cancer
Discov 11, 2748-2763 (2021).

54. S. C. Katz, A. E. Moody, P. Guha, J. C. Hardaway, E. Prince, J. LaPorte, M. Stancu, J. E.
Slansky, K. R. Jordan, R. D. Schulick, R. Knight, A. Saied, V. Armenio, R. P. Junghans, HITM-
SURE: Hepatic immunotherapy for metastases phase Ib anti-CEA CAR-T study utilizing pressure
enabled drug delivery. J Immunother Cancer 8, €001097 (2020).

55. S. Srivastava, S. N. Furlan, C. A. Jaeger-Ruckstuhl, M. Sarvothama, C. Berger, K. S. Smythe, S.
M. Garrison, J. M. Specht, S. M. Lee, R. A. Amezquita, V. Voillet, V. Muhunthan, S. Yechan-
Gunja, S. P. S. Pillai, C. Rader, A. M. Houghton, R. H. Pierce, R. Gottardo, D. G. Maloney, S. R.
Riddell, Immunogenic Chemotherapy Enhances Recruitment of CAR-T Cells to Lung Tumors and
Improves Antitumor Efficacy when Combined with Checkpoint Blockade. Cancer Cell 39, 193-
208.e10 (2021).

56. P. Bocca, E. Di Carlo, 1. Caruana, L. Emionite, M. Cilli, B. De Angelis, C. Quintarelli, A.
Pezzolo, L. Raffaghello, F. Morandi, F. Locatelli, V. Pistoia, I. Prigione, Bevacizumab-mediated
tumor vasculature remodelling improves tumor infiltration and antitumor efficacy of GD2-CAR T
cells in a human neuroblastoma preclinical model. Oncoimmunology 7, €1378843 (2017).

57. A. Katsarou, M. Sjostrand, J. Naik, J. Mansilla-Soto, D. Kefala, G. Kladis, A. Nianias, R.
Ruiter, R. Poels, I. Sarkar, Y. R. Patankar, E. Merino, R. M. Reijmers, K. A. Frerichs, H. Yuan, J.
de Bruijn, D. Stroopinsky, D. Avigan, N. W. C. J. van de Donk, S. Zweegman, T. Mutis, M.
Sadelain, R. W. J. Groen, M. Themeli, Combining a CAR and a chimeric costimulatory receptor

enhances T cell sensitivity to low antigen density and promotes persistence. Sci Trans! Med 13,
eabh1962 (2021).

58. B. Greco, V. Malacarne, F. De Girardi, G. M. Scotti, F. Manfredi, E. Angelino, C. Sirini, B.
Camisa, L. Falcone, M. A. Moresco, K. Paolella, M. Di Bono, R. Norata, F. Sanvito, S. Arcangeli,
C. Doglioni, F. Ciceri, C. Bonini, A. Graziani, A. Bondanza, M. Casucci, Disrupting N-glycan
expression on tumor cells boosts chimeric antigen receptor T cell efficacy against solid
malignancies. Sci Transl Med 14, eabg3072 (2022).

59. E. Peranzoni, H. Bougherara, S. Barrin, A. Mansuet-Lupo, M. Alifano, D. Damotte, E.
Donnadieu, Ex Vivo Imaging of Resident CD8 T Lymphocytes in Human Lung Tumor Slices
Using Confocal Microscopy. J Vis Exp , 55709 (2017).

60. F. Ciceri, C. Bonini, M. T. L. Stanghellini, A. Bondanza, C. Traversari, M. Salomoni, L.
Turchetto, S. Colombi, M. Bernardi, J. Peccatori, A. Pescarollo, P. Servida, Z. Magnani, S. K.
Perna, V. Valtolina, F. Crippa, L. Callegaro, E. Spoldi, R. Crocchiolo, K. Fleischhauer, M. Ponzoni,
L. Vago, S. Rossini, A. Santoro, E. Todisco, J. Apperley, E. Olavarria, S. Slavin, E. M. Weissinger,
A. Ganser, M. Stadler, E. Yannaki, A. Fassas, A. Anagnostopoulos, M. Bregni, C. G. Stampino, P.
Bruzzi, C. Bordignon, Infusion of suicide-gene-engineered donor lymphocytes after family

31



782
783

784
785
786

787
788
789

790
791
792

793
794
795
796
797

798
799
800
801

802
803

804
805
806
807
808

809

810

haploidentical haemopoietic stem-cell transplantation for leukaemia (the TKO007 trial): a non-
randomised phase I-II study. Lancet Oncol 10, 489-500 (2009).

61. S. Porcellini, C. Asperti, S. Corna, E. Cicoria, V. Valtolina, A. Stornaiuolo, B. Valentinis, C.
Bordignon, C. Traversari, CAR T Cells Redirected to CD44v6 Control Tumor Growth in Lung and
Ovary Adenocarcinoma Bearing Mice. Front Immunol 11, 99 (2020).

62. K. C. Straathof, M. A. Pul¢, P. Yotnda, G. Dotti, E. F. Vanin, M. K. Brenner, H. E. Heslop, D.
M. Spencer, C. M. Rooney, An inducible caspase 9 safety switch for T-cell therapy. Blood 105,
42474254 (2005).

63.R. L. Kao, L. C. Truscott, T.-T. Chiou, W. Tsai, A. M. Wu, S. N. De Oliveira, A Cetuximab-
Mediated Suicide System in Chimeric Antigen Receptor-Modified Hematopoietic Stem Cells for
Cancer Therapy. Hum Gene Ther 30, 413—-428 (2019).

64. S. Filosto, S. Vardhanabhuti, M. A. Canales, X. Poiré, L. J. Lekakis, S. de Vos, C. A. Portell, Z.
Wang, C. To, M. Schupp, S. Poddar, T. Trinh, C. M. Warren, E. G. Aguilar, J. Budka, P. Cheng, J.
Chou, A. Bot, R. R. Shen, J. R. Westin, Product Attributes of CAR T-cell Therapy Differentially
Associate with Efficacy and Toxicity in Second-line Large B-cell Lymphoma (ZUMA-7). Blood
Cancer Discov 5, 21-33 (2024).

65. B. Savoldo, C. A. Ramos, E. Liu, M. P. Mims, M. J. Keating, G. Carrum, R. T. Kamble, C. M.
Bollard, A. P. Gee, Z. Mei, H. Liu, B. Grilley, C. M. Rooney, H. E. Heslop, M. K. Brenner, G.
Dotti, CD28 costimulation improves expansion and persistence of chimeric antigen receptor-
modified T cells in lymphoma patients. J Clin Invest 121, 1822—1826 (2011).

66. M. Amendola, M. A. Venneri, A. Biffi, E. Vigna, L. Naldini, Coordinate dual-gene transgenesis
by lentiviral vectors carrying synthetic bidirectional promoters. Nat Biotechnol 23, 108—116 (2005).

67. M. Casucci, B. Nicolis di Robilant, L. Falcone, B. Camisa, M. Norelli, P. Genovese, B. Gentner,
F. Gullotta, M. Ponzoni, M. Bernardi, M. Marcatti, A. Saudemont, C. Bordignon, B. Savoldo, F.
Ciceri, L. Naldini, G. Dotti, C. Bonini, A. Bondanza, CD44v6-targeted T cells mediate potent
antitumor effects against acute myeloid leukemia and multiple myeloma. Blood 122, 3461-3472
(2013).

32



811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

Acknowledgements: We thank L. Naldini (San Raffaele-Telethon Institute for Gene Therapy) for
providing the bidirectional LV backbone, P. Steinberger (University of Vienna) for providing Jurkat
triple reporter cells upon material transfer agreement, L. Aldrighetti and M. Reni (IRCCS San
Raffaele Scientific Institute) for discussion regarding patient-related issues. We acknowledge
ALEMBIC (advanced microscopy laboratory; IRCCS San Raffaele Scientific Institute) for technical
support and G. di Lullo (IRCCS San Raftfaele Scientific Institute) as Project Manager of the AIRC 5

per Mille program.

Funding: This work was supported by the Italian Association for Cancer Research (AIRC 5 per Mille
Rif. 22737 to M.C. and C. Bonini.; My First AIRC Grant n°® 27459 to M.C.; AIRC-IG 18458 to C.
Bonini.; AIRC/CRUK Accelerator Award ‘Single Cell Cancer Evolution in the Clinic’ A26815 (AIRC
number program 2279 to G.T.), by the European Union’s Innovative Medicines Initiative under grant
agreement no. 945393 (T2EVOLVE to M.C., C. Bonini, and E.D.), by the European Research Council
— Starting Grant under grant agreement n° 101076572 to M.C.), by the Italian Ministry of Research
and University (2022SLL3YZ to C. Bonini), Italian Ministry of Health (RF-2021-12373598
“Uncover and overcome senescence and dysfunction of genetically engineered T lymphocytes for
cancer immunotherapy” to C. Bonini), and by “Hub Life Science — Terapia Avanzata (LSH--TA)
PNC-E3-2022-23683269 — CUP: (C43C22002210001”, finanziato dal Ministero della Salute
nell’ambito del Piano Nazionale Complementare Ecosistema Innovativo della Salute” - Codice
univoco investimento: PNC-E.3. B.G. is supported by an AIRC Post-doc Fellowship. G.G. is

supported by an AIRC Pre-doc Fellowship.

Author contributions: B.G. and R.E.K. designed and performed experiments, analyzed data,
interpreted results and wrote the manuscript. C. Balestrieri performed transcriptomic analysis and
interpreted results. C.S. helped designing in vivo experiments and testing patient-derived samples.
F.D.G. designed and performed experiments, analyzed data and interpreted results on antigen

selection and CAR construction. A.M. performed tissue slice assay, analyzed data and interpreted

33



836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

results. L.D.R., L.F., B.C., E.T., K.P,, E.C. and L.P. performed experiments and analyzed data. O.A.B.
and G.G. performed tumor organoid experiments and analyzed data. A.B. provided cord blood
material. A.F. and F.U. provided surgical tissues for tissue slice assay. M.M., G.T., E.D., C.D., F.C.,
and C. Bonini contributed to scientific discussion and manuscript revision. M.C. designed the study,

analyzed and interpreted the data, wrote the manuscript and acted as senior author of the study.

Competing interests: M.C. has received research support from Kite/Gilead and is a consultant of
Alia Therapeutics. C. Bonini has been a member of advisory boards and a consultant for Intellia
Therapeutics, TxCell, Novartis, GSK, Allogene, Kite/Gilead, Miltenyi, Kiadis and Janssen, and
received research support from Intellia Therapeutics. B.G., R.E.K., F.D.G., L.F.,, B.C., F.C., C. Bonini
and M.C. are inventors on different patents on cancer immunotherapy and genetic engineering. F.D.G.
is currently an employee of Novartis Pharma AG. Her contribution to this work relates to the period
2020-2021 when she was an employee of San Raffaele Hospital (OSR). The present data are object
of patent application owned by San Raffaele Hospital (OSR) and Universita Vita-Salute San Raffaele

and published as PCT/EP2023/081532. All other authors declare no competing interests.

Data and materials availability: All data associated with this study are present in the paper or the
Supplementary Materials. All reagents will be made available to members of the research community
upon reasonable request after completion of a material transfer agreement. Reagent requests should

be directed to M.C. (casucci.monica@hsr.it).

34


mailto:casucci.monica@hsr.it

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

Figures legends.

Fig. 1. CDH17 emerges as a lead CAR target for treatment of CRC-LM. (A and B) Schematic
representation (A) and analytical workflow (B) of steps followed to identify cell surface CAR
antigens overexpressed in patients with colorectal cancer liver metastases (CRC-LM) with minimal
expression in healthy tissues. Candidate antigens remaining after each analytical step are shown in
right boxes in (B). Schematics in (A) were created with BioRender.com. PDAC, pancreatic ductal
adenocarcinoma. (C) Gene expression profile from CRC-LM patients of CAR target candidates is
shown (n = 17). Data is expressed as decile matrix and top 30 genes expressed at highest deciles in
more than 70% of patients are shown. (D) Expression profile of top 30 genes is shown in healthy
tissues plotted using GTEx data. CDH17 is denoted with an arrow. (E) Expression in transcripts per
million (TPM) of CDH17 in tumor (T, red) and adjacent normal tissue (N, gray) is shown from
patients with colon adenocarcinoma (COAD, left) and rectum adenocarcinoma (READ, right). (F)
Expression (TPM) of CDH17 is shown during COAD progression from stage I to stage IV. In (E)
and (F), expression data were retrieved using TCGA and GTEx databases using Gepia2. (G and H)
Representative staining of tumor masses from patients with primary CRC (G, n = 20) and CRC-LM
(H, » = 10) with CDH17 antibody. Original magnification 100X. P values (*P < 0.05) were

determined by one-way ANOVA (E). Data are presented as quartiles and median values.
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Fig. 2. CDH17 CARs carrying the A4 4R scFv perform better in vitro. (A) Schematic
representation of steps followed to identify the optimal CAR construct and delivery route to target
CDH17 in CRC-LM. IgG1h, IgG1 hinge; NMS, NGFR mutated short; NWL, NGFR wild-type long;
TF, transcription factor; NFAT, Nuclear factor of activated T cells; GFP, green fluorescent protein;
POC, proof-of-concept; CRS, cytokine release syndrome; OTOT, on-target off-tumor. (B) Schematics
of second-generation anti-CDH17 CARs with different humanized single chain fragment variables
(scFv; A4 4R and Lic3) and spacers (IgG1lh, 15 amino acids; LNGFR-derived NMS, 140 amino
acids.; NWL, 222 amino acids). All CARs contain a CD28 transmembrane and costimulatory domain
and a CD3( signaling domain. (C) Frequency of NFAT" (GFP") cells among the indicated
CDH17.28(" CAR-expressing Jurkat TPR cells after stimulation with LoVo (CDH17") cells (n = 2
independent experiments in technical replicates). (D) Killing of LoVo cells was quantified after
coculture with the indicated healthy donor-derived CDH17.28C CAR-T cells at different effector-to-
target (E:T) ratios (n = 3 donors). (E) Schematic representation of CDH17 protein and mutants.
Mutants were designed by deleting each EC domain individually. MW, molecular weight; SP, signal
peptide; TM, transmembrane; EC, extracellular cadherin; IC, intracellular domain. Schematics in
panels (A, B, and E) were created with BioRender.com. (F) Flow cytometric representative plots
showing NGFR and CDH17 in wild-type CDH17- SW620 cells transduced to express CDH17
mutants. Negative control is shown in black. PECY7, phycoerythrin-cyanine7; FITC, fluorescein-5-
isothiocyanate. (G) Killing of SW620 cells expressing CDH17 mutants was quantified after coculture
with CDH17-NWL.28C CAR-T cells at 1:5 E:T ratio (n = 3 donors). In (D) and (G), killing is
expressed as elimination index (see Supplemental Materials and Methods). (H) Frequency of
CDH17.28 CAR-T cells bound to AsPC-1 targets of total CDH17.28C CAR-T cells measured with
acoustic force microfluidic microscopy (n =3 donors from 3 separate microfluidic chips over separate
days). Ut, untransduced. (I) Frequency of CDH17.28C CAR-T cells of total CDH17.28C CAR-T cells

bound to AsPC-1 targets at 1000 pN acoustic force. P values (*P < 0.05; **P < 0.01; ***P < 0.001;
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902  ****P < (0.0001) were determined by two-tailed t test (C), two-way ANOVA with Sidék’s correction
903 for multiple comparisons (D), or one-way ANOVA with Dunnett’s correction for multiple

904  comparisons (G and I). Data are presented as means = SEM.
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Fig. 3. The CDH17 CAR including the NMS spacer variant shows suboptimal activity in mice.
(A to J) Efficacy of CDH17 CAR-T cells were tested against the AsPC-1 PDAC model (A to E) or
the LoVo CRC model (F to J). (A and F) Timelines of PDAC (A) and CRC (F) in vivo experiments
are shown. In the PDAC model, mice bearing subcutaneous (s.c.) AsPC-1 tumors expressing a
secreted luciferase (Lucia) were treated intravenously (i.v.) with 10 x 10° T cells on day 4 (Ut, n = 3;
CDH17-H.28C, n = 8; CDH17-NMS.28C, n = 8; CDH17-NWL.28(, n = 7). In the CRC model, mice
bearing s.c. LoVo tumors expressing a secreted luciferase (Lucia) were treated i.v. with 10 x 10° T
cells on day 6 (Ut, n =4; CDH17-H.28C, n = 8; CDH17-NMS.28C, n = 8; CDH17-NWL.28C, n = 7).
(B and G) Tumor growth of AsPC-1 (B) and LoVo (G) tumors was measured by bioluminescent
analysis of blood samples. RLU, relative light unit. Gray regions denote basal RLU. (C and H)
Kaplan-Meier survival plots are shown for mice bearing AsPC-1 (C) and LoVo (H) tumors. (D and
I) Kinetics of circulating human CD45 (hCD45) cells retrieved from the blood of mice bearing AsPC-
1 (D) or LoVo (I) tumors are shown. (E and J) Relative fluorescence intensity (RFI) is shown for
HLA-DR CDH17-H.28C CAR-T cells retrieved from mice bearing AsPC-1 (E) or LoVo (J) tumors.
P values (*P < 0.05; ***P <0.001) were determined by log-rank Mantel-Cox test (C, H) and one-way
ANOVA with Tukey’s correction for multiple comparisons (E, J). Data are presented as means +

SEM.
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Fig. 4. Systemic and loco-regional delivery of CDH17 CAR-T cells are equally effective. (A)
Timeline of locoregional delivery in a model of tumor xenograft in the liver is shown. Briefly, mice
were injected intrahepatic (i.h.) with LoVo tumor cells expressing a secreted luciferase (Lucia) and
treated either intravenous (i.v.) or i.h. with 10 x 10° T cells on day 10 (Ut, n = 4; CDH17-H.28( i.v.,
n =15; CDH17-H.28C i.h., n = 5; CDH17-NWL.28( i.v., n = 5; CDH17-NWL.28C i.h., n = 5). (B)
Tumor burden was measured at day 11 after T cell infusion. (C) Kinetics of tumor growth was
measured in mice treated with CDH17-H.28( (red, left) and with CDH17-NWL.28  (blue, right)
CAR-T cells. In (B) and (C), tumor growth was measured by bioluminescent analysis of blood
samples. RLU, relative light unit. In (C), gray regions denote basal RLU. (D) Kinetics of circulating
hCD45 cells retrieved from the blood of mice treated with CDH17-H.28( (red, left) or with CDH17-
NWL.28( (blue, right) CAR-T cells. (E) Frequency of HLA-DR" cells among CDH17-H.28( (red,
left) and in CDH17-NWL.28( (blue, right) CAR-T cells was evaluated at day 11 after infusion by
flow cytometry. (F) Concentrations of serum IFN-y was measured in mice treated with CDH17-H.28(
(red, left) or CDH17-NWL.28 { (blue, right) CAR-T cells at day 4 after infusion. (G) Memory
phenotypes of circulating CDH17 CAR-T cells were evaluated from the blood of mice at day 11 after
infusion by flow cytometry. P values (****P < (0.0001) were determined by one-way ANOVA with

Tukey’s correction for multiple comparisons (B). Data are presented as means = SEM.
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Fig. 5. Loco-regional delivery of CDH17 CAR-T cells exacerbates CRS toxicity. (A) Timeline of
the humanized model of tumor xenograft in the liver is shown. Briefly, SGM3 mice were infused with
human cord blood derived hematopoietic stem and progenitor cells (HSPCs), injected intrahepatic
(i.h.) with LoVo tumor cells expressing a secreted luciferase (Lucia) and treated either intravenous
(i.v.) or i.h. with 5 x 10 T cells (Ut, n = 4; CDH17-H.28( i.v., n = 7; CDH17-H.28( i.h., n = 7;
CDHI17-NWL.28( i.v., n =7; CDH17-NWL.28( i.h., n = 7). (B) Tumor growth was measured at day
7 after infusion. (C) Frequency of HLA-DR" T cells among CDH17-H.28( and CDH17-NWL.28(
CAR-T cells was evaluated at day 15 after infusion. (D) Kinetics of tumor growth was measured in
mice treated with CDH17-H.28C (red, left) and with CDH17-NWL.28( (blue, right) CAR-T cells.
(E) Concentrations of serum IFN-y from mice treated with CDH17-H.28C or CDH17-NWL.28(
CAR-T cells were measured at day 10 after infusion. (F and G) Weight change (F) and Kaplan-Meier
survival plot (G) is shown for mice following treatment with CDH17-H.28C (red, left) or with
CDHI17-NWL.28( (blue, right) CAR-T cells. (H to J) Concentrations of serum IL-6 (H), IP-10 (I),
and MCP-1 (J) from mice treated with CDH17-H.28 or CDH17-NWL.28( CAR-T cells were
measured at day 10 after infusion. (K) Frequency of CDH17" cells among hematopoietic cells is
shown (n = 3 donors). (L) Killing of hematopoietic cells was quantified after coculture with either
autologous or allogeneic CDH17-H.28C or CDH17-NWL.28C CAR-T cells at 1:10 effector-to-target
(E:T) ratio (n = 3 donors of target cells, n = 2 donors of CAR-T cells). Dashed gray line denotes basal
killing. (M) Kinetics of tumor growth was measured in mice treated with 5 x 10° T cells i.v. (Ut, n =
2; CDH17-NWL.28¢, n = 7). In (B), (D) and (M), tumor growth was measured by bioluminescent
analysis of blood samples. RLU, relative light unit. In (D) and (M), gray regions denote basal RLU.
(N) Weight change is shown following treatment with T cells. In (F) and (N), dashed lines denote
endpoint threshold for severe weight loss (> 25%). (O to R) Kinetics of circulating human NGFR"
(0), CD19* (P), CD33" (Q) and CD14" (R) cells retrieved from the blood of mice treated with
CDHI17-NWL.28¢ CAR-T cells. NGFR" denote CAR-T cells. P values (*P < 0.05; **P < 0.01) were
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964  determined by two-tailed t test (B, C, and H to J) and log-rank Mantel-Cox test (G). Data are presented

965 as means £ SEM. In violin plots, data are presented as quartiles and median values.
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Fig. 6. CDH17 CAR-T cells control the growth of patient-derived tumor organoids in mice. (A)
Schematics of functional testing of primary samples from patients with CRC-LM. Briefly, patient-
derived CDH17.28C CAR-T cells were challenged in co-culture against autologous or allogeneic
tumor organoids generated from surgically resected tumor samples. Schematics in panel were created
with BioRender.com. (B) Expansion (fold increase) of Ut T cells, CDH17-H.28C CAR-T cells and
CDHI17-NWL.28( CAR-T cells manufactured from healthy donors or CRC-LM patients are shown
(C and D) Frequencies of CD4 and CD8 T cells (C) and of memory T cells (D) at the end of
manufacturing are shown. (E) Frequency of CD20" cells of total cells at day 9 from aCD3/CD28
bead stimulation is shown for CDH17-H.28{ CAR-T cells. (F) Frequency of NGFR" cells of total
cells at day 9 from aCD3/CD28 bead stimulation is shown for CDH17-NWL.28 CAR-T cells. From
(B) to (F), Ut HD, n = 10; CDH17-H.28¢ HD, n = 10; CDH17-NWL.28¢ HD, {, n = 10; Ut CRC-
LM, n = 3; CDH17-H.28 CRC-LM, n = 7; CDH17-NWL.28( CRC-LM, n = 7. (G) Target cell
killing was measured against tumor organoids generated from surgically resected CRC-LM samples
cocultured with autologous or allogeneic CDH17-H.28C and CDH17-NWL.28C CAR-T cells at 1:1
effector-to-target (E:T) ratio. Killing is expressed as elimination index (HD: n = 1 T cell donor in
technical triplicate, » = 1 PDO. CRC-LM: n =3 T cell donors in technical duplicate, n = 2 PDOs).
(H) Schematics of the patient-derived xenograft (PDX) model is shown. Briefly, mice bearing
intrahepatic CRC-LM PDOs expressing luciferase were treated intravenous (i.v.) twice with 10 x 10°
T cells onday 3 and 7 (Ut, n="7; CDH17-H.28(, n =9; CDH17-NWL.28(, n = 10). (I) Tumor growth
was measured by bioluminescent imaging and expressed as tumor fold increase. (J and K)
Representative radiographic images (J) and tumor diameters (K) are shown at day 26 following
treatment with either Ut T cells or with CDH17-H.28C or CDH17-NWL.28C CAR-T cells. In (J), red
lines denote tumor lesions. (L) Kaplan-Meier survival plot is shown for mice in (H). (M) Kinetics of
circulating hCD45 cells retrieved from the blood of mice in (H) are shown. (N to P) Frequency of
HLA-DR" cells among CAR-T cells (N), frequency of each memory phenotype among CAR-T cells
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991 (0), and CD4/CD8 ratio (P) of circulating CDH17-H.28C and CDH17-NWL.28C CAR-T cells was
992  evaluated from the blood of mice at day 21 after infusion. P values (*P < 0.05; **P < 0.01) were
993  determined by two-way ANOVA with Sidék’s correction for multiple comparisons (C, O), two-tailed

994 ttest (F, G), or log-rank Mantel-Cox test (L). Data are presented as means + SEM.
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Fig. 7. CDH17 CAR-T cells do not react against healthy colon tissue slices. (A to C) Confocal
microscopy images showing localization of CDH17 and Occludin in healthy colon (A), CRC (B), and
CRC-LM (C) tissue. Original magnification 630X. (D and E) IFN-y and TNF-a production were
measured after 24 hours exposure of titrated CDH17-H.28C (D) or CDH17-NWL.28¢ (E) CAR-T
cells to tissue slices derived either from CRC or autologous adjacent non-tumoral colon (n =4 donors
of primary tissues and n = 3 to 4 donors of CAR-T cells, in replicates). Cytokines were analyzed using

LEGENDplex bead—based cytokine immunoassay. Data are presented as means + SEM.

44



1002

1003
1004

1005

1006

TABLE 1 | List of patient samples analyzed for CDH17 immunohistochemistry

Patient*

- © 00 N O O A~ WN =

0
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Tumor
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
Primary CRC
CRC-LM
CRC-LM
CRC-LM
CRC-LM
CRC-LM
CRC-LM
CRC-LM
CRC-LM
CRC-LM
CRC-LM

*calculated on neoplastic cells;

CDH17 Expression (%)*
50
100
100
95
80
60
95
90
95
100
100
90
95
100
100
80
95
100
70
100
100
95
90
90
95
100
95
90
50
95

CRC, colorectal cancer; CRC-LM, liver metastases from CRC
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