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Multi-armored allogeneic MUC1 CART cells enhance
efficacy and safety in triple-negative breast cancer

Piril Erler', Tomasz Kurcon', Hana Cho', Jordan Skinner', Chantel Dixon', Steven Grudman’,
Sandra Rozlan?, Emilie Dessez?, Ben Mumford’, Sumin Jo', Alex Boyne1, Alexandre Juillerat’,
Philippe Duchateau?, Laurent Poirot?, Beatriz Aranda-OrgiIIes"‘<

Solid tumors, such as triple-negative breast cancer (TNBC), are biologically complex due to cellular heterogeneity,
lack of tumor-specific antigens, and an immunosuppressive tumor microenvironment (TME). These challenges
restrain chimeric antigen receptor (CAR) T cell efficacy, underlining the importance of armoring. In solid cancers, a
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localized tumor mass allows alternative administration routes, such as intratumoral delivery with the potential to
improve efficacy and safety but may compromise metastatic-site treatment. Using a multi-layered CART cell engi-
neering strategy that allowed a synergy between attributes, we show enhanced cytotoxic activity of MUC1 CART
cells armored with PD1X°, tumor-specific interleukin-12 release, and TGFBR2XC attributes catered towards the TNBC
TME. Intratumoral treatment effectively reduced distant tumors, suggesting retention of antigen-recognition
benefits at metastatic sites. Overall, we provide preclinical evidence of armored non-alloreactive MUC1 CART cells
greatly reducing high TNBC tumor burden in a TGFB1- and PD-L1-rich TME both at local and distant sites while

preserving safety.

INTRODUCTION

Worldwide, breast cancer remains the most common malignancy
in women. Among all subtypes, triple-negative breast cancer (TNBC)
is noted as the most aggressive with a high metastatic potential and
poor survival rates (1). TNBC accounts for 10 to 20% of all breast
cancers, and to date, patients have limited therapeutic options due
to the lack of targetable hormone receptors in this subtype (2). De-
spite the emergence of a few recent targeted therapy options that
are under investigation [i.e., Poly (ADP-ribose) polymerase (PARP),
Phosphatidylinositol-4,5-biphosphate 3-kinase catalytic subunit
alpha (PIK3CA), and programmed cell death protein 1 (PD-1) and
angiogenesis inhibitors], surgery, chemotherapy, and radiation ther-
apy continue to be the standard of care, and their success remains
limited (3, 4). As an alternative, chimeric antigen receptor (CAR)
T cell therapies could provide an invaluable option for patients with
advance-stage TNBC.

In solid tumors, CAR T cell therapy effectiveness encounters nu-
merous challenges due to the sparse number of tumor-specific anti-
gens, large tumor heterogeneity, a highly immuno-inhibitory tumor
microenvironment (TME), ineffective T cell trafficking, and tumor
infiltration (5, 6). To overcome these challenges, mounting lines of
evidence suggest that CAR T cells require additional functional ar-
moring to boost potency and proliferation while preventing cellular
dysfunction (7-11). As a result, in addition to choosing an ideal tar-
get antigen and identifying an optimal Single-chain Fragment Vari-
able (scFv), multi-layered gene engineering strategies and alternative
administration approaches appear critical to foster the efficacy and
safety of CAR T cells against solid tumors.

MUCI is a heavily glycosylated protein expressed on the apical
surface of normal epithelial tissues. Confined to the lumen in nor-
mal physiological structures, normal MUCI antigen is protected
from the external environment (12). In contrast, tumor-associated
MUCI1 is hypo-glycosylated, thereby enabling differential antigenic
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recognition with specific scFvs (13, 14). Moreover, tumor-associated
MUCI is overexpressed and losing its polarization, it is dispersed
throughout the surface of the tumor cells, increasing the prospect of
interacting with cells in the peripheral blood (PB) (15). In TNBC,
MUCI expression is detected in 94% and overexpression is noted in
67% of the patient tumors (16). Because it is also associated with
cancer cell stemness (17), and has a high rate of overexpression in a
variety of solid cancers, tumor-specific MUCI represents a valuable
target in a large range of solid tumors (15).

Among other immune-evasive mechanisms, the programmed
death-ligand 1 (PD-L1)/PD1 and TGFB1-transforming growth factor-
Bl (TGFB1)/TGFBR2 axes are some of the key mediators of T cell
dysfunction and impaired proliferation deployed in the TME of
TNBC and other solid tumors (18, 19). These mechanisms com-
monly challenge CAR T cells to efficiently mount an antitumor re-
sponse and to provide optimal CAR T cell expansion, which is crucial for
a substantial reduction of the tumor burden (20, 21). Interleukin-12
(IL-12) cytokine is known to increase CAR T cell proliferation,
yet its systemic toxicity has been recorded in several models and is
preventing its success in the clinic (22, 23). Thus, inducible mecha-
nisms to secrete IL-12 or other cytokines have become paramount
to decrease risks associated with systemic toxicity while maintain-
ing the efficacy of the CAR T cells (11, 24-29).

In addition to multiplexed engineering and inducible cytokine
release strategies, regional or intratumoral administration of CAR T
cells may be used as an alternative to intravenous administration
to address challenges associated with tumor trafficking and infiltra-
tion, as well as to potentially decrease oft-tumor toxicities (30-37).
Although there are increasing number of clinical trials investigating
intratumoral administration of immunotherapeutic agents, studies
applying intratumoral administration of CAR T cells for breast can-
cer treatment remain limited to date (30, 31, 38-43). Efficient target-
ing of metastatic sites is crucial for patients with late-stage TNBC
because mortality risk increases with metastasis. Since intratumoral
administration can confine the CAR T cells to the tumor, it is vital to
ensure that this route of administration can still effectively target
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metastatic sites while providing advantages to efficacy. Overall, it is
optimal to develop CAR T cells capable of migrating to distant tu-
mor sites while maintaining low levels in circulation for increased
safety. Engineering efforts to armor CAR T cells have increased in
the last years in the quest to enhance CAR T cell efficacy and traf-
ficking to solid tumors (6, 7, 44, 45). However, highly active armored
CAR T cells could pose a toxicity risk; therefore, a combination of
intratumoral administration along with CAR T cells armoring strat-
egies is emerging as an attractive avenue to safely and efficiently tar-
get solid tumors while reaching distant sites (33, 46).

Herein, we identified an efficient MUCI scFv with high tumor
coverage and investigated its therapeutic potential using in vitro and
in vivo assays in TNBC tumor models. To increase efficacy against
solid tumors, we generated non-alloreactive MUC1 CAR T cells
carrying multiple CAR T cell enhancing attributes edited by Tran-
scription activator-like effector nucleases (TALEN) technology to
evaluate whether the combination of attributes confers additional
benefits. In detail, we engineered non-alloreactive/universal CAR
T cells harboring a TRAC knockout to prevent graft versus host
disease in an allogeneic context (UCART) and a recombinant lenti-
viral vector (rLV) to express a second-generation MUC1 CAR
(UCARTM1). We further edited the non-alloreactive UCARTM1
with a PDCDI and TGFBR2 TALEN-mediated knockout and in-
serted IL-12 under the regulatory elements of PDCDI allowing its
transcription and consecutive secretion to be induced by antigen-
mediated CAR T cell activation (UCARTM1APDVIL12 ATGEBR2) (]7),
Alongside with intravenous delivery, we evaluated the therapeutic
potential of multi-edited CAR T cells used in combination with
intratumoral administration in increasing efficacy and safety. Fur-
thermore, we assessed the therapeutic control over TNBC tumors
exhibiting an immunosuppressive TME and at distant sites with
high tumor burden. In these preclinical models, we also monitored
CAR T cell and IL-12 levels systemically to assess the benefits of
combining different attributes as well as different delivery routes to
reduce the potential off-tumor risks and IL-12-related toxicities to
maintain safety. Altogether, our study shows that multi-armored
CAR T cells can effectively clear tumors in both intratumoral and
intravenous models with a range of CAR T cell dosing and tumor
burden while limiting off-tumor toxicities, thus allowing us to con-
sider different approaches for clinical development to balance effi-
cacy and safety.

RESULTS

In vitro screening identifies lead scFvs for MUC1 CART cells
We used several scFvs (M1 to M7) from the literature targeting var-
ious regions and glycosylation patterns of tumor-associated MUC1
(table S1) and assembled them into a CAR structure carrying a
CD8a hinge and transmembrane domain, a 4-1BB costimulatory
domain, and a CD3( activation domain (Fig. 1A). Moreover, the
CAR constructs carried two CD20 mimotopes (R2) that allow the
detection of the CAR with the Food and Drug Administration-
approved antibody rituximab (47). We generated lentiviruses with
these plasmids and verified their expression in Jurkat and T cells
(Fig. 1B and fig. S1A). In parallel, we interrogated the Cancel Cell
Line Encyclopedia and previous literature to identify breast cancer
cell lines expressing MUCI (fig. S1B). Using flow cytometry, we con-
firmed MUCI protein expression via flow cytometry using three
independent antibodies identifying different forms of the MUC1
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antigen with different glycosylation patterns, mostly recognizing the
underglycosylated protein (48-51) (table S2, Fig. 1C, and fig. S1C)
in eight breast cancer cells lines (T47D, MDA-MB-468, HCC1937,
HCC1395, HCC70, HCC38, MDA-MB-231, and MCF7). HCC70, a
TNBC cell line, and T47D, an ERa-positive luminal A cell line,
showed the highest levels of tumor-associated MUCI expression
(Fig. 1C). To use these cell lines in in vitro and in vivo experiments,
we generated HCC70-GFP (green fluorescent protein) and T47D-
GFP cell lines with an rLV encoding NanoLuc_T2A_EGFP. We then
screened six of the candidate CAR T cells that had shown good CAR
expression in T cells, in a cytotoxic assay with T47D-GFP cells (im-
aged and analyzed with the Incucyte live-cell analysis system) and
identified four CAR T cells with high killing efficiency (CARTM1,
CARTM2, CARTM3, and CARTM4) when compared to other can-
didates and the NTD controls (nontransduced; T cells without
CAR) (fig. S1D). Furthermore, we evaluated different effector-target
cell ratios and confirmed dose-dependent tumor killing of HCC70-
GFP and T47D-GFP cells when cocultured with each of these CAR
T cells (Fig. 1D). In this assay, we noted that CARTM1, CARTM3,
and CARTM4 outperformed CARTM?2 with similar efficiencies.

To evaluate whether the selected scFvs are tumor-specific, we
produced proteins encoding three of these scFvs (M1, M3, and M4)
coupled to the Fc portion of IgG1 and assessed whether they de-
tected MUCI on primary cell lines from kidney (high expression),
lung (high expression),cervical tissues (high expression), and mam-
mary tissues (medium expression) (Human Protein Atlas, protein-
atlas.org) (fig. S1, E and F). Flow cytometry analysis showed no
binding of any of the scFv proteins or the antibodies tested to the
primary epithelial cells while M1 and M3 strongly recognized the
MUCI1 antigen on two breast cancer cell lines tested, as expected
(Fig. 1, E and E and fig. S1G). We also performed an intracellular
staining to confirm that MUCI is expressed in healthy epithelial
cells evaluated, indicating that the pattern of recognition by the scFv
is dependent on posttranslational modifications and not exclusively
expression (fig. S1H). Finally, we performed a tissue microarray
analysis using immunohistochemistry to assess both the ability of
the selected scFvs to bind tumor-associated MUCI in primary tu-
mor samples and their tumor coverage. Ninety-five breast tumor
samples, representative of different malignancy stages from IA to
ITIC, were included in this array in duplicates. About 95% of the
samples showed positive staining with various intensities of staining
for the three scFv proteins tested compared to the negative control,
and the highest intensity of staining was observed for M1 (Fig. 1G).
In sum, upon this initial analysis, we identified at least three MUC1
scFvs with a large interpatient tumor coverage showing no binding
to healthy primary cells tested and observed strong cytotoxic activ-
ity of CAR T cells engineered with these scFvs in a dose-dependent
manner in vitro.

UCARTM1 treatment shows dose-dependent tumor control
and extends survival

To evaluate CAR T cells in a more physiologically relevant manner, we
established a solid tumor model by orthotopically injecting HCC70-
GEFP cells in the mammary gland and used it to test CAR T cell ac-
tivity in vivo at different doses administered intravenously. For the
in vivo experiments, we made our CAR T cells non-alloreactive by
knocking out the TRAC gene (referred to as UCART), thus prevent-
ing surface expression of ap TCR, which also helped to exclude any
potential confounding activity arising from TCR-mediated allo or
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Fig. 1. CART cells engineered with tumor-specific MUC1 scFvs show dose-dependent killing in vitro. (A) Design of the MUC1 CAR. (B) Flow cytometry analysis of CAR
expression in T cells. The range is based on percentages observed in different donors (n = 3), staining was done with anti-human F(ab’)2 or anti-mouse F(ab’)2 based on
the origin of the scFvs. (C) Flow cytometry analysis of MUCT expression in breast cancer cell lines, with three different antibodies. (D) Cytotoxic assay with cocultures set
up with different E:T ratios (n = 3). Each point represents a technical replicate. (E) Flow cytometry detection of MUC1 scFv-derived antibodies binding to healthy lung,
kidney, and cervical epithelial primary cells and breast cancer cell lines. (F) Flow cytometry detection of MUC1 scFv-derived antibodies binding to healthy mammary epi-
thelial primary cells and the HCC70 breast cancer cell line. (G) Tissue microarray IHC staining of breast cancer tumors with MUC1 scFv-derived antibodies and
negative control.
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xeno response in cellular or in vivo assays (Fig. 2, A and B) (52).
All NTD control cells used for the in vivo experiments were also
modified with a TRACX® and TCR depleted to achieve a ~100%
TCRX® population (fig. S2A). For the initial dose titration, we used
UCARTM1 out of the four CAR T cells engineered with different
scFvs as a representative. However, we did not detect efficient tumor
reduction regardless of the increased UCARTM1 dose (fig. S2B).
Considering that unarmored CAR T cells might exhibit limited
activity in solid tumors, we sought to include attributes that may
enhance CAR T cell function in vivo to allow the evaluation of dif-
ferent scFvs.

We previously published that CAR T cells carrying a TALEN-
mediated PD1 knockout and are capable of secreting IL-12 under
the PDCDI regulatory elements exhibit enhanced antitumor activi-
ty (11). This targeted integration does not allow IL-12 to be ex-
pressed at baseline because PD1 is not expressed in resting T cells,
while IL-12 can be induced when the T cell is activated upon recog-
nition of tumor antigen by the CAR. In this system, the deltaLNGFR
(dLNGFR) surface marker serves as a surrogate marker to trace IL-
12 expression as they are both delivered using an IL-12-dLNGFR
repair matrix that can then generate two independent proteins via
ribosomal skippin% mediated by T2A (fig. S2C). To understand
whether the PD1* attribute is also relevant in TNBC, we per-
formed an analysis using The Cancer Genome Atlas (TCGA) data-
base (phs000178) that revealed high PDCDI gene expression in the
TNBC bulk tumor relative to other breast cancer subtypes (fig. S2D).
Similarly, an abundance of PD1* exhausted T cells in TNBC has
been described by other groups (53). We also evaluated PD-L1 ex-
pression in HCC70-GFP tumors via immunohistochemistry (IHC)
staining, validating that our model could recapitulate PD-L1% tu-
mors (fig. S2E). In addition, based on our previous findings and the
effects of IL-12 described in the literature, we hypothesized that IL-
12 could also boost MUC1 CAR T cell proliferation and contribute
to tumor control. Therefore, we armored non-alloreactive MUC1
CAR T cells with PDCD1 knockout and targeted integration of IL-
12 (UCARTAPPYI2) providing tight control under the PD1 regu-
latory elements of this potent immunoinflammatory cytokine upon
antigen encounter, as previously shown (47) (Fig. 2A). This gene
editing strategy has multiple benefits as it can provide protection
from potential PD-L1-mediated inhibition of CAR T cells and con-
fines the IL-12 release to the tumor site bypassing potential systemic
toxic effects (54). We aimed to achieve high PD1%° efficiency but
limited the IL-12X" to only a small portion of the edited cells to boost
activity while adding another tier of safety to IL-12 use. Figure 2B
shows a representative CAR integration around 50% for all the sam-
ples evaluated and as IL-12 is only expressed upon activation, we
stimulated the cells with phorbol 12-myristate 13-acetate (PMA)/
ionomycin and demonstrated expression of the surrogate marker
dLNGEFR exclusively in the PD1* cells (Fig. 2C).

To investigate the potential benefits of PD1%° and IL-12 release
attribute in this model, we orthotopically injected HCC70-GEFP cells
and intravenously administered UCARTM1 and UCARTM14FPV/1L12
along with NTD**PVI2 N'TD, and phosphate-buffered saline (PBS)
controls. We observed that animals treated with UCARTM1*PPV/-12
displayed higher tumor control compared to UCARTM1 (fig. S2F).
HCC70-GFP tumors resected at 77 days after treatment revealed
that while UCARTM1 infiltrated the tumor but failed to control
growth, UCARTM1*PY1M12 showed higher infiltration levels and
hence better tumor growth control (Fig. 2, D and E). This was also
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reflected in the higher number of immune hCD45" cells identified
in the tumor (fig. S2G).

We then used this model to compare the efficacy of the candidate
UCARTs engineered with M1, M2, M3, or M4 scFv. Of note, the
CAR T cells generated with different scFvs yielded a comparable
T cell phenotype profile (fig. S2H). As some CAR T cells can show
variability in activity in vitro and in vivo, we included CAR T cells
we had engineered with the M2 scFv despite its lower cytotoxic ac-
tivity in vitro relative to the other candidates. Intravenous treatment
of 50-mm® HCC70-GFP tumors engraﬁed orthotopically showed that
UCARTMIAPPVILIZ GO ARTM2FPVI2 o0 q UCARTM4APPVIL2
perform similarly and clear the tumors in 3 to 4 weeks compared
to NTD and PBS control groups (Fig. 2F). UCARTM3APPV/IL12,
however, exhibited an interesting pattern exerting tumor control in
a delayed manner, effectively reducing the tumor growth at later
time points (Fig. 2F). We then focused on two constructions to per-
form an intravenous dose response study: (i) UCARTM1—given its
high intensity staining in the tissue microarray, high tumor killing
efficiency both in vitro and in vivo, and selective binding of the scFv
to tumor-specific MUC1 antigen; and (ii) UCARTM3—based on its
interesting, slower-acting profile in vivo, efficient activity in vitro,
and selective binding of the scFv to tumor-specific MUCI antigen.
We observed that while UCARTM1%"P""™2 showed dose-dependent
activity (Fig. 2, G and H), UCARTM3*PPV ™12 ywas not active at low-
er doses and displayed variable activity at higher doses (Fig. 2H).
However, both UCARTM14PPY112 4nd UCARTM3PPY 12 showed
a larger number of hCD45™" cells in the tumor in the higher dose
cohorts as expected (Fig. 2I). We examined the profile of the T cells
in the tumor at day 54 using CD62L, LAG-3, and TIM-3 to evaluate
differentiation and exhaustion and observed no notable differences
between both scFvs (fig. S2I). The different doses of UCARTM1 ad-
ministered yielded a different profile displaying a larger number of
exhaustion markers with the lower dose, which could explain the
reduced in vivo antitumor activity observed. None of the doses test-
ed with either CAR T cell affected animal health and weight during
the experiment (fig. S2J). Survival of the animals was also significantly
extended upon treatment of either dose of UCARTM14FPPVILIZ)
but consistent with the heterogeneous tumor-control response,
UCARTM3“PPYIH2 4id not extend the survival of the mice (Fig. 2)).
On the basis of these results, we selected UCARTMI to further in-
vestigate and additionally interrogated whether the location of the
tumor had an impact on response to treatment. We compared an
orthotopic and a subcutaneous tumor model by treating the cohorts
with intravenously administered UCARTM1*PPY12 when the tu-
mors reached 50 mm” and observed efficient tumor control in both
cases compared to NTD and PBS controls (fig. S2K). Altogether,
these results confirmed that M1 scFv represents a suitable candidate
for the further development of non-alloreactive MUC1 CAR T cells
(UCARTM1), as it has strong activity in vitro and in vivo, and the
scFv does not bind MUCI1 -expressing healthy epithelial tissues.

Intratumoral administration increases the efficacy of the
UCARTM1 treatment

Our previous experiments showed that UCARTM1 activity was lim-
ited when not enhanced with the PD1%°/IL-12"" attribute; hence,
we wondered whether this was a result of deficient trafficking and
infiltration or that the scFv selected failed to elicit a strong antigen-
recognition response in vivo. Intratumoral administration has
been shown to overcome challenges associated with CAR T cell
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Fig. 2. PD1%C and IL-12 release equipped UCARTM1 show dose-dependent tumor control, T cell infiltration, and extended survival. (A) Schematic representation of the
non-alloreactive CAR T cell with TRAC and PDCD1 knockout via TALEN, and IL-12 knock-in (UCARTAPP"H12) Representative phenotyping of edited CAR T cells via flow cytometry
analysis of (B) CAR expression, TCRa/b knockout, (C) PD1 knockout, and IL12/dLNGFR insertion detected with PMA/ionomycin activation (top panels; no PMA/ionomycin treatment,
bottom panels; with PMA/ionomycin treatment). (D) Design of in vivo experiments. (E) Flow cytometry analysis of PBS-, NTDAPPV! "‘12—, UCARTM1-, and UCARTM1 APDIILIZ traated
cohorts for EpCAM™ and hCD45™ cells among HLA-ABC* human cells engrafted, 77 days after treatment (n = 2 to 4 per cohort). (F) Tumor growth curve for cohorts treated with
UCARTM14PPML12 ycARTM2APPYIN2 yCARTMZAPPL12 yCARTMAAPPM M2 and NTD (n = 10 per cohort) or PBS (n = 5). (G) Tumor growth curve for cohorts treated with PBS (n = 4),
different doses of NTD, and UCARTM1 APDI/IL12 (n = 6 per cohort). (H) Individual tumor growth. (I) Flow cytometry analysis of percent hCD45* cells in tumors. (J) Kaplan-Meier sur-
vival analysis of cohorts treated with either PBS (n = 3) or different doses of NTD, UCARTM3*P?"M12 and UCARTM14PP"M12 (4 = 3 t0 6 per cohort). Each point represents a biological
replicate for (E) to () and statistical significance was calculated using unpaired t test. Each point represents a biological replicate for (F) to (H) and mixed-effects analysis was per-
formed for comparisons over time for tumor growth. Statistical significance was calculated using the log-rank Mantel-Cox test for the survival curve in (J). *P < 0.05, **P < 0.01,
P < 0,0001, ns (not significant) indicates P > 0.05. Treatments were done using 3 x 10° or 10 x 10° CAR™ cells as indicated on each graph.
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migration and infiltration in the tumor and positively affect efficacy
(34, 43, 55-58). Moreover, intratumoral administration can poten-
tially further increase safety by localization of the CAR T cells to
the tumor site rather than circulating systemically, thus limiting
the risk of on-target off-tumor toxicities. To evaluate whether the
M1 scFv selected for the further development of MUC1 CAR T cells
displayed strong binder functions when reaching the tumor, we gen-
erated an orthotopic TNBC model carrying 50-mm® HCC70-GFP
tumors in two contralateral mammary fat pads and treated one of
the tumors intratumorally with UCARTM1 harboring no additional
attributes (Fig. 3A). Using CAR T cells generated from two inde-
pendent donors, we observed that while tumors in NTD and PBS
cohorts grew exponentially, tumor growth was rapidly halted in tu-
mors treated with UCARTMI1 and tightly controlled throughout the
course of the 80-day study (Fig. 3B and fig. S3A). In agreement,
tumor weight was also significantly reduced in tumors treated with
UCARTMI1 compared to the NTD and contralateral PBS controls
(Fig. 3C). Upon observing this significant tumor control, we disso-
ciated and analyzed the tumors treated with UCARTM1 by flow
cytometry and confirmed the presence of hCD45" cells (Fig. 3F).
These results provided additional confirmation of M1 scFv binder
functions in vivo without attributes while highlighting that the
intratumoral method can substantially affect the efficacy of the
treatment. Moreover, health and weight of animals were not af-
fected during these studies, aside from one outlier for donor 2
(fig. S3, B and C).

In parallel, we intravenously treated another cohort carrying
tumors with a similar size to the above using the same dose of
UCARTM1 and compared the efficacy of intratumoral and intra-
venous treatments. Significant differences were observed in both
tumor growth and the tumor weight with intratumoral treatment
providing enhanced tumor control (Fig. 3, D and E, and fig. S3D).
These results supported the importance of unarmored CAR T cell
localization to increase the efficacy of UCARTMI treatment. To
validate the comparison, tumor growth in both one-tumor and two-
tumor models were plotted for two donors ensuring that the average
tumor growth is independent for each tumor and the two models
are comparable for tumor size for controls (fig. S3E).

Intratumoral administration allows antigen recognition at
distant sites while limiting CART cells in circulation

Patients with relapsed or refractory TNBC who can potentially
benefit from CAR T cell therapy often present with metastasis, thus
emphasizing the importance of antigen recognition and activity
at distant sites (59). Therefore, we also evaluated the contralateral
tumors that were treated only with PBS (as injection control) and
identified cells that express hCD45 as a marker of immune cells
of human origin, suggesting that intratumorally administered
UCARTMI can also migrate to distant sites. In detail, we recorded
15hCD45" cells per 100 EpCAM™ tumor cells per gram of tumor in
the UCARTM1-treated tumors, and we observed an average of five
hCD45" cells per 100 EpCAM™ cells in the contralateral tumors
treated only with PBS (Fig. 3F and fig. S3, F and G). Our findings
were confirmed with IHC staining of the hCD45" cells in the treated
and contralateral tumors. In contrast, we did not observe hCD45"%
cells in the contralateral tumors of the NTD cohort, although we
detected a low number of hCD45" cells in the NTD-treated tumors
(Fig. 3G). hCD45"CAR T cells were 75 to 80% CD8" at both tumor
sites, suggesting a similar functional potential (Fig. 3H). CAR T cells
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also showed a similar differentiation profile in both tumors (fig. S3H),
yet less cytotoxic activity was observed in the contralateral tumor, which
could be the result of a lower effector-to-target (E:T) ratio, timing,
the state of the CAR T cells reaching the distant tumor, or the
immunosuppression by the TME, among others. Moreover, because
UCARTMI1 migrated from the initial site of injection, we addi-
tionally evaluated spleens via IHC and confirmed that they were
devoid of hCD45" (Fig. 3I).

As decreased circulating CAR T cells may mitigate risks associ-
ated with off-tumor activity, we investigated CAR T cells in circula-
tion during the study. Flow cytometry analysis of the peripheral
blood collected at days 26, 40, and 80, for cohorts treated with
UCARTMI, consistently revealed a minimal number of hCD45"
cells (1.1 + 0.1/pl for all time points) in circulation while the NTD
average was 2 + 2.3 (Fig. 3]). The percentage of hCD45 cells de-
tected in the treated cohort was also similar to the NTD controls in
both donors (fig. S31). Overall, we observed that the intratumoral
administration of the UCARTMLI is superior in efficacy to intrave-
nous administration and potentially safer without forgoing the ben-
efits of antigen recognition at distant sites. However, it is important
to emphasize that although intratumorally administered UCARTM1
harboring no additional attributes could recognize the antigen at
distant sites, it could not facilitate a significant reduction at the dis-
tant tumor, thus highlighting the need for CAR T cell armoring to
boost activity and overcome immunosuppression by the TME.

TGFBR2X? CART cell editing overcomes the inhibitory effects
of TGFB1 in vitro

We next sought to explore additional attributes that could help
CART cell activity in the TME. In addition to operating as one of
the key inhibitors of T cell function in the TME of solid tumors,
TGFB1 pathway correlates with metastasis and poor prognosis in
breast cancer (60, 61). Moreover, recent evidence in pancreatic
cancer links high MUCI expression and pro-tumorigenic func-
tions of TGFB1 (62). Taking this evidence into consideration, we
proceeded to armor the UCARTMI by using a TALEN to knock
out TGFBR2 (UCARTMIATGFBRZ), to prevent TGFB1-mediated T
cell inhibition and potentially boost its activity in the TNBC TME
(Fig. 4A). We confirmed a higher than 90% TGFBR2 knockout
efficiency by treating the UCARTM1 and UCARTM14T6FBR2 wyith
TGFBI in vitro and analyzing the cells for phosphorylation of
SMAD?2/3, which mediates signaling downstream of the TGFBR2
pathway (63) (Fig. 4B). Subsequently, we validated in vitro that
UCARTM14TFBR2 5 protected against the inhibitory effects of
TGFBL1. For that, we measured the expression of the activation
marker CD25 upon CAR T cell activation with recombinant MUC1
peptide and discovered that, in the presence of TGFBI, the per-
centage of cells up-regulating CD25 expression in UCARTM]1 are
lowered, while remaining unchanged in UCARTM1*TSFBR? cells
(Fig. 4C). We next compared the proliferation of UCARTMI and
UCARTMI1*TSBR2 ipy 3 serial re-stimulation in vitro assay in the
presence or absence of TGFBI. This experiment showed signifi-
cantly inhibited proliferation of UCARTM1 while expansion of
UCARTM1*TSFBR2 yyas unaffected (Fig. 4D). Notably, while TGE-
BR2XC did not affect activation, these cells displayed a slower pro-
liferation profile under these conditions than UCARTMI1 cells.
Altogether, these in vitro experiments revealed the resistance of
UCARTM1*"%"*®* to TGFB1 while UCARTM1 activation and
proliferation were significantly impaired.
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Fig. 3. Intratumoral administration of the UCARTM1 increases tumor control while still recognizing antigen at secondary site. (A) Design of in vivo experiment.
(B) Tumor growth of cohorts treated intratumorally with UCARTM1 (n = 4) or NTD (n = 2) and their matched contralateral tumors that are treated with PBS (UCARTM1
engineered using donor 1). Experiment repeated with donor 2 is shown in the Supplementary Materials. (C) Dissection images and comparison of tumor weight for tu-
mors treated with UCARTM1, NTD, or PBS. (D) Tumor growth curve comparison of tumors treated intratumorally with 5 million UCARTM1 (n = 4) or NTD (n = 2) and intra-
venously with 5 million UCARTM1 (n = 5), NTD (n = 5), or PBS (n = 5) (UCARTM1 engineered using donor 1). (E) Tumor weight comparison of tumors treated with 5 x 10°
UCARTM1 either intratumorally or intravenously (n = 3 to 4). (F) Flow cytometry analysis of the number of hCD45" cells per EpCAM* cells per gram of tumor tumors
treated with UCARTM1 and their matched contralateral PBS (n = 4). (G) Immunohistochemistry analysis of hCD45™" cells in tumors in the tumors treated with UCARTM1,
NTD, and their matched contralateral PBS. (H) Flow cytometry detection of CD8* among the hCD45*CAR™ cells in tumors treated with UCARTM1 and their matched con-
tralateral PBS (n = 4). (I) Inmunohistochemistry analysis of hCD45" cells spleens of the cohorts treated with UCARTM1 and staining control. (J) Flow cytometry analysis of
PB collected from intratumorally treated UCARTM1 (n = 4) and NTD (n = 2) cohorts for days 26, 40, and 80. Each point represents a biological replicate for (B) to (J). Statis-
tical significance was calculated using unpaired t test for (C), (E), (H), and (J). Two-way ANOVA was performed for comparisons over time for tumor growth in (D). *P < 0.05,
#xP < 0,01, #**P < 0,001, ****P < 0,0001, ns (not significant) indicates P > 0.05. All treatments were done using 5 x 10° CAR™ cells.
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Fig. 4. TGFBR2X® armored UCARTM1 shows resistance to inhibitory effects of TGFB1. (A) Schematic representation of the non-alloreactive CAR T cell with TRAC and
TGFBR2 knockout with TALEN (UCARTM1 ATGFBRZ). (B) Functional phenotyping of TGFBR2 knockout edited UCARTM1 compared to the unedited UCARTM1 via flow cytometry
analysis of pSMAD2/3 staining in the presence of TGFBI1. (C) Flow cytometry analysis of the percentage of CD25™ cells present in UCARTM1 and UCARTM12T%"8R2 following
activation with MUC1 recombinant protein, in the presence or absence of TGFB1 (n = 2). Statistical significance was calculated using unpaired t test. (D) Proliferation assay for
MUC1 recombinant protein activated UCARTM1 and UCARTM1 ATGFBR2 i the presence or absence of TGFB1 at days 0,4, 6, 8, and 11 (n = 2 technical replicates per time point).
Statistical significance was determined using a two-way ANOVA. (E) Design of in vivo experiment and individual tumor growth comparison of tumors treated intravenously
with 5 million UCARTM12T6FBR2 UCARTM1, NTD, or PBS (n = 4 to 5 per cohort) for donor 1. Experiment repeated with donor 2 is shown in the Supplementary Materials. Two-
way ANOVA was performed for comparisons over time for tumor growth. (F) Design of in vivo experiment, individual tumor growth comparison of tumors, and (G) Kaplan-
Meier survival analysis of cohorts treated intratumorally with 2 million UCARTM14TFBR2 (1 = 4), UCARTM1 (n = 4), NTD (n = 2), or PBS (n = 3). Each point represents a biological
replicate for (E) to (G). Statistical significance was calculated using mixed-effects analysis comparisons over time for tumor growth and the log-rank Mantel-Cox test. *P < 0.05,
#P < 0.01, *##P < 0.001, **¥*+P < 0,0001, ns (not significant) indicates P > 0.05. (H) TGFB1 ELISA analysis of HCC70-GFP tumors averaging 50 to 100, 250, 450, and 600 mm3
per mm?® of tumor (n = 2 to 6). Each point represents a biological replicate. Treatments were done using 2 x 10° or 5 x 10° CAR™ cells as indicated on each in vivo design.
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UCARTM12TSFBR2 treatment reduces heterogeneity of the
tumor response and extends survival

In vitro results showed that TGFB1 did not affect activation and pro-
liferation of UCARTM12T*®R2 T cells, To test the potential benefits
of UCARTM1*T%*®R2 in vivo, we first confirmed the presence of
TGFB1 in the TME of the orthotopic HCC70-GFP model using an
enzyme-linked immunosorbent assay (ELISA) on tumor serum that
detects the highly conserved TGFB1 from mouse and human origin
(fig. S4A). We expected that the levels of detected cytokine originated
from a combination of the tumor cells and murine TME and that
both forms, human and murine, could contribute to T cell inhibition
as it has been previously shown (64). Next, we intravenously treated
50-mm° tumors with UCARTM1 and UCARTM1*TS*¥82 and ob-
served a decrease in average tumor growth with UCARTM1 or
UCARTMI1*TBR2 compared to the NTD and PBS controls. Tumor
control of UCARTM1T*®R2 showed a trend toward higher efficacy
but it was not significant (P value = 0.07) in this model and, there-
fore, the benefit of this attribute on its own in this model was not
definitive. Of note, on an individual tumor basis, we observed a het-
erogeneous response with UCARTMI treatment with only some tu-
mors responding to treatment. However, with UCARTM14TCFBR2
treatment, we observed that the heterogeneity in tumor responses
was reduced (Fig. 4E and fig. S4B), while animal weight and health of
the CAR T cell-treated animals were similar to control cohort (fig. S4,
C and D). For instance, UCARTM!1 treatment reduced the tumor size
to half or less (compared to the controls, NTD and PBS) in 40% of
the tumors while with UCARTM1*"%*BR treatment, 60 to 75% of
the tumors were reduced to half the size or lower in two separate ex-
periments using different donors. These observations suggested that
there may be benefits of this attribute; however, we were unable to
draw definitive conclusions in this model.

Alongside the intravenous treatment with UCARTM1
we evaluated the efficacy of UCARTM12TS"™*2 iy the contralateral
tumor model using intratumoral treatment (fig. S4F). Similar to
UCARTML], we observed both specific recognition of the antigen at
a distant site by hCD45*CD8* CAR T cells (fig. S4, G to ]) and en-
hanced tumor control of intratumorally treated UCARTM1476FBR2
compared to the intravenously treated UCARTM1*T*B%2 (both at
a dose of 5 million CAR T cells), NTD, and PBS controls, with
no effect on animal weight and health (fig. S4, K to N). In the
UCARTMI1*T"BR2 treated cohort, we also noted an increase in the
number of hCD45" cells in circulation for 50% of the animals on
day 26 (18 =+ 0.4/pl), which decreased at day 80 (0.75 + 0.2/pl) in
comparison to the steadily low levels of UCARTMI (fig. S40).
Overall, average circulating cells remained lower than the injection
dose of the intravenous treatment.

Observing similar efficacies for both UCARTM1 and UCAR-
TMI12TBR2 yhon intratumoral treatment with 5 million CAR T
cells (fig. S4M), we compared the two CAR T cells at a decreased
dose and doubled tumor volume. This allowed us to evaluate a more
stringent E:T ratio and further interrogate potential advantages of
TGFBR2X. For that, we intratumorally treated 100-mm?® tumors
with 2 million UCARTM1 or UCARTM1*"“**®2 which resulted in
a reduced tumor control compared to the previously used dose of
5 million CAR T cells as expected. As the average tumor volume ap-
proached 1000 mm? for the CAR T cell-treated cohorts and no sig-
nificant tumor control was observed, we injected IL-2 to support T
cell proliferation. In this model, we observed a slight increase in
survival for UCARTM1*T"®R2 treatment but that was not significantly

ATGFBR2
b
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higher than UCARTMUCI (Fig. 4, F and G). In addition, animal
weight and health were comparable to the controls throughout the
experiment (fig. S4E).

To explore how TGFBR2XC could reduce the heterogeneity in
the tumor responses obtained, we performed a TGFB1 ELISA on
the serum of varying sizes of tumors. We discovered that at 50-
100 mm?®, tumors show great variability of TGFBI in the TME per
cubic millimeter of tumor, potentially explaining the heterogeneity
of responses seen with UCARTM1 treatment without the protective
effects of TGFBR2KC (Fig. 4H). We also identified that at 450 mm’,
HCC70-GFP tumors provide the highest and most consistent TGFB1
levels per cubic millimeter. Thus, a cohort was set up to compare
UCARTM14T6FBR2 yith UCARTM1 activity in 450-mm’ tumors
using two doses of 5 million CAR* T cells administered intratu-
morally for two consecutive weeks but was unable to robustly
control the high tumor burden (fig. S4, P and Q). This observation
highlighted the need for further attributes to boost cell proliferation
and function in vivo while providing resistance to inhibitory mech-
anism of the TME.

PD1%%, IL-12", and TGFBR2*° edited UCARTM?1 clear tumors
without relapse and accelerate the reduction of immune
cells at the tumor site

Our results above showed that, to mount an efficient CAR T cell
response in the hostile solid tumor TME, armoring the CAR T cells
confers an advantage and that each attribute provides specific ben-
efits. Therefore, we next sought to combine the attributes and evalu-
ate the multi-armored MUC1 CAR T cells for potential benefits. We
engineered UCARTM1 PPV ATGEBR2 4ot show a high level of
engineering with a CAR expression ~50% in all cases and >80%
TRACX® that was increased to close to 100% upon enrichment to
prevent graft-versus-host disease (fig. S5A). The rest of the edits
were measured at the genomic level by locus-specific polymerase
chain reaction (PCR) coupled with next-generation sequencing for
PDCDI and TGFBR2 and ddPCR for IL-12, as the identification
of these edits via flow cytometry requires activation of the cells or
treatment with TGFB1, leading to less accurate results. As the
TALEN editing efficiency is similar in CAR-positive and -negative
cells, we expected that the total editing efficiencies in the CAR-
expressing T cells were similar to the editing efficiency observed
in the bulk cells (fig. S5, A and B). We first confirmed that these
CAR T cells overcome TGFB1-mediated inhibition while TGFB1
significantly impairs expansion of UCARTM14"PY12 in vitro in
the presence of MUCI1 recombinant protein (Fig. 5B). Moreover, we
performed an in vitro cytotoxic assay in the presence of TGFBI and
detected higher tumor killing activity by UCARTM14FPPY/IL12 ATGFBR2
against the T47D-GFP tumor cell challenge and the re-challenge in
comparison to UCARTM14PPY12 yCARTM14T¢F¥%2, UCARTML,
and NTD (Fig. 5C). Next, to investigate the tumor-killing efficacy of
the CAR T cells carrying multiple attributes, we treated tumors intra-
venously with UCARTM1, UCARTM14T¢ 882 yCARTM14PPYIH2)
UCARTM1AFPVILIZ ATGEBR2 N1y and PBS controls at 50 mm? with
a 5 million CAR" dose (Fig. 5D). While tumors in the control
groups NTD and PBS grew exponentially, and UCARTMI and
UCARTM1*T9"BR2 treatments resulted in some reduction of the tumor,
UCARTM14PPVI2. o UCARTM1APPYIMZ ATGEBR2 reated tumors
were cleared in 2 to 3 weeks after treatment (Fig. 5E and fig. S5C).
Flow cytometry analysis performed on PB, on days 26 and 40, revealed
a significantly higher percentage of hCD45™ cells in circulation for
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using the log-rank Mantel-Cox test in (H). *P < 0.05, **P < 0.01, ****P < 0,000, ns (not significant) indicates P > 0.05. All treatments were done using 5 x 10° CAR™ cells.
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both UCARTM14PPYIM2. and UCARTM AP ATGEBR treqted
cohorts compared to other cohorts (Fig. 5F and fig. S5D). Although
the tumor clearance was comparable with both UCARTM14PPV/IH2
and UCARTM14PPVILIZ ATGEBRZ o0 tments, at day 40 PB analysis,
UCARTM1APPVILL2 ATGEBR2 reqted cohorts showed a significantly
lower number and percentage of hCD45" cells while circulating levels
of UCARTM14PPY ™12 remained high.

Mammary fat pads were also monitored each week after tumor
clearance and compared in thickness to the non-tumor-injected,
normal contralateral mammary fat pads by palpation. The mammary
glands of the UCARTM14FPPVILIZ ATGEBRZ treqted cohort qualita-
tively showed an accelerated recovery to the normal thickness of the
gland (Fig. 5G). This observation was further investigated with he-
matoxylin and eosin (H&E) and trichrome staining of the glands at
study termination, revealing that the thickness of the gland was cor-
related to immune cell presence and not to scarring/collagen depo-
sition or remaining tumor cells (fig. S5, E and F). In addition, we
confirmed that there were no residual tumor cells in the mammar
glands in this H&E analysis. Both UCARTM14PPV/IL1Z ATGEBR2 4
UCARTM1*PPYI2 T cell-treated cohorts were monitored for 109 days
and did not show tumor relapse (Fig. 5E). Spleen IHC analysis of both
cohorts confirmed the presence of hCD45™" cells, yet a lower number
of hCD45" cells was observed in the UCARTM1AFPV/IL12 ATGEBR2,
treated cohort (fig. S5G). Moreover, the UCARTM]APPVILIZ ATGEBR2
treated cohort showed significantly extended survival over all
cohorts including the UCARTM14"PY12_treated cohort, and ani-
mal health and weight were similar to those of the NTD- and PBS-
treated controls (Fig. 5H and fig. S5H). Overall, we observed high
efficacy of the tumor killing for both UCARTM14FPY1H12 and
UCARTM1APPVILIZ ATGEBR2 5y this model. However, our results
showing that UCARTM14FPYVIL1Z ATGEBR2 1 pocents with a lower
number of CAR T cells in PB at day 40 and spleen at day 109 after
treatment, a faster reduction of immune response after tumor clear-
ance of the mammary fat I?ad, and a survival advantage support the
hypothesis that TGFBR2"® confers additional benefits synergisti-
cally with PD1%° and IL-12"" attributes.

Intratumorally administered UCARTM14PP1/1L12; ATGFBR2 5y
contralateral tumors in a high-tumor burden model with
lower systemic distribution of CART cells

We demonstrated above that intratumoral administration can
limit CAR T cells in circulation while allowing antigen recognition
at distant sites. We next sought to evaluate both local and distant
efficacy and the Eotential benefits of intratumorally administered
UCARTM14PPVILIZ ATGEBRZ 31y 5 high—tumor burden model with
high levels of TGFBI1. Because intratumoral treatment was more
efficient than intravenous treatment, we hypothesized that a reduced
dose of UCARTMI1 with multiple attributes should display good activity
and, therefore, we proceeded to lower the treatment to 1 million
UCARTM1APPVIHIZATGEBR2 4 4 increase the total tumor burden to
900 mm?. We established two TGFB1-rich tumors at 450 mm® in
each mammary fat pad and intratumorally treated only one of the
tumors with either UCARTM14PPY1H12 or UCARTM1APPHILIZ ATGFBR2
along with a cohort for UCARTM1 harboring no attributes and NTD
control (Fig. 6A). As previously described, we injected PBS in the
contralateral tumors of all cohorts as injection control. UCARTM1-
and NTD-treated tumors and their contralateral PBS tumors grew
exponentially, while UCARTM14FPPVIH12 ATGEBR2 treqtment showed
a remarkable reduction in tumor volume for both the treated and the
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contralateral tumor sites starting 2 weeks after treatment (Fig. 6B and
fig. S6A). In contrast, the UCARTM1*"PVM12 treatment produced
more variable responses, where treatment was effective at the 2-week
time point in some animals while others did not respond or showed a
delayed reduction in tumor volume. In the UCARTM14PP!/IH12 ATGFBR2_
treated cohort, tumor killing was accelerated in the treated tumors in
comparison to UCARTM1°*P VILIZ (JCARTM]I, and NTD, as we re-
corded significant reduction of both tumor weight and number of Ep-
CAM™ cells at day 22 after treatment (Fig. 6, C and D). Flow cytometry
analysis of the treated and contralateral tumors at this time point
showed a similar number of hCD45* and EpCAM™ cell ratio per gram
of tumor for UCARTM1*"P™'2- and UCARTM1APPV/IH% ATCEBRZ.
treated cohorts, suggesting the increased efficacy of CAR T cell ac-
tivity upon combination of attributes (Fig. 6E and fig. S6B). Moreover
5 weeks after treatment, both treated and contralateral tumors of the
UCARTM1APPVILIZ ATGEBRZ troatment cohort were completely reduced
to tumor sizes that were not palpable, while in the UCARTM14PPY/1-12.
treated cohort, there were measurable tumors remaining (Fig. 6B). For
the responders remaining at day 49, the mammary glands (with and
without palpable tumors) were excised whole for both cohorts, and we
noted significantly lower weight for the UCARTM14FPV/1H12 ATGFER2
treated group and the contralateral mammary fat pads after tumor
clearance or reduction in comparison to UCARTM1*PPY 12 and the
NTD treatment (fig. S6C). We further confirmed that the weight
difference is due to the larger tumor mass and the abundance of
immune infiltration remaining in the UCARTM1*PY ™12 treated
cohort in comparison to the UCARTM1 PPV ATGFBR2 (i) apy
IHC staining for hCD8* CAR T cells and GFP" tumor cells, and
an H&E analysis, once again suggesting increased efficacy of the
UCARTM1 with combined attributes (Fig. 6F and fig. S6, D and E).
Overall, both UCARTM1*"P™M12 and UCARTM1APP!/IHZ ATGERRZ.
treated cohorts showed extended survival compared to the NTD
controls; however, because of the remarkable tumor reduction
achieved in the UCARTM14FPPVILIZ ATGEBR2 troated cohort, sur-
vival was extended over the UCARTM14*PY M2 treated cohort
(Fig. 6G). Animal weight and health of the CAR T cell-treated ani-
mals were similar to the control cohort, although few animals in the
UCARTM1*PPYI2 treated cohort showed reduction in body weight
3 weeks after treatment but a consecutive recovery (fig. S6F).

In parallel, we performed flow cytometry analysis on PB collected
at day 26, to investigate the number of CAR T cells in circulation
as tumors on both mammary fat pads were getting reduced simulta-
neously. Notably, although the contralateral tumors were more ef-
fectively controlled upon UCARTM1APPVIL12 ATGEBR2 1o tment
compared to UCARTM14PPVIM2 he percentage and number of
hCD45" cells in PB of UCARTM1APPVIHZ ATGEBRZ (oo significant-
ly lower (Fig. 7A). Moreover, in the low number of hCD45" cells
detected in circulation, the percenta§e of CD8" cells were signifi-
cantly higher for UCARTM14PPVILIZ ATGEBRZ 11 (o] treatment
compared to the UCARTM1*PP™12 cells, which may suggest a po-
tentially higher cytotoxic capacity for this population of CAR T cells
(Fig. 7A). In addition, we observed that while there was a significant
increase in the spleen size of the UCARTMI1*PPY ™2 treated co-
hort, spleens in the UCARTM14PPYIL2 ATGEBRZ reqted cohort re-
mained comparable to the NTD control (Fig. 7B). Elaborating on
this observation, we analyzed spleens at days 22 and 49 after
treatment with flow cytometry and, consistent with the differences
observed in spleen sizes, we recorded a lower number of hCD45"
cells in the UCARTM14PPVILIZ ATGEBR2 reated cohort in comparison
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Fig. 6. Intratumoral administration of UCARTM12PD1/IL12; ATGFBR2 remarkably reduces large tumors even at distant sites and extends survival. (A) Design of in vivo

experiment. (B) Tumor growth curve (n =9 to 11, pooled from two experiments using the same donor) and representative tumor images at termination; (C) tumor weight
comparison of cohorts intratumorally treated with 1 million UCARTM14PPIL12 ATGFBR2 ;e ARTM14PPVIL12 o NTD and their matched contralateral PBS tumors (n = 2 to 6).
Each point represents a biological replicate. Statistical significance was calculated using mixed-effects analysis comparisons over time for tumor growth. Flow cytometry
analysis of tumors (D) for total number of EpCAM™ cells and (E) the number of hCD45* cells per EpCAM™ cells found per gram of tumor in UCARTM14PD1/1L12; ATGFBR2_
UCARTM14PP1I12. CARTM1-, or NTD-treated cohorts and their matched contralateral PBS tumors (n = 2 to 3). (F) Immunohistochemistry analysis of hCD8" and GFP*
tumor cells in UCARTM12PP1/IL12 ATGFBR2 1 | ARTM12PPVIM2 and their matched contralateral PBS tumors on day 49 after treatment (n = 3). Each point represents a bio-
logical replicate for (D) to (F). Statistical significance was calculated using unpaired t test for (D) and (E). (G) Kaplan-Meier survival analysis of cohorts treated with 1 million
UCARTM14PD1ILI2 ATGFBR2 yc ARTM14PP1I112 o NTD (n = 5 to 10 per cohort, pooled from two experiments using the same donor). Statistical significance was calculated
using the log-rank Mantel-Cox test for (G). *P < 0.05, **P < 0.01, ***P < 0.001, ns (not significant) indicates P > 0.05. All treatments were done using 1 X 10° CAR* cells.
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Fig. 7. Synergy of the attributes limit off tumor CART cells and IL-12. (A) Flow cytometry analysis of PB, 26 days after treatment for the percent and the number of
hCD45* and hCD45"CD8™ cells per microliter of PB for NTD-, UCARTM14PP1M12_ or UCARTM14PP1/IN12 ATGFBR2 traated cohorts (n = 3 to 4). (B) Spleen weight comparison
of NTD-, UCARTM12PPVIIZ. o CARTM14PPVILIZ ATGFBR2 raated cohorts (n = 2 to 6). (C) Flow cytometry analysis of spleens for the percent and the number of hCD45*
cells in cohorts treated with NTD, UCARTM124PP112 o UCARTM14PPVIIZ ATGRERZ (1) — 5 16 3). (D) Flow cytometry analysis of PB for UCARTM14PPVILIZ ATGFBRZ. |y c ARTIM 1 APP1L12,
or NTD-treated cohorts for percent and number of hCD45*dLNGFR* cells (n = 3 to 4). (E) Flow cytometry analysis of hCD45™" for % of dLNGFR™ cells on day 49 in PB
and the corresponding IL-12 and IFN G ELISA analysis of blood serum collected from UCARTM14PPI112_ and YCARTM1APPVILIZ ATGFBR2 traated cohorts at 49 days after
treatment (n = 3 to 4). NTD blood serum shown is collected on day 26 (controls reached termination). Each point represents a biological replicate for (A) to (E). Statistical
significance was calculated using unpaired t test or ordinary one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns (not significant) indicates P > 0.05.
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to the UCARTM14"PY™M12_treated cohort’s spleens (Fig. 7C and
fig. S7A). Both PB and spleen analysis results highlighted the low num-
ber of cells in circulation following UCARTM14PPV/I1% ATGEBR2
treatment while showing increased efficacy in tumor killing.

TGFBR2"C attribute increases safety of UCARTM1 by
lowering IL-12 release in synergy with PD1%°/IL-12"!

As high systemic levels of IL-12 can contribute to potential toxicities, as
a surrogate marker for the IL-12 knock-in, we monitored surface ex-
pression of dLNGFR in both of our intravenous and intratumoral mod-
els treated with UCARTM1*PPY112 gnd UCARTM1APPYILIZ ATGFER2
An observation we made during our PB analysis, for both the intrave-
nous and the intratumoral models, was the enrichment of dLNGFR"
cells in the PB of the UCARTM1*"P M2 treated cohort while the per-
centage and number of hCD45"dLNGFR™ cells remained low in the
UCARTM]4PPVIE2 ATGEBRZ treated cohort, despite the two CAR T
cells exhibiting similar initial percent IL12-dLNGFR knock-in (Fig. 7D
and figs. S5A and S7, C and D). To investigate the potential downstream
effects of this enrichment, for the responders remaining at day 49, we
measured the % of hCD45"dLNGFR™ cells in peripheral blood and
used the blood serum of the same samples to perform an ELISA to
analyze for IL-12 and interferon-gamma (IFNG), a marker of T cell
cytotoxicity that can be expressed upon IL-12 signaling. For the
intratumoral model, in agreement with the low hCD45*dLNGFR™"
cells detected in the PB, we detected a very low amount of IL-12
and IFNG in the UCARTM14PPVIIZ ATGEBRZ reqted cohort com-
parable to the levels in NTD controls, and these levels were also
significantly lower compared to the UCARTM1*PPY 12 treated
cohort (Fig. 7E). As expected, a significant correlation was ob-
served between IL-12 and IFNG serum levels throughout the ex-
perimental cohorts (fig. S7E). In agreement with the intratumoral
model, we also detected increased IL-12 serum levels in the intra-
venous model shown in Fig. 5D, for the UCARTM14PPYIL12 ¢
hort, while the UCARTM14PPVIHZ ATGEBRZ treqted cohort showed
similar levels to PBS- and NTD-treated cohorts (fig. S7F).

Further investigation of the tumors dissected at day 22 in the in-
tratumorally treated high—tumor burden model similarly revealed a
trend of hCD45"dLNGFR™ cell enrichment in the UCARTM14PPVIL12.
treated tumors compared to the UCARTM 1 4PPVILIZ ATGEBR2 trost0q
ones (fig. S7G), suggesting that the enrichment may be initiated at the
tumor site potentially due to a mechanism related to TGFBI in the
TME. Altogether, these results suggest that UCARTM14FPPY/1L1% ATGFER2
can be effective against a high tumor burden with high TGFB1
levels at multiple tumor sites, while limiting the number of CAR T
cells and IL-12 in circulation, thus reducing the potential risks of
both off-tumor and IL-12-related systemic toxicities.

DISCUSSION

Solid tumors such as TNBC present many challenges that impair
CAR T cell function and limit its therapeutic success. Overcoming
the complexity of solid tumors may require multifaceted strategies
such as armoring CAR T cells and implementing alternative deliv-
ery routes to increase efficacy while maintaining safety. All these
strategies initially build on selection of a tumor-specific antigen
and viability of the cells. Ongoing investigation on autologous
CAR T cell therapies targeting MUCI, in both clinical and pre-
clinical settings, supports the therapeutic potential of this target
for further clinical development (65-68). However, limitations to
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autologous CAR T cell therapies, such as the manufacturing time
while the health of late-stage patients rapidly deteriorate, or the
unreliable vigor of the acquired patient T cells at late stages of dis-
ease, highlight the importance of readily available healthy donor-
derived CAR T cells (69). This is especially important in cases
when advanced CAR T cell engineering is required, such as for
solid tumors. We aimed to address this therapeutic need by first
selecting an scFv that showed good binding to a wide range of
breast tumors from different malignancy stages, while suggesting
selective binding to tumor-specific MUCI antigen. Because it has
been demonstrated that cancer cells have hypoglycosylated MUC1
that is recognized specifically (70), we did not focus on this aspect
experimentally, yet it would be worthwhile to further explore the
on-target/off-target profile of our chosen scFv for future clinical
development.

As previously shown, MUCI1 CAR T cells including only the
CAR was not sufficient to exert robust tumor control in vivo against
HCC70-derived TNBC tumors, and PD-L1/PD1 signaling contrib-
uted to this inefficacy (71). Therefore, our main goal was to multi-
armor the CAR T cells and confer a combination of advantages to
enhance their function in overcoming solid tumor challenges. Our
molecular armoring of UCARTMI1 with PD1% and inducible IL-12
attributes enhanced both the proliferation and infiltration of the
TNBC tumors expressing PD-L1, significantly reducing tumors in a
dose-dependent manner and extending survival.

Our next armoring strategy aimed to equip the UCARM1 against
further immunosuppression by the TME. Our in vitro findings
supported the idea that TGFBR2X? allows UCARTMI to resist
TGFBI1-mediated inhibition of activation and proliferation. While
the cytotoxic capacity and activation as measured by CD25 expres-
sion levels were not impaired in TGFBR2X CAR T cells, the ability
of these cells to proliferate in vitro appeared to be decreased under
these experimental conditions. While a study by Tang et al. (64)
evaluating and studying knockout of TGFBR2 in CAR T cells has
not shown this effect, other pieces of literature have shown differ-
ences in proliferation elicited by TGFBR2X®. In various studies,
TGFBR2 has been described to positively and negatively affect cell
proliferation in different cell types and contexts (72-74). However,
to our knowledge, no molecular mechanism has been described and
further studies are warranted to shed light on this aspect.

In the intravenous treatment of tumors with UCARTM1
we observed a tendency to display a more uniform response to
treatment that could be related to the varying levels of TGFBI in
the TME, and in the intratumoral model, we observed increased
hCD45" cells in the peripheral blood compared to TGFBR2W!
UCARTMLI. Similarly, in a clinical trial assessing PSMA-CAR T
cells with dominant negative TGFBR2 expression, a better expan-
sion in patient blood and better control of the tumors were shown in
their preclinical models (75). However, TGFBR2X? attribute alone
was less efficient to control larger tumors, which is a more clinically
relevant tumor burden for advanced-stage tumors with high TGFB1
levels. Thus, our data suggested the need for a synergistic attribute to
increase the efficacy for higher tumor burden and to better decipher
the potential advantages associated with TGFBR2? attribute.

Furthermore, we sought to preclinically evaluate the benefits of
intratumoral administration of the CAR T cell therapy for TNBC,
measuring the efficacy of the treatment at the treated and distant
tumors while monitoring the effect on the number of CAR T cells in
circulation. We observed a significant tumor reduction when we

ATGFBR2
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treated TNBC tumors intratumorally with UCARTM14T6 %2 and
UCARTMI1 compared to intravenous treatment, suggesting that in-
tratumoral treatment can work at lower doses with higher efficacy
for solid tumors. Similar to our observations, in a study investigat-
ing the efficacy of autologous MESO CAR T cells with TGFBR2*C,
targeting PDX models pancreatic carcinoma, a more effective and
uniform control was also shown when CAR T cells were delivered
intratumorally (64). Our data consistently showed that CAR T cells
were detected in circulation and at distant tumor sites following
intratumoral administration of UCARTMI. In support of our ob-
servation, in a previous clinical trial in two of six patients with met-
astatic breast cancer, CAR T cells were detected in circulation after
c-Met-CAR T cells were delivered intratumorally (43). Thus, intra-
tumoral injection of breast tumors can be a viable delivery option
for metastatic disease. Moreover, we observed fewer cells in circula-
tion for the intratumoral UCARTM1 with or without attributes
compared to the intravenous route. These findings support the idea
that intratumoral injection allows us to reduce the systemic distri-
bution of CAR T cells significantly compared to intravenous treat-
ment, adding another tier of safety to reduce off-tumor toxicity
while preserving the potential to recognize metastasis.

Combining different attributes and alternative routes of delivery,
we next discovered a synergy between PD1%°/IL-12% and TGF-
BR2C attributes in increasing the efficacy and safety of the CAR T
cell therapy. With UCARTM14FPPVILIZ ATGFBR2 treqtment, a similar
tumor reduction was possible with a lower number of CAR T cell
expansion and infiltration in both intravenous and intratumoral
models compared to the TGFBR2" " control. In line with our find-
ings, there is recent evidence of a therapeutic synergy between
TGFBI blockade/knockout and PD1 blockade/knockout (64, 76).
We did not detect an increase in IL-12 or IFNG in the serum of
UCARTM1APPVILI2 ATGEBR2 trosted animals and observed homing
of fewer T cells to the spleen during active tumor killing and after
tumor clearance. These findings suggest an additional interaction
between these pathways enhancing the safety of the CAR T cell that,
to our knowledge, has not yet been reported. In other studies, PD1
up-regulation was noted in the presence of TGFB1 (64, 77), suggest-
ing that when TGFBR2 receptor is disabled, PD1 locus will not be
transcriptionally activated through the indirect effects of the TGFB1
pathway. A similar interaction between the attributes may yield less
IL-12 release in the UCARTM14FPPVIL12 ATGEBR2 yohite the CAR T
cells reduce the tumors with increased efficacy due to resistance to
both PD-L1 and TGFB1 inhibitory effects.

Moreover, previous studies highlight the importance of the
TGFBI1 pathway and demonstrate that in breast cancer, metastatic
sites are enriched in TGFB1 (78). Here, by determining the high-
est levels of TGFB1 at 450-mm’ tumors and challenging the
UCARTM1AFPVILZ ATGEBRZ with TGFBI-rich local and distant
TNBC tumors that express PD-L1, we highlighted the effectiveness
of the armored UCARTM1 antitumor activity against the immuno-
suppressive TME. However, a limitation of this study was that a
metastatic mouse model targeting organs that TNBC commonly
metastasizes to was not assessed yet given the robust responses
we observed with our model, and we expect similar antigen recogni-
tion. Further clinical studies are needed to investigate the feasibility
of intratumoral administration for breast cancers and additional pre-
clinical studies can determine the efficacy of the armored UCARTM1
in treatment of other metastatic solid tumors with a similar inhibi-
tory TME. In conclusion, here we show strong preclinical evidence
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in support of the intratumorally administered non-alloreactive
UCARTMAPPVILIZ ATGEBR2 41y reatment of TNBCs with overall in-
creased safety and potential to recognize metastasis.

Last, it is noteworthy that the intravenous treatment of UC-
ARTM1APPVIZ ATGEBR2 oo ergistic effects of the attributes also
confers high efficacy, reduced the number of circulating CAR T cells
and serum IL-12, and extended survival in comparison to the TGF-
BR2VT CAR T cell treatments and is not limited to the intratumoral
methodology. It is fascinating to observe the synergy of both attri-
butes and we hypothesize that multiple factors could contribute to
this: (i) TGFBR2 inhibition has been previously associated with an
increased effector function of T cells leading to a higher antitumor
activity (74), which could be accompanied by the immunoinflam-
matory properties of IL-12; (ii) the reduction of proliferation could
be contributing to a higher control of self-activation of CAR T cells
and withdrawal of potential unspecific cytotoxic activity after killing
the tumor; and (iii) a more controlled cell cycle progression could
prevent potential hyperproliferation associated to self-autonomous
effects of IL-12 in the absence of antigen stimulus (8). The reasons
behind these mechanisms at the molecular level are not clear yet and
future experiments based on multi-omics could reveal the specific
interactions between both pathways. Another limitation of this
study was that dose titration in the intravenous model for optimal
therapeutic dose was not investigated because the remarkable re-
sponses we observed in the intratumoral administration shifted pre-
cedence. In sum, our study highlights the importance of combining
different engineering strategies and CAR T cell administration
methodologies to achieve an efficient tumor response in solid tu-
mors with the potential to address metastatic sites in more advance
disease. Thus, our findings pave the way to support the further de-
velopment of multi-armored cell therapies, such as UCARTM],
offering potential therapeutic options to patients with metastatic
breast cancer, which remains an unmet need.

MATERIALS AND METHODS

Primary cells, cell lines, and cell culture

Cryopreserved human peripheral blood mononuclear cells (PBMCs)
were obtained from ALLCELLS (no. PBO06F). PBMCs were cul-
tured in CTS OpTmizer media (obtained from Gibco, no. A1048501)
or X-Vivo media (Lonza, no. 02-053Q), containing IL-2 (Miltenyi
Biotec, no. 130-097-748), human AB serum (Seralab, no. GEM-
100-318), and CTS Immune Cell SR (Gibco, no. A2596101). Human
T Cell TransAct (Miltenyi Biotec, no. 130-111-160) was used to ac-
tivate T cells. Engineered cells were cryopreserved in fetal bovine
serum (FBS) with 10% dimethyl sulfoxide (DMSO). HCC70-GFP
and T47D-GFP were engineered from HCC70 cells [American Tis-
sue Culture Collection (ATCC), no. CRL-2315] and T47D cells
(ATCC, HTB-133) using an rLV encoding NanoLuc_T2A EGFP
construct generated at GenScript and rLV produced at Flash Thera-
peutics, respectively, and sequences can be found in reference
table S1 (79). Breast cancer cell lines, MDA-MB-468 (ATCC, HTB-
132), MDA-MB-231 (ATCC, HTB-26), MCF7 (ATCC, HTB-22),
HCC1937(ATCC, CRL-2336), HCC1395 (ATCC, CRL-2324), HCC38
(ATCC, CRL-2314), and the HEK293FT cell line (Invitrogen, no.
R70007) were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% non-heat-inactivated FBS and 1% Pen/
Strep in 5% CO, at 37°C, and human primary cervical epithelial
cells (ATCC, PCS-480-011), bronchial/tracheal epithelial cells (ATCC,
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PCS-300-010), and renal epithelial cells (ATCC, PCS-400-012) were
maintained as described in the ATCC culture methods for each
primary cell.

CAR construction

CARs directed against MUC1 were constructed by joining the
respective single-chain variable fragments with the CD8a hinge/
transmembrane domain (NP_001139345.1), 4-1BB (NP_001552.2),
and CD3( (NP_932170.1) intracellular domains (tables S1 and S2).
Codon optimization and gene synthesis were performed by Gen-
script. Coding sequences were cloned downstream of the EFla
promoter and upstream of the wood chuck hepatitis virus posttran-
scriptional regulatory element.

Lentivirus production, concentration, titration,

and quantification

Viral particles were produced at Flash Therapeutics at small scale,
and at research and development grade. Briefly, viral-derived vec-
tors were produced by tri-transfection into 293T cells by using stan-
dard transfection methods. A total of 24 hours later, cells were washed
with fresh medium. Viral supernatants were collected and filtered
through 0.45-pm filters and subjected to ultrafiltration for purifica-
tion and concentration of virus particles. Titers were estimated by
qPCR 72 hours after transduction of HCT116 cells by serial dilution
of viral supernatants. A GFP expression lentiviral vector was used as
control in each plate of titration.

UCART cell generation and expansion

PBMCs were thawed (day 0), washed, resuspended, and cultured in
full media containing CTS OpTmizer complete media (CTS OpT-
mizer + Supplement), 5% human AB serum (Gemini, no. 00-318),
and IL-2 (20 ng/ml; Miltenyi Biotec, no. 130-097-743). One day later
(day 1), cells were activated with Human T Cell TransAct (25 pl of
beads/10° CD3™ cells). The next day (day 2), 12 well untreated plates
were coated for 1 hour at 37°C with retronectin (30 pg/ml; Takara
Bio USA Inc., no. T100B) diluted in PBS and cells were transduced
with M1, M2, M3, or M4 CAR rLV (Flash Therapeutics, 2 x 10'°,
7.2 x 10%, 3 x 10%, and 6.5 X 10° TU/ml, respectively) at a multiplic-
ity of infection of 15. Cells were transduced at a concentration of
1.7 x 10° cells/ml in full media and cultured at 37°C in the presence
of 5% CO, overnight. On day 3, cells were passaged in fresh full
media. For cells carrying only the lentivirus expressing the CAR,
cells were transferred after 2 to 3 days in culture to GREX6 devices
(Wilson Wolf, 80240M) and grown for a total of 18 days.

For CAR T cells in Figs. 1 and 2: The steps of CAR T cell engineering
described above were followed using X-vivo 15 media instead of the
CTS OpTmizer. At day 7, cells were passaged to 1 x 10° cells/ml in
fresh X-vivo 15 medium supplemented with 5% AB serum and IL-2
(20 ng/ml). Six hours later, cells were coelectroporated with mRNA
encoding the right and the left arms of TRAC TALEN and PD1
TALEN using the AgilePulse technology as previously reported (11,
52). Cells were then incubated at 37°C for 15 min, with 5% CO,.
Next, cells were pelleted and resuspended with 200 pl of X-vivo 15
medium supplemented with 5% AB serum and IL-2 (20 ng/ml), and
50,000 vg per cell of IL-12 AAV6 was added to the cell suspension to
be incubated at 30°C overnight. At day 8, cells were transferred to
GREXG6 devices for expansion and incubated at 37°C under 5% CO,.
Between days 8 and 18, 75% of the culture media was removed at
day 13 and replaced with fresh medium containing IL-2, and fresh
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IL-2 was added at days 11 and 15. Cells were grown until day 18,
when they were collected and frozen at 50 x 10° to 100 x 10° cells/
ml in FBS/10% DMSO.

For multi-engineered CAR T cells in Figs. 3 to 7: For cells carrying
TRACK®, transfections were performed on day 3. Briefly, cells were
washed once in Cytoporation buffer T (BTX Harvard Apparatus)
and resuspended at a final concentration of 28 X 10° cells/ml in the
same solution. A total of 5 x 10° cells were then mixed with 1 pg of
mRNA encoding each TRAC TALEN arm in a final volume of 180 pl.
The cellular suspension was transfected in a 0.4-cm-gap cuvette
using Pulse Agile technology. The electroporation consisted of
two 0.1-ms pulses at 800 V followed by four 0.2-ms pulses at 130 V.
Electroporated cells were transferred to a 12-well plate containing
2 ml of prewarmed OpTmizer full media and incubated at 37°C for
15 min, with 5% CO; and then transferred to 30°C overnight. The
next day, cells were seeded at a density of 1 x 10° cells/ml in com-
plete OpTmizer media and cultured at 37°C with 5% CO,_ Cells
were transfected with 2 pg of mRNA encoding each arm of both
PD1 and TGFBR2 TALEN arms on day 7 using the Pulse agile pro-
gram described above. Post-transfection, cells were spun down and
resuspended at 8 x 10° cells/ml in complete OpTmizer media and
50,000 vg per cell of IL-12 AAV6 was added. Cells were incubated at
30°C overnight. The next day, the cells were resuspended in fresh full
media and seeded in GREX6 at 2.5 x 10° cells/ml. On days 11
and 16, full media was refreshed, and on day 14, only IL-2 at 20 ng/ml
was added. Cells were grown until day 18, when they were collected
and frozen at 50 x 10° to 100 x 10° cells/ml in FBS/10% DMSO. All
cells were counted using NucleoCounter NC-250 according to the
manufacturer’s protocol.

TCR depletion

To isolate TCRaf-negative cells, CAR T cells were incubated with
1875 pl of TCRap biotin antibody (Miltenyi Biotec, 130-113-537)
per 107 cells for 30 min in PBS with 0.5% FBS and 2 mM ethylenedi-
aminetetraacetic acid (EDTA). After that, cells were washed in PBS
with 0.5% FBS and 2 mM EDTA and posteriorly incubated with 3.75 pl
of anti-biotin magnetic bead per 10” cells for 30 min (Miltenyi
Biotec, 130-090-485) at room temperature. After washing with PBS
with 0.5% FBS and 2 mM EDTA, cells were resuspended in 500 pl
of PBS with 0.5% FBS and 2 mM EDTA and purified using an LD
column (Miltenyi Biotec, 130-042-901) following the manufactur-
er’s protocol.

Targeted PCR

Genomic DNA (100 pg) was used per reaction in a 50-1 reaction
with Phusion High-Fidelity PCR Master Mix (NEB). The PCR con-
dition was set to 1 cycle of 30 s at 98°C; 30 cycles of 10 s at 98°C, 30's
at 60°C, 30 s at 72°C; 1 cycle of 5 min at 72°C; hold at 4°C. Primers
for PDCDI locus were 5'-CTACACGACGCTCTTCCGATCTCAG
CTTCTCCAACACATCGG-3" and 5-GTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTAATTTCCCCAGGTGCAGGACA-
GA-3’, and those for TGFBR2 locus were 5'-CTACACGACGCTCT
TCCGATCTTCATCCTGGAAGATGACCGC-3’ and 5'-GTGACT
GGAGTTCAGACGTGTGCTCTTCCGATCTAATTCAGCCAG-
TATTGTTTCCCCA-3'. The PCR product was then purified with
Omega NGS beads (1:1.2 ratio) and eluted into 30 pl of 10 mM tris
buffer, pH 7.4. The second PCR that incorporates NGS indices was
then performed on the purified product from the first PCR. The first
PCR product (15 pl) was set in a 50-pl reaction with Phusion
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High-Fidelity PCR Master Mix (NEB). The PCR condition was set
to 1 cycle of 30 s at 98°C; 8 cycles of 10 s at 98°C, 30 s at 62°C, 30 s at
72°C; 1 cycle of 5 min at 72°C; hold at 4°C. Primers used were 5’-A
ATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA-
CACGACGCTCTTCCGATCT-3’ and 5'-CAAGCAGAAGACGG
CATACGAGAT <barcode>GTGACTGGAGTTC-3’ Purified PCR
products were sequenced on MiSeq (Illumina) on a 2 X 250 nano V2
cartridge.

ddPCR to measure IL-12 insertions at the PDCD1 locus

Cell pellets were harvested from bulk engineered PBMCs 11 days
after the last editing event (18 days since the initiation of culture).
Genomic DNA was extracted using the Mag-Bind Blood & Tis-
sue DNA HDQ 96 Kit (Omega Bio-Tek, Norcross, GA, USA) ac-
cording to the manufacturer’s protocols on the KingFisher Flex
purification system (ThermoFisher Scientific). A multiplex digital
droplet PCR (ddPCR) assay was performed to measure gene ed-
iting rates, where one primer/probe set was designed to amplify
a reference gene (CCR5) and another set amplified the integrated
cassette at the desired genomic location using our PCR approach.
For reference gene CCR5, primer sequences were 5'-AAATAAGCT-
GCCTTGAGCC-3" and 5'-TGTTGCACTCTCCACAACTT-3" and
a HEX-tagged 5'-TCCCTTCGTTGCTTCCTGCTGACA-3' probe,
and for PDI-inserted IL-12, 5'-GACAGCAAGGGGGAGGAT-3’
and 5'-TCTGCCCTTCTCTCTGGAAG-3’, and a FAM-tagged
5'-CAGCATGCCTGCTATTGTCTT-3" probe with an internal
ZEN quencher. A total of 40 to 100 ng of gDNA was combined with
22.5 pmol each forward and reverse target primer, 22.5 pmol each
forward and reverse reference primer, 62.5 pmol each target FAM
probe and reference HEX probe, and 1x ddPCRSupermix for Probes
without dUTP (Bio-Rad Laboratories, Hercules, CA, USA), in a
25-pl reaction. Droplets were generated on a QX200 Droplet Gen-
erator (Bio-Rad Laboratories) according to the manufacturer’s pro-
tocol. Droplets were amplified using a Bio-Rad PCR thermocycler
using the following PCR conditions: 95°C for 10 min, 40 cycles of
94°C for 30 s, 58°C for 30 s, and 60°C for 2 min, followed by 98°C for
10 min and 4°C until droplet analysis. Droplets were analyzed on a
QX200 Droplet Reader (Bio-Rad Laboratories) using the Quan-
taSoft Software (Bio-Rad Laboratories) to detect FAM and HEX
fluorescence positive and negative droplets according to the manu-
facturer’s protocol. Control samples with non-template control and
mock-treated samples were included.

In vitro antitumor activity assays

At day 0, target cells of either T47D-NanoLuc-GFP or HCC70-
NanoLuc-GFP were plated in a flat-bottom 96-well plate at a density
of 10,000 target cells per well. Cells were plated in their respective
complete medium. At day 1, medium was removed from target cells
and CAR T cells or NTD cells were added to target cells at a 1:1,
1:2.5, or 1:5 CAR" E:T ratio in X-Vivo medium supplemented with
5% AB serum. Target cells were cocultured with CAR T cells or the
NTD control cells for 48 hours in an incubator set at 37°C, 5% CO,.
Subsequently, NanoLuciferase signal was developed with the follow-
ing protocol: Medium was removed, wells were washed once with
100 pl of PBS and then incubated with 0.026% Triton X-100 in PBS
for 2 min with vortexing. The plate was spun down at 2000 rpm for
3 min. A total of 20 pl of lysate was diluted in 30 pl of PBS, mixed
with 50 pl of Nano-Glo substrate (Promega, no. N1110), vortexed
for 1 min, and the luminescence was next read. Percent specific
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lysate was calculated using the following equation: % Lysis = [1 — (Tar-
get + scFv UCART)/(Target + NTD UCART)]*100. When indicated,
TGFB1 (R&D Systems, no. 240B010) was added at a concentration
of 5 ng/ml

For Incucyte analysis: At day 0, 10,000 target T47D-NanoLuc-
GFP cells were plated per well in a flat-bottom 96-well plate (as trip-
licates) in their respective complete medium. At day 1, media was
refreshed and CAR T cells or NTD cells were added with 3:1 E:T
ratio (some wells were cultured without CAR T cells to assess base-
line growth of the tumor cells/GFP objects). The Incucyte (Sartori-
us) fluorescence imaging was done every 30 min for 45 hours and
GFP™ object count per well was analyzed using the Incucyte soft-
ware (Zoom 2016A Revl GUI).

In vitro proliferation assays

Wells of the 24-well plate were coated first with 1 ml streptavidin
(Jackson Immunoresearch, no. 016-000-113) at 5 pg/ml concen-
tration for 2 hours at 37°C, and then with 1 ml of naked MUC1
recombinant protein (5 pg/ml; peptide sequence: HGVTSAP-
DTRPAPGSTAPPA) for 2 hours. Wells without recombinant pro-
tein were also prepared. The wells were washed with PBS in between
coatings and before the addition of CAR T cells. CAR T cells were
thawed in CTS OpTmizer complete media and 10% human AB se-
rum, and 1 x 10° cells were added in each coated well resuspended
in CTS OpTmizer complete media, 10% human AB serum, and IL-2
(70 UI/ml). When indicated, TGFB1 (R&D Systems, no. 240B010)
was added to the culture medium at a concentration of 5 ng/ml.
Cells were counted, and coating and the media were refreshed on
days 0, 4, 6, 8, and 11.

scFv-fc production

scFv proteins for tissue microarray (TMA) and healthy primary
cell studies were synthesized at Lakepharma (now Curia). Briefly,
scFv sequences were synthesized and cloned into a mammalian
expression vector to produce scFv proteins conjugated with mu-
rine IgG1-Fc. Tuna293 (for M3) or CHO (for M1 and M4) cells
were transfected with the constructs and 0.1 liters of transient pro-
duction of protein was generated. After cell harvesting, produced
proteins were purified with protein A affinity purification and
lastly stored in 100 mM Hepes, 100 mM NaCl, and 50 mM NaOAc,
pH 6.0, buffer.

Tissue microarray

Tissue microarray was purchased at US Biomax (catalog number
BR1902). For IHC, after dewaxing the FFPE sections in consecutive
baths: xylene (2 min), ethanol 100°C (1 min), then ethanol 96°C
(1 min) and lastly ethanol 70°C (1 min), the slides were washed in
Millipore water (1 min), then washed in reaction buffer (3 min at
least), and then uploaded in the Discovery XT2 instrument and an
automated procedure was performed. Briefly, after a second step of
dewaxing, the slides were incubated with a solution of CC2 (Ventana
no. 760-107) for 32 min, the sections were then incubated with the
primary antibodies prepared in Antibody diluent (Ventana, no. 760-
108) for 60 min at 37°C, and the detection system OmniMap anti-
Ms HRP (Ventana, no. 760-4310) was applied for 16 min, the sections
were stained with Hematoxylin II (Ventana, no. 790-2208) and blu-
ing reagent (Ventana, no. 760-2037) (2 X 4 min), thoroughly washed
in soap water followed by tap water and dehydrated, and lastly, all
slides were mounted. A concentration of 3 pg/ml for M1 and M3,
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and 9 pg/ml for M4 and negative control was used for the staining
in the TMA.

IL-12, IFNG, and TGFB1 ELISAs

IL-12 levels were measured with Quantikine ELISA Human IL-12
p70 Immunoassay (R&D Systems, no. D1200) using 30 pl of blood.
IENG levels in blood serum were determined using the Human
IFN-Gamma Quantikine Kit (R&D Systems, no. SIF50) following
the manufacturer’s instructions using 1 pl of blood. Tumors in the
mammary fat pad and normal mouse mammary fat pads (MFP,
N =5) were digested as described in the “Tissue processing and flow
cytometry for in vivo samples” section below, cells were pelleted, and
200 pl of the supernatants was used in the TGFB1 ELISA. TGFB1
levels in tumor and MFP serum were determined using the Human/
Mouse/Rat/Porcine/Canine TGFB1 Quantikine Kit (R&D Systems,
no. DB100B) following the manufacturer’s instructions. The TGFB1
levels of the tumors were normalized to the TGFB1 levels detected
at baseline in the MFP, to assess the TGFBI secreted by the HCC70
tumor cells.

Mice and animal procedures

All procedures involving animals were approved by The MISPRO
Institutional Animal Care and Use Committee and were performed
in accordance with the guidelines of the PHS (Public Health Ser-
vice) Policy on Humane Care and Use of Laboratory Animals,
OLAW (Office of Laboratory Animal Welfare), and the USDA
(United States Department of Agriculture) AWA (Animal Welfare
Act), with study approval number 2022-CEL-03. Experimental/con-
trol animals were cohoused. All experiments were performed on 6-
to 8-week-old female NOD.Cg-Prkdcscid I12rgtm1Wijl/Sz] (NSG)
mice obtained from the Jackson Laboratory (stock no. 005557).
Animals were housed in SPF animal facility. HCC70 tumor cells, in
50 pl of ice-cold PBS:Matrigel (1:1), were injected into the MFP of
6- to 8-week-old female NSG mice anesthetized briefly with isoflu-
rane. Mice were randomly enrolled into the study once tumor vol-
ume reached ~50, 100, or 450 mm” based on the model; each cohort
had similar average starting tumor volume pre-CAR T cell treat-
ment. Initial experiments with intravenous treatment were started
when tumors reached 50 mm®. On the basis of the results of the
TGFBI levels, tumor size was increased to 450 mm’. For CAR T cell
treatment, tumor-bearing mice received a single dose unless indi-
cated otherwise. The CAR T cell doses varied between experiments
ranging from 1 x 10° to 15 x 10° as indicated in the figures in 100 pl
of PBS for both intratumoral and intravenous models. The intratu-
moral injections were done using a 0.5-ml insulin needle, targeting
the middle of the tumor with a single injection while animals were
under anesthesia with isoflurane. The tumors smaller than 2 to
3 mm were considered palpable, until no mass was left to palpate.
Measurable tumors were defined as tumors that are larger than
3 mm and could be measured with the caliper. Tumor clearance was
identified on a histological level when no tumor cells were detected.
Tumor volume, animal weight, and health were measured every 5 to
7 days, and tumor volume was calculated using the formula [length
x (width)?/2]. Tumors not implanted in MFP were excluded from
the study. IL-2 (Miltenyi Biotec, no. 130-097-745) was injected in-
tratumorally using an insulin needle, 35,000 IU in 100 pl per mouse
for the indicated experiment (Fig. 4G). Animal health and humane
end point criteria were determined upon (i) weight loss greater
than or equal to 20% from baseline; (ii) abnormal gait, paralysis, or
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inability to ambulate properly; (iii) respiratory distress/labored
breathing; (iv) lethargy or persistent recumbency; (v) loss of right-
ing reflex or other abnormal neurological behaviors; and (vi) tumor
volume reaching 2 cm in any one direction (for the one-tumor mod-
el) and a total of 2 cm (for the two-tumor model). The method for
euthanasia was CO, asphyxiation followed by cervical dislocation.
All schematics were created with BioRender.com.

Histology and IHC

Tumors, spleens, and mammary glands were fixed in 10% buffered
formalin (Thermo Fisher Scientific) overnight and washed and
stored in 70% ethanol. Histology, IHC, and trichrome staining
were performed by HistoWiz Inc. (histowiz.com/) using a standard
operating procedure and fully automated workflow. Samples were
processed, embedded in paraffin, and sectioned at 4 pm. Immuno-
histochemistry was performed on a Bond Rx autostainer (Leica Bio-
systems) with enzyme treatment (1:1000) using standard protocols.
Antibodies used were a-hCD45 (Abcam, no. ab40763), hCD8A (LS-
Bio, no. LS-B3914), GFP (Abcam, no. ab183734), and PD-L1 (CST,
no. 13684). Bond Polymer Refine Detection (Leica Biosystems) was
used according to the manufacturer’s protocol. After staining, sec-
tions were dehydrated and film coverslipped using a TissueTek-
Prisma and Coverslipper (Sakura). Whole slide scanning (40Xx) was
performed on an Aperio AT2 (Leica Biosystems).

Tissue processing and flow cytometry for in vivo samples

For tumor samples: Tumor tissue was chopped finely with a razor,
placed in 1 ml of Acutase (BioLegend, no. 4232201), and incubated
at 37°C for 1 h with agitation every 15 min. Digested tumor suspen-
sion was passed through a 100-pm strainer (Corning) and washed
with PBS. Cells were pelleted via 500¢ X 5 min and stained for flow
cytometry as described below. For spleen samples: Mouse spleens
were processed by crushing the spleen in 5 ml of PBS and 2%
FBS. Cell suspension was spun at 300g for 10 min. Cell pellet was
suspended in 1x RBC lysis buffer (eBioscience, no. 00-4300-54) for
5 min at room temperature and then filtered through a 70-pm
strainer (Corning). Cells were pelleted and stained for flow cytom-
etry as described below. For peripheral blood samples: 15 or 20 pl of
blood was collected in capillary tubes (Thermo Fisher Scientific, no.
22-030-403) and pelleted with centrifugation at 500g for 5 min. Cell
pellet was suspended in 1x RBC lysis buffer (eBioscience, no.
00-4300-54) for 5 min at room temperature. RBC lysis was repeated
if the pellet remained red. Cells were pelleted via 500¢ X 5 min and
stained for flow cytometry as described below. For serum: Blood
samples were collected, centrifuged for 10 min at 12,000 rpm and
the supernatant/serum was removed and stored at —80°C.

For in vitro cell cultures, and all processed mice tissue: Cells
were spun down in a U-bottom 96-well plate and were first stained
with Fixable Viability Dye eFluor 780 (eBiosciences, no. 50-69-66,
1:1000) according to the manufacturer’s instructions. Cells were
then washed with FACS (fluorescence-activated cell sorting) buffer
(2% FBS in PBS) and stained with antibodies diluted in FACS buffer
for 30 min in the dark at 4°C. For antibodies that required second-
ary antibodies, primary antibody staining was done as described
and the cells were washed and stained with the secondary antibody
for 20 min in the dark at 4°C. Cells were washed again with FACS
buffer, spun at 300¢ for 5 min, and resuspended in fix buffer (4%
paraformaldehyde in 2% FBS in PBS, 150 pl per well). For intracel-
lular staining, BD Cytofix/Cytoperm Fixation/Permeabilization Kit
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was used (BD, no. 554714). Cells were resuspended in permeabiliza-
tion/fixation buffer and incubated for 20 min at 4°C and then
washed and incubated with Perm/Wash buffer containing primary
antibody for 30 min at 4°C. Next, cells were washed again, and
stained with secondary antibody in Perm/Wash buffer for 30 min at
4°C. Last, cells were washed with Perm/Wash buffer and resuspend-
ed in fix buffer described above. Refer to table S3 for all antibodies
used. Data collection was performed on a NovoCyte Penteon flow
cytometer (Agilent), and data were analyzed using FlowJo V.10.6.1
(Treestar) or NovoExpress V.1.5.6 (Agilent).

Statistical analysis

For statistical analysis, GraphPad Prism 9.4 was used. Two-way
analysis of variance (ANOVA) or mixed-effects analysis was per-
formed for comparisons over time for tumor growth. The log-rank
Mantel-Cox test was used for survival curves. Unpaired ¢ test or or-
dinary one-way ANOVA was used for all other analysis. P value was
indicated as follows *P < 0.05, **P < 0.01, ***P < 0.001, and
#Ek%P < 0.0001.

Supplementary Materials
The PDF file includes:

Figs.S1to S7

Tables S1to S3

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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