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SUMMARY

Despite the success of chimeric antigen receptor (CAR)-T cell therapies in hematological malignancies, clin-
ical success against solid tumors is limited due to low therapeutic efficacy or dose-limiting toxicity. Devel-
oping therapies that trigger potent, yet manageable, immune responses capable of eliminating highly hetero-
geneous and immunosuppressive tumor cell populations remains a key challenge. Here, we harness multiple
genetic approaches to develop a CAR-T cell therapy targeting tumors. First, we screen binders targeting
oncogenic KRAS G12V mutations presented by peptide-MHC complexes. Subsequently, we incorporate
these neoantigen binders into CAR-T cells (nKRAS NeoCARs) and demonstrate their efficacy in xenograft
models of metastatic lung, pancreatic, and renal cell cancer. Finally, we enhance the in vivo efficacy and
safety profile of mMKRAS NeoCARs via inducible secretion of IL-12 and T cell receptor deletion. Together,
these screening and engineering processes provide a modular platform for expanding the therapeutic index

of cellular immunotherapies that target cancer.

INTRODUCTION

Engineered T cell immunotherapies have successfully treated
hematological malignancies.’™ However, adaptations of these
therapies for the treatment of solid tumors have met significant
roadblocks. Therapeutic failure is common due to increased tu-
mor burden,” or the lack of immune cell trafficking into an immu-
nosuppressive tumor microenvironment.®” In cases where clin-
ical activity has been observed, unregulated T cell activation®®
or on-target/off-tumor antigen recognition'®"" has resulted in
life-threatening toxicities, indicating a significantly smaller thera-
peutic window for cellular immunotherapies in solid tumors.
The limited presence of homogenously expressed tumor-spe-
cific surface antigens has hindered the treatment of solid tu-
mors,'? resulting in antigen negative relapse'® and cytotoxicity
in healthy tissue.’®"" Oncogenic driver mutations are theoreti-
cally ideal targets for cell therapies. However, most of these can-
didates are intracellular proteins that are only visible on the cell
surface as peptide-MHC (pMHC) neoantigens,' limiting their
accessibility to conventional CARs. While tumor infiltrating lym-

phocytes'® (TILs) commonly recognize neoantigens, a small
subset of neo-epitopes elicit immunogenicity by endogenous
T cell receptors'® (TCRs), and fewer are publicly shared by large
patient populations.'”

One exception is mutant KRAS (mKRAS) which is present in
~20% of all solid tumors with >75% of activating mutations
occurring at codon G12."® Processing and presentation of
KRAS G12X mutations in the most globally prevalent HLA types '®
indicates that mKRAS neoantigen targeted therapies could be
utilized in large patient populations if binders with sufficient affin-
ity and specificity are developed. We and others have previously
identified TCRs targeting HLA class I-restricted mKRAS, demon-
strating robust anti-tumor responses.?®?' However, analogous
CAR-based approaches with high-affinity binders have yet to
be developed. Unlike TCRs, CAR constructs incorporate co-
stimulatory domains that enhance T cell activation and persis-
tence, and may expand patient accessibility by facilitating the
development of “off-the-shelf” products®® through further ge-
netic modifications, such as TCR knockout, which can be inte-
grated in CAR products to prevent graft-versus-host disease
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Figure 1. Isolation and characterization of anti-mKRAS pMHC scFvs

(A) The Retained Display (ReD) library comprises scFvs displayed on the capsid of a lambdoid phage. ScFvs were initially panned against magnetic beads coated
with the pMHC of interest. The display modality was then transferred to the cell wall of a permeabilized bacterial cell. The target pMHC was labeled with one
fluorophore (shown here in green) while counter-target pMHCs were labeled with a different fluorophore (shown in red). Labeled permeabilized cells were then
sorted for clean target binding by FACS to identify scFvs.

(B) Kinetic traces of anti-mKRAS G12V A*11:01 binders against both G12V and WT complex. G12V or WT KRAS pMHC were associated with probe-loaded
biotinylated scFv. Measurement of association/dissociation was measured by BLI.

(legend continued on next page)
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(GvHD).?® Nonetheless, the low abundance of some neoantigens
on the tumor cell surface may still limit the efficacy of CAR and
TCR based therapies.?"** Thus, it may be essential to concur-
rently develop specific binders and increase T cell potency to
achieve clinically effective NeoCAR therapy.

Endowing T cell therapies with secondary genetic modifications
is a promising method for enhancing therapeutic efficacy.”>*°
Ectopic expression of soluble immune modulators such as
IL-2,%° IL-12,%” and IL-18°® have shown significant improvements
in tumor control, but may also result in dose limiting toxicities, ”*°
emphasizing the need for these molecules to work within a tight
therapeutic window. Recently, our group achieved this goal using
a single vector platform, UniVect, to program CAR-T cells with
inducible transgene expression, including IL-12, upon antigen
recognition.>” We have shown that inducible IL-12 (ilL-12) am-
plifies IFN-y secretion by engineered T cells that may secondarily
upregulate MHC-1 mediated antigen presentation by tumor cells
to amplify anti-tumor efficacy. The ilL-12 significantly improved
the CAR-T safety profile over constitutive systems with remaining
toxicity concerns. A possible mechanism of toxicity in CAR T cells
expressing ilL-12 is a positive feedback loop between endoge-
nous TCR-sensitivity and IL-12 expression, regulated by nuclear
factor of activated T cells (NFAT) in the UniVect platform. There-
fore, endogenous TCR ablation could expand the safety profile
of NFAT promoter-driven IL-12 expression systems preventing re-
sponses to unintended targets.

In this report, we demonstrate techniques for expanding the
therapeutic window of CAR-T cells targeting human tumors us-
ing single-chain variable fragments (scFvs) specific to the
KRAS G12V epitope presented by pMHC (NeoCARs). Next, we
increase preclinical activity through armoring NeoCARs with
NFAT inducible IL-12 production using the UniVect platform.
Finally, we incorporate TCR knockout to eliminate dysregulated
T cell activity and demonstrate an expanded therapeutic window
in an established preclinical xenograft model of non-small cell
lung cancer (NSCLC).

RESULTS

Isolation and characterization of anti-KRAS G12V
neoantigen human single chain antibodies

Antibodies specific to the KRAS G12V epitope (residues 7-16) in
complex with recombinant human HLA-A*11:01 protein were
obtained from the Retained Display (ReD) scFv library, which
contains >10"" pairings of human germline Vi, and V, that are
productively folded in the Escherichia coli cytoplasm®' (Figure
1A). ReD allows the retention and intracellular display of exoge-
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nous targets within detergent-permeabilized bacteria to the
binding antibodies, therefore avoiding the need for the antibody
transport to the cell surface. This powerful platform significantly
improves the screening efficiency for human scFv frameworks
and has been used to develop peptide-centric CARs for neuro-
blastoma.®” We employed this system to identify KRAS G12V
binders with high affinity. Four clones were isolated that differen-
tially bound the KRAS G12V (7-16) A*11:01 complex but not
wild-type (WT) KRAS pMHC, with Kp values ranging from 3 to
22 nM (Figure 1B).

Initial screening of each clone confirmed an absence of bind-
ing to 96 unrelated HLA-A*11:01 pMHC complexes that are
known to be presented in vivo,® indicating that the interaction
with the KRAS G12V complex was specific and contextual
(Figure 1C). To obtain an inferred interaction map between the
scFvs with the KRAS G12V A*11:01 epitope side chains, pep-
tides with substitutions of each non-anchor position of the
KRAS G12V peptide with each amino acid, except cysteine,
were refolded as A*11:01 pMHC complexes (Figure 1D). This
X-scan analysis shows that all four clones had a similarly broad
footprint, which extended over the last five residues of the pep-
tide. There was a strong preference for the mKRAS neoantigen
sequence identity at positions 5, 6, 7, 8, and 9, with position 9
showing complete intolerance for any substitution. Notably, the
G12V neoantigen mutation site at position 6 of the peptide only
tolerated a conservative isoleucine substitution. Positions 1, 3,
and 4, although more permissive than the middle/C-terminal of
the epitope, did still show a preference for the neoantigen iden-
tity, although position 3 was notable for a preferred exchange of
the valine to smaller side chains of alanine and glycine, suggest-
ing a steric hindrance for scFv binding at that position.

The X-scan enabled a predicted pMHC binding motif for the
scFv clones to be assessed for off-target binding to peptides
known to be presented by the normal tissue immunopeptidome
using algorithms sCRAP*? and eXpitope 2.0.%* All scFv clones
showed specific binding only to the KRAS G12V (7-16) A*11:01
complex, and not to any of the top 14 peptides identified by
the algorithms (Figure 1E).

To demonstrate the capability of the clones to direct specific
CD8" T cell killing, they were expressed as tandem scFv T cell
engager (TCE) bispecifics through fusion to anti-CD3.%° The
target KRAS G12V peptide or KRAS wildtype peptide (7-16)
was loaded onto HLA-A*11:01 expressing K562 target cells
with empty MHC complexes. All four A*11:01 anti-pMHC clones
displayed killing that was dependent on bispecific concentration
and KRAS G12V peptide complex loading (Figure 1F). These
data demonstrated that the clones generated were highly

(C) Specificity assays for all clones. 96 unrelated A*11:01 pMHC complexes from 10-mer peptides known to be presented by the immunopeptidome were tested
for binding to clones, along with the target mMKRAS G12V pMHC (red). Relative binding is shown as a percentage of mMKRAS G12V binding.

(D) X-scan analysis. Each position of the mKRAS G12V (7-16) epitope, aside from the anchor residues the second and terminal positions, were substituted for
every amino acid other than cysteine and refolded as pMHC. Binding by scFvs was assessed as a percentage relative to the mKRAS G12V 10-mer pMHC
complex.

(E) Sequence-related off-target binding by the mKRAS binders. Sequences with homology to the KRAS peptide that are known to be presented by the im-
munopeptidome were refolded as pMHC and assessed for binding to RU96-14. Relative binding is shown as a percentage of mKRAS G12V binding (n = 2)
(ordinary ANNOVA). ***; p < 0.0001.

(F) Invitro T cell engager (TCE) bispecific killing. K562 cells expressing HLA-A*11:01 were loaded with exogenous mKRAS peptide or WT peptide at 1 pM. Tandem
scFv TCE bispecific was titrated against target cell killing (n = 3) (2-way ANNOVA vs. KRAS G12V). ****; p < 0.0001. All data with error bars are presented as mean +
SD. All data are representative of two or more experiments.
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Figure 2. Design and validation of mKRAS NeoCARs targeting G12V presented by HLA A*11:01
(A) Schematic comparison of a NeoCAR and a tumor reactive T cells.
(B) Second generation Neoantigen CARs with 4-1BB and CD3( costimulatory domains were generated with alternate orientations preceded by the variable heavy

(VH) or light (VL) chain.

(C) IL-2 secretion by Jurkat cells transduced with lentiviral vectors containing the indicated CAR, co-cultured with the peptide loaded target cells for 24h (n = 3).
K562 cells expressing HLA A*11:01 were incubated in 1TuM mutant (VWVGAVGVGK) or WT (VWWGAGGVGK) peptides for 90 min. Media was refreshed for the

pulsed conditions.

Cancer Cell 43, 1-12, July 14, 2025

(legend continued on next page)



doi.org/10.1016/j.ccell.2025.05.006

Please cite this article in press as: Benton et al., Mutant KRAS peptide targeted CAR-T cells engineered for cancer therapy, Cancer Cell (2025), https://

Cancer Cell

specific for the KRAS G12V (7-16) A*11:01 complex and could
redirect potent anti-tumor activity by T cells.

Screening and validation of mKRAS NeoCARs

As a route toward therapeutic enhancement, candidate
mKRAS binders were incorporated into NeoCAR-T cells
capable of recognizing target pMHC independent of canonical
TCR and CD8 recognition (Figure 2A). Candidate scFvs were
cloned into lentiviral transfer plasmids®® encoding 2" genera-
tion 4-1BB/CD3¢ CARs in alternate heavy and light (V4 and
V) orientations (Figure 2B). To screen for CAR activity, Jurkat
cells were transduced with the candidate NeoCARs and co-
cultured with A*11:01 expressing target cells, either continu-
ously loaded or transiently pulsed with KRAS peptide epitopes
for 90 min to simulate varying levels of antigen presentation
and examine how transient versus sustained antigen availa-
bility impacts NeoCAR responses. All NeoCARs, except
RU61-02, responded specifically to mutant peptides with no
consistent association between Vy/V, orientation and CAR
stimulation (Figure 2C). Therefore, the four binders in their
initially developed V|-V orientation were selected for further
preclinical development.

Because KRAS neoantigens are often presented at <100
copies per cell,”’’ we assessed the dependence of mKRAS
NeoCAR on antigen density to elicit an anti-tumor response.
The four candidate CARs and a separately developed and un-
matched KRAS G12V A*02:01 control CAR (A2 Binder) were
transduced into primary human T cells. Three of four candidates
produced higher levels of IFN-y in response to titered mKRAS
peptide (Figure 2D). NeoCAR RU61-02 had a weaker response
to the target neoantigen and produced basal amounts of IFN-y
at mKRAS concentrations where the other candidates
exhibited maximal output. Similarly, NeoCAR RU61-02 secreted
little IL-2 against pulsed target peptides compared to the other
candidates (Figure 2C). To determine if this observation was
related to affinity, NeoCARs were stained with an A*11:01
G12V pMHC Dextramer, effectively mimicking the target neoan-
tigen®’ (Figure S1A). These Dextramers specifically bound CARs
targeting A*11:01 G12V and at a roughly equivalent percentage
to CAR transduction for the three lead candidates. NeoCAR
RU61-02 stained at a lower ratio of CAR to Dextramer, indicating
a weaker scFv-target interaction. Co-staining with anti-CD8
confirmed CD8 independent neoantigen binding (Figure S1B).
Differences in avidity were confirmed on a z-Movi device using
monolayers of the NSCLC cell line COR-L23 that harbors an
endogenous KRAS G12V mutation, transduced with HLA
A*11:01 (COR-L A11)?" (Figure 2E).

¢? CellPress

Anti-tumor activity in vitro was tested initially against COR-L
A11 cells expressing mKRAS G12V epitopes at endogenous
levels. We observed similar lysis by the three lead candidates
across a broad range of effector to target (E:T) ratios and lesser
but still significant lysis by NeoCAR RU61-02 (Figure 2F). Higher
E:T ratios (>1:1) were needed to achieve >50% killing, at which
point bystander killing was observed, suggesting that neoanti-
gen abundance limits NeoCAR activity. No specific lysis by
NeoCARs was observed against WT control COR-L23 (COR-L
WT) cells (Figure 2G). At a 3:1 E:T ratio, we observed IFN-y
and TNF-a secretion that was elevated against COR-L A11 cells,
which was low compared to the maximum IFN-y after peptide
stimulation (Figures 2D and 2H). We next incorporated additional
cell lines with an HLA-A*11:01 and KRAS G12V background to
test specific lysis. CAKi-2, PANC-1, and HCC-827 cells, which
endogenously express HLA-A11:01, were modified to harbor
KRAS mutations, including G12V, using a tandem minigene
construct (TMC). Conversely, YAPC, COR-L23, and SW-620
cells, which naturally express KRAS G12V, were transduced
with an HLA-A11:01 plasmid. As a control, we included parental
and HLA-A11:01-engineered BxPC-3 cells expressing wild-type
KRAS. Surface expression of HLA-A*11:01 was confirmed in all
cell lines, and KRAS-positive populations were isolated from
CAKi-2, PANC-1, and HCC-827 parental lines (Figure S1D). Sig-
nificant lysis was only observed in cell lines that co-express HLA-
A11:01 and KRAS G12V, confirming the specificity of NeoCARs
in vitro (Figure S2A).

To determine the preclinical efficacy of mMKRAS NeoCARs
in vivo, COR-L A11 cells expressing luciferase were used in an
intravenous (i.v.) NOD/scid/ycnull (NSG) mouse model (Figures
2l and S1C-S1E). After confirming tumor engraftment by
bioluminescence imaging (BLI), mice received 2.5e6 mKRAS
NeoCART cells. All three lead candidates mediated initial reduc-
tions in tumor burden and improved survival, with RU61-75 and
RU96-14 NeoCARs producing a subset of durable responses
(2/7 and 3/7 respectively) defined by lower tumor burden at the
conclusion of the experiment than at CAR-T dosing (Figure 2J
and 2K). Significant tumor reduction over the control CAR was
observed for three candidates (Figures 2K and S2B) yet tumor
relapse was observed in most mice. The remaining mice in the
NeoCAR-treated cohort showed sustained tumor burden reduc-
tion with no evidence of toxicity through day 90, with regular clin-
ical monitoring including signs of poor grooming, hunched
posture, labored breathing, excessive weight loss, and other in-
dicators of distress. We then incorporated additional tumor
models with CAKi-2-G12V and YAPC-A11 delivering metastatic
renal and pulmonary carcinoma respectively. In both models, we

(D) IFN-y secretion by primary NeoCARs after 24h of co-culture with K562 cells expressing HLA A*11:01 and titered additions of mutant or WT peptides (n = 3).
(E) Z-Movi avidity data for high affinity (RU96-14), low affinity (RU61-02), and non-targeting NeoCARs on a monolayer of COR-L A11 targets cells or COR-L WT
control cells (n = 4) (ordinary ANOVA).

(F) Lysis of the G12V mutant cell line COR-L23 transduced with HLA A*11:01/GFP/Luciferase (COR-L A11) by NeoCARs. A NeoCAR binding HLA A*02:01 (see
Figure S2) was used as a non-targeting control (n = 4) (two-way ANOVA vs. UTD).

(G) Lysis of COR-L WT control cells transduced with GFP/Luciferase by NeoCARs (n = 4) (two-way ANOVA vs. UTD).

(H) IFN-y and TNF-a secretion at the 3:1 E:T from co-cultures in main Figure 2F (n = 4) (two-way ANOVA).

() In vivo study design. CAR-T cells were injected i.v. at 2.5e6 CAR+ cells per mouse in NSG mice with established COR-L A11 tumors expressing (n = 7 mice
per group).

(J) Percentage survival in each NeoCAR in vivo group (log rank Mantel-Cox test vs. A2 Binder).

(K) Quantified tumor luciferase activity (two-way ANOVA of NeoCARs vs. A2 binder). NS; not significant, **; p < 0.01, ***; p < 0.001, ***; p < 0.0001. All data with
error bars are presented as mean + SD. All data are representative of two or more experiments. See also Figures S1, S2 and Table S1.
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Figure 3. Inducible IL-12 enhances anti-tumor activity of mMKRAS NeoCARs

(A) TheilL-12 UniVect construct with a mKRAS NeoCAR and schematic showing a modified activation pathway after lentivirus transduction. Histogram of primary
T cells transduced and stained with a-human Fc.

(B) IFN-y secretion by ilL-12 armored NeoCARs after 24h co-culture with COR-L A11 and YAPC A11 target cell lines (n = 4) (Student’s t test).

(C) Supernatants from (B) were added to freshly plated tumor cells. Total HLA expression was measured by flow cytometry after 24h (n = 4) (Student’s t test).
(D) Representative confocal microscopy showing co-culture of COR-L A11 spheroids (green) and T cells (red).

(E) Killing of COR-L A11 (left) and YAPC A11 (Right) target cell spheroids by ilL-12 NeoCARs over 48h (n = 4) (two-way ANOVA vs. NeoCAR).

(F) In vivo study design. CAR-T cells were injected i.v. at 2.5e6 CAR+ cells per mouse in NSG mice with established COR-L A11 tumors expressing (n = 5 mice
per group).

(G) Quantified tumor luciferase activity (two-way ANOVA ilL-12 NeoCAR vs. NeoCAR).

(H) Percentage survival in each in vivo group (log rank Mantel-Cox test ilL-12 NeoCAR vs. NeoCAR). MFI; mean fluorescent intensity. *; p < 0.05, **; p < 0.01, ***;
p <0.001, ™**; p < 0.0001. All data with error bars are presented as mean + SD. All data are representative of two or more experiments. See also Figure S3 and
Table S1.

observed an improved survival benefit with NeoCARs versus the  was selected as the top candidate for further optimization and

A2 binder control as well as a significant tumor burden reduction
(Figures S2C-S2E). However, the potency of NeoCARs required
improvement to achieve complete tumor clearance, indicating
additional genetic modifications of T cells might be required.

Enhancement of mKRAS NeoCARs with NFAT inducible
IL-12

To enhance the therapeutic efficacy of mMKRAS NeoCARs, we
incorporated the pleiotropic cytokine IL-12. Due to toxicities
associated with direct administration®® and cellular therapy,®
we utilized the UniVect platform that combines constitutive
CAR and NFAT driven expression in a single vector to improve
the safety profile of armored CAR-T cells.>° NeoCAR RU96-14

6 Cancer Cell 43, 1-12, July 14, 2025

construct pABL2 was generated (Figure 3A top). IL-12 was
selected for its known enhancement of IFN-y responses.*® We
hypothesized that, upon mMKRAS NeoCAR activation, induced
IL-12 production would lead to upregulation of IFN-y secretion
by NeoCAR cells, and in turn, increased MHC-I antigen presen-
tation on target cells*®*? (including the G12V target), and thus
enhanced tumor cell killing (Figure 3A, bottom).

Tight regulation of inducible (i)IL-12 production was confirmed
after stimulation with mutant and WT peptide (Figure S3A). IL-12
output in the single pg/mL range increased the maximal output
as well as the sensitivity of IFN-y response in mKRAS NeoCARs
(Figure S3B, left) compared to the NeoCAR alone (Figure S3B,
right). When testing the IFN-y response against endogenous
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levels of G12V neoantigen in COR-L23 (NSCLC) and YAPC
(pancreatic carcinoma) A*11:01 transduced cell lines,®' a 1-2
log increase by the ilL-12 NeoCAR was observed (Figure 3B).
IFN-y secretion was also elevated by basal ilL-12, although at
substantially lower levels, in the presence of WT HLA control
cells (Figure S3C). Supernatants from the NeoCAR co-cultures
containing elevated IFN-y induced an increase in total HLA
expression on freshly plated tumor cells and was increased
further by supernatants from ilL-12 NeoCARs (Figure 3C). This
increase was also observed to a lesser extent in WT control
cell lines (Figure S3D). Interestingly, artificially expressed
A*11:01 was upregulated similarly to endogenous HLA, indi-
cating that expression is likely controlled at a post-translational
level in this context*® (Figure S3E).

To test for enhanced in vitro anti-tumor activity, ilL-12
NeoCARs were co-cultured with COR-L23 and YAPC spheroids.
Fluorescence microscopy showed increased CAR-T cell infiltra-
tion and killing of target COR-L A11 spheroids over a 48h period
(Figure 3D) leading to higher levels of killing of both target cell
lines due to ilL-12 (Figure 3E), which was not observed against
WT controls (Figure S3F). Together, these data support the hy-
pothesis that ilL-12 increases mMKRAS NeoCAR target killing
and can overcome the challenge of low neoantigen abundance.

To assess the therapeutic index of ilL-12 mKRAS NeoCARs,
in vivo studies were conducted at two different CAR-T cell doses.
First, mice received the same CAR-T cell doses of 2.5e6
(Figure 3F) as in the initial NeoCAR characterization experiment
(Figure 2l). Consistent with our in vitro data, rapid tumor clear-
ance was observed in mice receiving ilL-12 NeoCARs, com-
pared to a lesser, but significant, response in mice receiving
the NeoCAR alone (Figure 3G). However, all mice receiving ilL-
12 NeoCARs required sacrificing due to severe toxicity approx-
imately two weeks after treatment. As a result, there was a
decreased survival benefit compared to the NeoCAR alone
group, in which 3/5 mice survived the duration of the experiment
(Figures 3H and S3G). Given the increase in initial tumor clear-
ance by ilL-12 NeoCARs, we repeated the in vivo study at a lower
dose (0.8e6 CAR-T cells/mouse) to detect a potential shift in the
therapeutic window (Figure S3H). Modest, but insignificant, im-
provements in tumor control (Figures S3I and S3J) and survival
(Figure S3K) were observed in mice treated with ilL-12 Neo-
CARs, with no benefit from the CAR alone. These experiments
demonstrate the potential of ilL-12 to enhance the efficacy of
mKRAS NeoCARs but simultaneously introduce a set of safety
concerns that are common to solid tumor therapies. For clinical
translation to be feasible, further improvements to the safety pro-
file would be necessary.

TCR knockout to eliminate risks of systemic toxicity
while preserving Neo-CAR activity

We previously described toxicity caused by ectopic IL-12 pro-
duction by T cells in NSG mouse models, albeit in a constitutive
expression system.®° We also showed both CAR and endoge-
nous TCR mediated activation leads to NFAT inducible expres-
sion, and that knockout (KO) of the TCR rendered CARs the
exclusive antigen-mediated activators. Given past instances of
ilL-12 toxicity in cell therapy,® we posited that unregulated IL-
12 expression via TCR mediated xenoreactivity caused the
toxicity observed in mice treated with ilL-12 NeoCARs. We hy-
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pothesized that TCR KO would eliminate this toxicity and enable
the safe administration of ilL-12 mKRAS NeoCARs.

We generated T cell products to compare the effects of the
NeoCAR, ilL-12, and TCR KO (Figure 4A). Following CRISPR/
Cas9-mediated TCR KO, enrichment of TCR-cells, and expan-
sion, the KO groups were ~99% TCR negative (Figure S4A).
In vitro stimulation demonstrated NFAT inducible production of
IL-12 by transduced products in response to cell stimulation
cocktail (CSC), through their TCRs (via anti-CD3), or their CARs
(via COR-L A11 target cells) (Figure S4B). Measurement of the re-
sulting IFN-y response (Figure 4B) showed log-fold increases in
production by anti-CD3 activated cells producing ilL-12 that was
reduced over 97% by TCR KO. This remnant activity in the KO
population is consistent with the small number of TCR-positive
cells remaining after enrichment. The IFN-y response to target
cells was nearly 2-log greater in ilL-12 NeoCARs than NeoCARs
alone, and TCR KO did not reduce output. Interestingly, the ilL-
12 only T cells produced a greater amount of IFN-y than the
NeoCAR alone against COR-L A11. A similar amount of activity
was observed in co-cultures of WT COR-Lcells with both TCR-
expressing ilL-12 T cell groups, which indicated low level TCR-
mediated allo-recognition. Spheroid assays showed that ilL-12
led to increased killing regardless of the presence of the target
neoantigen (Figure S4C). However, against both target and
non-target cells, TCR KO eliminated alloreactivity while main-
taining cancer cell killing via the NeoCAR, supporting the notion
that ilL-12 exacerbates low level TCR-mediated xeno- or allor-
eactivity, and that TCR KO restores safety.

To determine if the coalesce of NeoCAR, ilL-12, and TCR KO
expands the therapeutic index, we conducted an in vivo experi-
ment using the same 2.5e6 CAR-T dose that led to lethal toxicity
in ilL-12 NeoCARs and limited efficacy with the NeoCAR alone
(Figure 4C). Once again, we saw rapid tumor clearance by
iIL-12 NeoCARs that was greater than with NeoCAR alone
(Figure 4D). Importantly, TCR KO did not impair anti-tumor activ-
ity. A delayed reduction in tumor burden was observed in ani-
mals that received ilL-12 only T cells, which corresponded with
weight loss in TCR+ ilL-12 and ilL-12/NeoCAR groups (Figures
S4D and S4E). These animals were euthanized due to severe
toxicity, reinforcing the notion that the combination of ilL-12
and TCR activation is detrimental to the safety profile of mMKRAS
NeoCARs. ilL-12 TCR-mediated toxicity resulted in reduced sur-
vival benefit compared to the NeoCAR alone group, and survival
benefit was improved further when TCR KO was incorporated
into ilL-12 NeoCAR therapy (Figure 4E). Notably, all animals
that received ilL-12 NeoCARs with TCR KO achieved complete
response and survived the duration of the experiment without
evidence of tumor progression or toxicity (Figures 4D and 4E).

Peripheral blood sampling captured the mechanism of xenor-
eactivity in TCR+ ilL-12 groups. At day 18, tumors had cleared in
the ilL-12 NeoCAR groups and were decreasing in the ilL-12 only
group, with circulating human T cells detectable in all mice. On
day 25, when toxicity was mounting in TCR+ilL-12 T cell groups,
human T cell counts increased (Figure 4F) in TCR+ ilL-12 and
TCR+ ilL-12 NeoCAR T cell groups, as did serum IL-12 (Figure
4@G) and IFN-y (Figure 4H). In the TCR KO ilL-12 NeoCAR and
TCR+ NeoCAR groups, all three of these readouts decreased
between days 18 and 25. Thus, TCR signaling and ilL-12 com-
bine to cause a sustained immune reaction that is detrimental
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Figure 4. TCR Knockout expands therapeutic window of ilL-12 NeoCARs

(A) Schematic representation of compared constructs/experimental groups.

(B) IFN-vy secretion induced by 24 h stimulation with plate bound anti-CD3, target COR-L A11, or control CORL WT cells in TCR+ and TCR knockout T cells (n = 4)
(Student’s t tests).

(C) In vivo study design. CAR-T cells were injected i.v. at 2.5e6 CAR+ cells per mouse in NSG mice with established COR-L A11 tumors expressing (n = 7-8 mice
per group).

(D) Quantified tumor luciferase activity compared (two-way ANOVA of ilL-12 NeoCAR TCR KO vs. NeoCAR).

(E) Percentage survival in each in vivo group (log rank Mantel-Cox test of ilL-12 NeoCAR TCR KO vs. NeoCAR).

(F) CD4/8 + T cell counts in peripheral blood at day 18 and day 25 (paired T tests).

(G) Serum levels of hiL-12 at day 18 and day 25 (paired T tests).

(H) Serum levels of IFN-y at day 18 and day 25 (paired T tests). ns; not significant, *; p < 0.05, **; p < 0.01, ***; p < 0.001, ****; p < 0.0001. All data with error bars are
presented as mean = SD. All data are representative of two or more experiments. See also Figure S4 and Table S1.

to the safety of the therapy, and removing the endogenous TCR
as a source of unintended activation expands the therapeutic in-
dex of mMKRAS NeoCARs.

DISCUSSION

Prior reports demonstrate that TCRs are naturally obtainable for
immunotherapy development, including against KRAS G12V
epitope,”’*** but engineering CAR-T therapies in the same target
class requires the generation of TCR mimics. The paucity of re-

8 Cancer Cell 43, 1-12, July 14, 2025

ports of CARs successfully targeting pMHC has been due in
part to difficulties in obtaining antibodies that are specific to a
single peptide-MHC,*® including mKRAS,“® where the lack of
sensitivity and selectivity resulted in an inability to specifically
recognize endogenous mMKRAS and HLA-A11 in vitro. In con-
trast, the ReD identified anti-pMHC antibodies against the
KRAS G12V neoantigen. These antibodies displayed a broad
footprint on the mKRAS epitope giving the binding a contextual-
ity and selectivity required for specific targeting of native mKRAS
PMHC by T cells via CARs.



doi.org/10.1016/j.ccell.2025.05.006

Please cite this article in press as: Benton et al., Mutant KRAS peptide targeted CAR-T cells engineered for cancer therapy, Cancer Cell (2025), https://

Cancer Cell

Nonetheless, mMKRAS neoantigen levels have been quantitated
at fewer than 100 copies presented per cell,?" which is several or-
ders of magnitude lower than traditional CAR-T targets, akin to in-
stances of antigen escape from the tumor cell surface.”**’
Although we demonstrated T cell responsiveness at low antigen
levels ex vivo, the NeoCARs only achieved full tumor control in a
subset of animals in vivo (Figures 21-2K). This partial in vivo control
may result in part from an inability of the CAR to detect and signal
an engagement with a low-abundance pMHC complex (sensi-
tivity), or the inability to convert binding events into an immune
synapse that kills the target cancer cell (potency).

IL-12 has garnered significant attention in the field of cellular
immunotherapy, leading to several clinical trials.*® Known for its
role in autoimmunity*® and immune-related complications in
response to infection,”® IL-12 has been associated with toxicity
due to unregulated T cell responses. We utilized UniVect™° to bet-
ter regulate the immune response in NeoCARs, leading to
increased activation-dependent secretion of IFN-y which resulted
in increased surface expression of HLA molecules, sensitizing
cancer cells to immune recognition in vitro, however we still
observed severe in vivo toxicity at doses required for tumor control
(Figures 3F-3H). Our findings indicated that ilL-12 alone induced
lethal toxicity in NSG mice when expressed by primary T cells
(Figure 4E), which we postulated was due to TCR mediated xenor-
eactivity. In this line, combining ilL-12 NeoCAR with TCR KO re-
sulted in robust tumor clearance and enhanced survival by pre-
venting T cell xenoreactivity (Figure 4). Collectively, these
genetic modifications expanded the therapeutic window and
improved overall survival. It also suggests that alternative inducible
payloads that augment HLA expression on cancer cells, such as
IFN-y itself, may improve peptide-specific CAR T cell activity.
While IFN-y is critical for CAR T cell-mediated myeloid activation
and tumor Killing, it lacks the broader immunomodulatory capabil-
ities of IL-12. For instance, IL-12 enhances antigen presentation
and innate immune responses more effectively than IFN-y alone.”’

This work exemplifies the extension of CAR-T cell therapies to
pMHC epitopes. The prevailing view of the field is that second-
generation CARs are limited to use for non-pMHC surface pro-
teins that have 1,000s of copies per cell’” and would lack the
sensitivity of TCRs for deployment against pMHC species, which
are typically <100 copies per cell. Attempts to engineer CARs for
higher sensitivity and/or potency have included permuting the
identity and number of cytoplasmic ITAM motifs,> or harnessing
the known sensitivity of TCRs through fusing single-chain anti-
bodies to integral chains of the TCR complex, either the a and
p°* or & chain.>® Our study shows that CARs can be effective
in vivo against low abundance pMHC targets and enhanced
through additional immune stimulation. NeoCAR activity against
low abundance pMHC complexes might be attributed to the
target class, as CARs using anti-pMHC scFvs have been shown
to recapitulate a natural immune synapse,“® in contrast to a non-
canonical synapse for non-pMHC targets.®’

Unlike TCRs, CARs offer the advantages of modular engineer-
ing to attenuate activity and a single ORF for integration. With a
more streamlined manufacturing process, CAR-Ts may be pro-
duced more cost-efficiently and quickly without the needs to
be personalized from each patient. Furthermore, our demonstra-
tion of potent, on-target killing in CAR-T cells with TCR KO and
NFAT-inducible IL-12 predicts their use for allogeneic cellular
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immunotherapies, in either T or NK lineages that have been
genome edited for these and further modifications, such as
HLA deletion for immune tolerance.

As cellular immunotherapy progresses to include therapies for
solid tumors, we anticipate the emergence of new generations of
CAR-T cells with multiple genetic modifications as leading can-
didates. Where efficacy is achieved, there must also be consid-
eration of the existence of a therapeutic window. We expect our
approach to lay the groundwork for strategies that will usher in
the future of safe and effective cellular therapies for solid tumors.

At present, our study is limited to a single antigen presented in a
single HLA allele. Expanding this platform to a wider array of an-
tigens and HLA alleles is a major opportunity although identifying
scFvs with strong fidelity to the target pMHC can be challenging.
Thus, these novel scFvs require rigorous testing for strict epitope
and HLA specificities, as some scFv pMHC binders do show
cross-reactivity with other HLA alleles.®® In addition, CARs require
high density expression of surface pMHC for cancer cell recogni-
tion and robust activity, and although IL-12 secretion by CAR
T cells circumvents this issue, refinement of CAR architecture
and signaling may also be necessary to improve efficacy.

Our scFv screening, validation, and testing pipeline not only
accelerates the development of CAR T cell products targeting
KRAS G12V but also holds potential for application across a
wide range of neoantigens. This versatile regime enables the
rapid identification and optimization of binders customized for
diverse tumor-specific mutations, providing for a scalable
approach to personalized medicine in solid tumors. As ad-
vances in Al-driven protein design become increasingly sophis-
ticated, our workflow stands to benefit significantly from inte-
grating targeted in silico predictions, enhancing the speed,
precision, and resolution of scFv discovery. Future work could
also explore combinatorial CAR-T therapies targeting multiple
neoantigens within a single tumor, addressing tumor heteroge-
neity and reducing the likelihood of antigen escape. This
approach holds promise for creating more comprehensive
and durable treatments for solid tumors and beyond, including
autoimmune diseases, infectious diseases, and chronic inflam-
matory conditions.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

MHC | Dextramers-PE Immudex NA

Lightning Link APC R&D systems Cat# 705-0005

Goat polyclonal anti-human IgG Sigma-Aldrich Cat# 11886-2ML; RRID: AB_260125
CD8 BV786 BD Biosciences Cat# 563823; RRID: AB_2687487
CD4 Fitc Biolegend Cat# 317407; RRID: AB_571950
CD3 Biotin BioLegend Cat# 300404; RRID: AB_314058
CD3 PerCPCy5.5 Biolegend Cat# 344808; RRID: AB_10640736
Live/Dead Aqua Thermo-Fischer Scientific Cat# L-34966

HLA-A,B,C PE BD Biosciences Cat# 555553; RRID: AB_395936

HLA-A*11:01 Biotin
Streptavidin PE
CD45 PE

USBiological
BD Biosciences
BioLegend

Cat# H6098-28A
Cat# 349023; RRID: AB_2868860
Cat# 304008; RRID: AB_314396

Biological samples

Primary T cells UPenn Human Immunology Core. NA

Chemicals, peptides, and recombinant proteins

anti-CD3/CD28 dynabeads Invitrogen Cat# 402.03D

Streptavidin C1 Dynabeads Invitrogen Cat# 65001
n-Octyl-B-D-Thioglucopyranoside Anatrace Cat# 85618-21-9

Nickel NTA Agarose Resin ABT Cat# 6BCL-NTANiI-X

anti-biotin microbeads Miltenyi Cat# 130-105-637
PMA+ionomycin eBioscience Cat# 00-4970-93

RPMI 1640 GIBCO Cat# 72400-047

Foetal bovine serum (FBS) VWR Cat# S170G

KRAS 10-mer Peptides Genscript NA

Critical commercial assays

Amaxa P3 Primary Cell kit and protocol Lonza Cat# V4XP-3012

Experimental models: Cell lines

HEK 293T ATCC Cat# CRL-3216; RRID: CVCL_0063
Jurkat E6.1 ATCC Cat# TIB-152; RRID: CVCL_0367
COR-L23 ECACC Cat# 92031919; RRID: CVCL_1139

COR-L23 HLA-A*11:01

YAPC
YAPC HLA-A*11:01

K562 HLA-A*2:01

K562 HLA-A*11:01

XL1-Blue Supercompetent Cells

University of Pennsylvania,
Dr. Beatriz M. Carreno

DSMzZ

University of Pennsylvania,
Dr. Beatriz M. Carreno

University of Pennsylvania,
Dr. Beatriz M. Carreno

University of Pennsylvania,
Dr. Beatriz M. Carreno

Agilent Technologies

NA

Cat# ACC 382; RRID: CVCL_1794
NA

NA

NA

Cat# 200236

Experimental models: Organisms/strains

NOD/scid/IL2rg

University of Pennsylvania
Stem Cell and Xenograft Core

RRID:IMSR_JAX:005557

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

Lentiviral constructs This manuscript NA

Software and algorithms

GraphPad Prism GraphPad Software https://www.graphpad.com/
FlowJo BD https://www.flowjo.com/
bioRender bioRender https://www.biorender.com/
ScanProsite Expasy https://www.prosite.expasy.org/

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and primary human T cells

All cell lines were cultured in complete medium (CM) comprising of RPMI 1640 (GIBCO) supplemented with 10% FBS (VWR),
100 U/mL of penicillin, and 100 pg/mL of streptomycin at 37°C and 5% CO.. Cell line origins are listed in the Key Resource Table.
All cell lines were routinely tested for mycoplasma. Human CAR-T cells were generated from normal donor T cells provided by
the University of Pennsylvania Human Immunology Core. All primary T cell studies were covered through approval by the University
of Pennsylvania Institutional Review Board (IRB). All de-identified donors signed approved consent forms. Details are listed in method
details (Cell lines section). Normal donor T cells: T cells were isolated from healthy volunteers who previously signed an informed
consent, which authorized use for general research purposes. Samples were centrally collected and sent to the laboratory for pro-
cessing after complete anonymization. Normal donor T cells were cultured in CM with cytokine supplementation (Biolegend).

Animal model details

NOD/SCID/IL2ry™" (NSG) mice were purchased from the Stem Cell and Xenograft Core (University of Pennsylvania). Mice
(6—12 weeks old) were kept in a pathogen-free environment within individually ventilated cages. Animal studies were performed
in full accordance with the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC protocol n. 805773).
The specific designs of in vivo studies are indicated for each experiment in the manuscript. Both male and female animals were em-
ployed for separate experimental replicates.

METHOD DETAILS

ReD platform screening for anti-mKRAS pMHC scFv

HLA-A*11:01 MHC complexes for antibody discovery and all characterization assays were expressed in E. coli as insoluble inclusion
bodies and were refolded via dialysis against glutathione buffer with mKRAS peptides as per standard methods. Myrio’s Ruby scFv
library (>10"" clone diversity) was panned for two rounds using mKRAS peptide-MHC bound to MyOne Streptavidin C1 Dynabeads
(ThermoFisher). Panned library output were transferred into the Retained Display (ReD) cell-display platform (Myrio Bio) and cells
were permeabilized using 0.5% n-octyl $-d-thioglucopyranoside (Anatrace) and labeled using mKRAS MHC ligated to fluorophores
excitable by 405 nm and 488 nm lasers. Cells that were positive for target binding were isolated using the FACSMelody sorter
(Becton-Dickinson).

After two rounds of positive selection, two further FACS rounds were conducted using counter-labelled WT KRAS MHC complexed
with unrelated peptides. After 4 rounds of FACS, individual colonies were picked and grown in 96-well plates before scFv induction,
cell permeabilization, and mMKRAS MHC labelling and detection by CytoFLEX (Beckman Coulter).

Clones that were identified as binding specifically to the target complex were sequenced and unique scFvs were expressed as
fusions to the AviTag biotinylation motif in E. coli. Biotinylated scFv protein was released via permeabilization with 0.5% n-octyl
B-d-thioglucopyranoside and purified to ~90% purity on Nickel NTA agarose resin (ABT).

ScFv affinity measurements

Affinity measurements were performed using the Gator Bio biolayer interferometry instrument (Gator Bio) and analyzed using
GatorOne software. Streptavidin biosensors were loaded with AviTag-biotinylated scFv, blocked with biotin, washed in PBS, and
then associated with mKRAS MHC protein in PBS.

Steady-state scFv binding assay

A bead-based fluorometric assay was developed to measure scFv binding to soluble MHC complex. Briefly, 50 ug streptavidin-
coated Dynabeads were incubated with excess biotinylated scFv before being blocked with free biotin and washed in PBS. Fluoro-
phore-labelled MHC complex was added to a concentration of 3.5 nM and incubated for 1 hour at 4°C, followed by 10 minutes at

e2  Cancer Cell 43, 1-12.e1-€5, July 14, 2025


https://www.graphpad.com/
https://www.flowjo.com/
https://www.biorender.com/
https://www.prosite.expasy.org/

Please cite this article in press as: Benton et al., Mutant KRAS peptide targeted CAR-T cells engineered for cancer therapy, Cancer Cell (2025), https://
doi.org/10.1016/j.ccell.2025.05.006

Cancer Cell ¢? CellPress

25°C. Binding of MHC by scFv-coated beads was quantified using the CytoFLEX instrument and normalised to controls, including
binding by beads without scFv and binding to unrelated MHC complex.

The bead-based assay described above was used to assess scFv binding to a panel of 95 unrelated peptides refolded in the rele-
vant HLA compared to target pHLA, as a preliminary readout of scFv selectivity. It was also used to characterize the ‘footprint’ of scFv
binding on target peptide-HLA using X-scanning mutagenesis for the assessment of scFv cross-reactivity toward peptides with ho-
mology to target peptide, identified using sequence-based analyses. Binding motifs determined by X-Scanning were uploaded to
ScanProsite (prosite.expasy.org) to analyze them against protein sequence databases (e.g. UniProtKB/Swiss-Prot) and identify
any known human proteins containing the tolerated amino acids in the correct sequence. Identified peptides were then cross-refer-
enced with The Immune Epitope Database (IEDB.org) to determine whether any are known to be presented.

Bispecific T cell engager cytotoxicity assay
Monoallelic cell lines stably expressing single chain B2m-HLA-A*11:01 fusion proteins in addition to a ICP47 HSV TAP inhibitor and
eGFP were established using the K562 cell line (ATCC), which lacks surface expression of HLA-A alleles.

For bispecific-mediated cytotoxicity assays, K562 target cells expressing the HLA allele of interest were washed and resuspended
in fresh CM containing KRAS G12V or wildtype (7-16) peptide at 1TuM concentration or solvent control (DMSO). The cell-peptide sus-
pensions were then aliquoted into 96 well plates at 15,000 cells per well and incubated for 3 hours at 28°C and 5% CO,. Bispecific
antibodies to be tested were added to the peptide-pulsed cells and incubated for a further 30 minutes at 28°C, before addition of
CD3/CD28-activated human cytotoxic T lymphocytes (50,000 per well; effector:target ratio of 3:1). Assays were then incubated
for 24 hours at 37°C and 5% CO,, and flow cytometry used to measure live and intact target cells on the basis of Sytox Blue viability
staining and eGFP expression to discriminate target cells from effectors. Cytotoxicity was calculated relative to controls lacking bis-
pecific antibodies. All measurements were carried out in triplicate.

Design and molecular cloning of lentiviral constructs

The lentiviral constructs designed and used in this study are listed in Table S1. The mKRAS scFv sequence was synthesized
(Genscript) and cloned into 3™ generation self-inactivating (SIN) lentiviral transfer vector p TRPE®® that The University of Pennsylvania
uses for clinical CAR-T cell manufacturing. UniVect construct pASP18 was previously described by our group,® and construct
pABL2 was generated by sub-cloning the RU96-14 CAR scFv into pASP19. All genetic constructs were prepared using standard
digest and ligate restriction enzymes-based molecular cloning techniques and were sequence verified. All cloning and plasmid prop-
agation steps were performed in XL1-Blue Supercompetent Cells (Agilent Technologies, Cat# 200236) to maintain integrity of lenti-
viral transfer plasmids.

Lentivirus production

The human embryonic kidney (HEK) 293 T cell line (ATCC) were grown to 70% confluency in CM at 37°C and 5% CO,. UniVect
transfer plasmid and lentiviral packaging plasmids pRSV.REV (Rev expression vector), pMDLg/p.RRE (Gag/Pol expression
plasmid) and pVSV-G (VSV glycoprotein expression vector) were added to Opti-MEM (Thermo Cat. 31985088) at a 15:18:18:7
mass-unit ratio. This mixture was added to a 10:1 Opti-MEM and Lipofectamine 2000 (Thermo Cat# 11668019) mixture at 1:1 vol-
ume ratio and let incubate at RT for 15 min before addition to HEK 293T cells in fresh culturing media. Supernatants containing the
lentivirus were collected at 24 h and 48 h and passed through 0.45 pm filters. Filtered lentivirus product was concentrated by ul-
tracentrifugation at 25 000 rpm for 2.5 h and stored at -80°C. The viral titer was determined by transducing HEK 293T cells and
expressed as Infection Units per mL.

Generation of mMKRAS NeoCARs: T-Cell activation, transduction and expansion

Healthy donor primary human T cells were purchased from the Human Immunology Core (University of Pennsylvania). CD4* and
CD8" T cells were combined at 1:1 ratio and stimulated with anti-CD3/CD28 dynabeads (Invitrogen) in a 3:1 ratio on Day 0. After
24 h (Day 1), lentivirus was added at a multiplicity of infection (MOI) of 1-5 (depending on the experiment). CM volume was
doubled every 2 days until Day 6 when Dynabeads were removed by magnetic separation. Cells were then counted every
1-2 days by Coulter Counter (Beckman Coulter) and maintained at 0.75 x 10° cells/mL by addition of fresh IL-7/15 (10 ng/mL
each, R&D systems) supplemented CM until day 11 when media was switched to non-supplemented CM. Cells were either frozen
or used experimentally once the cell volume reached 280-330 fL at around Day 14. During manufacturing, T cells were maintained
at 37°C and 5% CO,. The transduction efficiency was determined by flow cytometry for the expression of relevant gene (mCherry
or immune receptor). For experiments with Jurkat cell line, cells were transduced lentiviruses at various MOI 3 and used in exper-
iments 3-5 days later.

Cancer cell lines maintenance, characterization, and transduction

The human cancer cell lines YAPC (KRASG12V), COR-L23 (KRASG12V), SW-620 (KRASG12V), BXPC-3 (KRASWT), CAKi-2 (HLA-
A*11:01), PANC-1 (HLA-A*11:01, KRASG12D), and HCC-827 (HLA-A*11:01, KRASWT) were obtained from American Type Culture
Collection (ATCC) and cultured according to protocols of the vendor. HLA-A*11:01 surface expression characterized with flow cy-
tometry with antibody staining (USBiological). CAKi-2, PANC-1, and HCC-827 were transduced with a KRAS tandem minigene
construct and purified as we previously reported.”’
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TCR knockout in CAR-T cells using CRISPR/Cas9 RNPs

Healthy donor primary human T cells were purchased from the Human Immunology Core (University of Pennsylvania). CD4* and
CD8* T cells were combined at 1:1 number ratio. On Day 0 T-cells were centrifuged and resuspended in fresh CM supplemented
with IL-2 (200 IU/pL, BioLegend) IL-7 and IL-15 (5 ng/mL each, R&D Systems) with a 1:1 ratio of CD3/28 Dynabeads. On Day 2
T-cells were debeaded and washed with PBS. 1ug TRAC targeting sgRNA (IDT) (5'-TGTGCTAGACATGAGGTCTA-3') and 1ug
SpyFi Cas9 (Aldevron) were added for 10 min. PBS was aspirated from washed T-cells and the 50e6/ml (1€6 in 20uL) cells were elec-
troporated using the Amaxa P3 Primary Cell kit and protocol (Lonza) with a Lonza 4-D Nucleofector electroporation device (Cat# AAF-
1002B model). After electroporation, cells were resuspended in IL-2 (200 IU/pL) IL-7 and IL-15 (5 ng/mL each) supplemented CM for
~12 days of additional expansion. On day 7 of expansion, edited TCR™ CAR-T cell products were purified by negative selection with
anti-biotin microbeads (Miltenyi Cat# 130-105-637) and biotin conjugated anti-CD3 (Biolegend, Cat# 317320) on a MACS separation
column (Miltenyi, Cat# 130-042-201) where the remaining CD3 positive, and therefore TCR*, cells were removed. Flow through con-
taining TCR™ cells was collected and cells were placed in fresh CM with cytokines.

Flow cytometry

Samples were spun down at 1300 RPM, then washed once with staining buffer. Samples collected from mice had 2 mL of ACK
Lysis buffer added for 5 min to lyse red blood cells then washed once with PBS. Samples were stained for CAR surface expression
for 30 minutes at room temperature with 100 pL solution containing the goat polyclonal anti-human IgG (Sigma-Aldrich, Cat#
11886-2ML) conjugated with Lightning-Link APC (Expedeon). After CAR staining, samples were washed three times with staining
buffer and then incubated at 4°C for 30 minutes in 100 pL of an antibody cocktail to label the experimentally indicated human
surface markers. Samples were washed three times and incubated with Live/Dead Aqua (Thermo-Fischer Scientific Cat#
L-34966) for 10 minutes to discriminate live and dead cells. Samples were washed twice to remove Live/Dead Aqua before being
run on a Fortessa.

Peptide titration/pulsing

K562 cells transduced with the indicated HLA-A construct were added to a 96 well plate at 20,000 cells/well in CM. For Jurkat based
screens the following 10-mer KRAS peptides (A11 Mut: VWWGAVGVGK, A11 WT: VWWGAGGVGK, A2 Mut: KLVVWWGAVGV, A2 WT:
KLVVVGAGGV) were added to achieve a concentration of 1TuM. For titrations, the indicated peptide and concentration was achieved
for each replicate. After 90 min incubation at 37 C the peptide pulsed cells were centrifuged, washed with CM, then fresh CM was
added. Next, mKRAS NeoCAR transduced Jurkat or primary T cells were normalized for transduction added to achieve an E:T ratio of
2:1 in 200pL CM. Target and Effector cells co-cultured for 24 h at 37°C and 5% CO, and supernatants were collected for cytokine
quantification by ELISA according to the manufacturer’s instructions (BioLegend) as follows: human hiIFN-y was detected by hIFN-y
(BioLegend, Cat# 430104), human hIL-2 was detected by hIL-2 (BioLegend, Cat# 431804) and hIL-12 was hIL-12 (BioLegend, Cat#
431704)

Luficerace based killing assays

Lytic function of mMKRAS NeoCARs was measured using the LucScreen Extended-Glow Luciferase Reporter Gene Assay System
(Applied Biosystems). NeoCAR-T cells and tumor cells expressing click beetle green luciferase (CBG) were combined at the indicated
E:T ratios in a total of 200 uL CM in an white opaque walled flat bottom plate and co-cultured for 48 h at 37°C and 5% COs.. Plates
were centrifuged and 100 pL of medium was removed from each well for further analysis by ELISA. Luciferase buffer was added
directly into the plate according to the manufacturer’s protocol. Luciferase readings were obtained using a microplate reader
(BioTek Synergy H4). Cytotoxicity was calculated using the following equation where: (1 - luminescencecar- celis + target celis)/lUMi-
NeSCeNCe(rarget celis)) X 100.

Cell binding avidity assay

COR-L tumor cells were attached in a monolayer on poly-L-lysine-coated chips for at least 3 h prior to testing on the z-Movi Cell
Avidity Analyzer (Lumicks). CellTrace far-red labelled (ThermoFisher Scientific) CAR T cells from various donors were normalized
for transduction efficiency and bound for 5 min prior to ramping up acoustic force from 0-1000 pN. Experiments were performed
in triplicate with each of the three T cell conditions ran once on each chip. Cell detachment was analyzed using Ocean software. Ex-
periments and analysis were conducted according to manufacturer recommendations.

MHC | upregulation assay

On Day 0 50,000 indicated target cells were added to a 24 well flat bottom plate. Next, mMKRAS NeoCAR-T cells were normalized for
transduction and added to achieve an E:T ratio of 2:1 in 1 mL CM. Target and effector cells co-cultured for 24 h at 37°C and 5% CO..
On Day 1, fresh target cells were added to a new 24 well plate in 500uL. Co-cultures were centrifuged and 500pL of supernatant was
added to the fresh target cells to achieve a final volume of 1 mL. Target cells were cultured with supernatants for 24 h. Additional
supernatant was saved for cytokine quantification by ELISA. On Day 2 Target cells were detached form the plate with TrypLE express
(ThermoFisher) and analyzed for MHC | expression by flow cytometry.
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Incucyte based spheroid assays

On day -3 1,250 target cells expressing GFP were plated in a 96 well round bottom ultra-low attachment plate (S-bio) in 100pL CM.
Next, nKRAS NeoCAR-T cells were normalized for transduction and 20,000 CAR+ cells were added to achieve an estimated E:T ratio
of 2:1 in 200 pL CM. Additionally, 0.1 ug of CD45-PE was added to each well to visualize T cells. Co-cultures were placed in an In-
cucyte SX5 device (Sartorius) for 48 h and imaged every 3-6 hours in the trans, orange, and green channels. Normalized percent
killing was calculated using fluorescence in the green channel and the equation (total intensity time=n / total intensity time=0) x 100.

Stimulation based assays

T cell products were stimulated according to specific experiment for 24 h either with 0.5x cell stimulation cocktail (Invitrogen), 1:1
CDB3/28 beads, or through 2:1 E:T co-culture with COR-L target cells. Cytokine levels were measured by a sandwich ELISA according
to the manufacturer’s instructions (BioLegend) as follows: human hIFN-y was detected by hIFN-y (BioLegend, Cat# 430104), human
hiL-2 was detected by hiIL-2 (BioLegend, Cat# 431804) and hlL-12 was hIL-12 (BioLegend, Cat# 431704).

Animal studies

NOD/SCID/IL2ry™" (NSG) mice were purchased from the Stem Cell and Xenograft Core (University of Pennsylvania). Female and
male mice (6—12 weeks old) were kept in a pathogen-free environment within individually ventilated cages following protocols
approved by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC protocol n. 805773). The specific
designs of in vivo studies are indicated for each experiment in the manuscript. For human tumor models, mice were intravenously (i.v.)
injected via tail veins with 0.25e6 COR-L23 A*11:01, CAKi-2-G12V, or YAPC-A11 tumor cells. After 7 days when tumors were estab-
lished and confirmed by imaging, mMKRAS NeoCARs were injected i.v. at doses indicated in the specific experiments in the figure.
Tumor progression/clearance was measured via bioluminescence imaging and quantified as the total flux per second. Mice were
sacrificed upon losing 20% body weight or reaching a total flux of more than 5e10 photons/s. Blood samples were collected via
retro-orbital bleeds of days 18 and 25 post tumor injection. Number of peripheral blood T cells was quantified using countbright
beads (Invitrogen). The staining panel consisted of anti-human CD3, anti-human CD45, anti-human CD8 and anti-human CDA4.
Plasma samples were collected from remaining blood and use for cytokine quantification by ELISA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Information on specific statistical tests used is provided in the figure legends and/or Method Details. Statistical analysis was per-
formed in GraphPad Prism 8.0 (GraphPad). Each figure legend denotes the statistical test used. All central tendencies indicate
the mean, and all error bars indicate standard deviation unless otherwise indicated. Statistical analysis and tests performed included
2-tailed Student t test, Two-way ANOVA or ANOVA multiple-comparison with P values generated using Tukey’s or Welch multiple-
comparisons test. For non-parametric comparisons, we used Kruskal-Wallis tests. All t-tests were two-sided. In figures, p values are
shown. Log-Rank Mantel-Cox test was used for survival analysis. Technical replicates were assumed to be normally distributed,
otherwise no assumptions of normality were made. Statistical details of all experiments can be found in figure legends.
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