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Developing therapeutic agents with potent antitumor activity that
spare normal tissues remains a significant challenge. Clonal loss of
heterozygosity (LOH) is a widespread and irreversible genetic
alteration that is exquisitely specific to cancer cells. We hypothe-
sized that LOH events can be therapeutically targeted by “invert-
ing” the loss of an allele in cancer cells into an activating signal.
Here we describe a proof-of-concept approach utilizing engi-
neered T cells approximating NOT-gate Boolean logic to target
counterexpressed antigens resulting from LOH events in cancer.
The NOT gate comprises a chimeric antigen receptor (CAR) target-
ing the allele of human leukocyte antigen (HLA) that is retained in
the cancer cells and an inhibitory CAR (iCAR) targeting the HLA
allele that is lost in the cancer cells. We demonstrate that engi-
neered T cells incorporating such NOT-gate logic can be activated
in a genetically predictable manner in vitro and in mice to kill rel-
evant cancer cells. This therapeutic approach, termed NASCAR
(Neoplasm-targeting Allele-Sensing CAR), could, in theory, be ex-
tended to LOH of other polymorphic genes that result in altered
cell surface antigens in cancers.

loss of heterozygosity | human leukocyte antigen | cell engineering | cancer
immunotherapy | chimeric antigen receptor

major challenge in both cancer diagnosis and therapy is

specificity. The paucity of reagents in the clinic that target
properties exquisitely specific for cancer cells presents a sub-
stantial obstacle for the development of potent therapeutic mo-
dalities. Given the success of early oncogene-targeted therapies, it
was hoped that cancer genome sequencing initiatives would yield a
plethora of novel actionable targets (1-5). Unfortunately, such
sequencing efforts identified few unique oncogene targets and
instead revealed that the cancer genome landscape was dominated
by mutations of tumor suppressor genes, with most cancers having
a limited number of mutated oncogenes (6). Compounding these
issues, many of the most frequently mutated oncogenes have
proved resilient to therapeutic intervention (7-10).

One of the most pervasive and specific genetic characteristics
in cancers involves chromosomal gains and losses, which are
nearly always associated with aneuploidy (11-14). Aneuploidy is
found in all major human tumor types and was the first genetic
abnormality identified in cancers (15-18). A molecular manifes-
tation of many chromosomal aberrations is loss of heterozygosity
(LOH). LOH occurs when a heterozygous locus loses one of its
two parental alleles, typically as a result of losses of large chro-
mosomal regions, often involving an entire chromosome arm
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(19-23). Such allelic deletions are observed in over 90% of human
cancers and are commonly associated with tumor suppressor gene
loss (6, 24-31). Importantly, loss of genetic material through LOH
is irreversible. LOH events thus represent frequent, predictable,
and irreversible genetic events that can distinguish cancer cells
from normal cells in an unequivocal fashion.

While a variety of approaches to detect genetic abnormalities
such as LOH in cancers have been developed (32, 33), thera-
peutically targeting these recurrent tumor-specific alterations
has proven to be challenging. A range of modalities have been
explored to target LOH at the DNA (CRISPR), RNA (antisense
oligonucleotide, short hairpin RNA, small interfering RNA), and
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Significance

The lack of viable tumor-specific targets continues to thwart
efforts to implement selective anticancer drugs in the clinic.
Clonal loss of heterozygosity (LOH) occurs in the great majority
of human tumors and represents an irreversible genetic alter-
ation present in cancer cells that unequivocally distinguishes
them from normal cells. Here, we report the development of
NASCAR (Neoplasm-targeting Allele-Sensing CAR), a platform
comprising pairwise chimeric receptors for detecting and tar-
geting LOH events in cancer. As proof-of-concept, we demon-
strate specific NASCAR T cell responses in models of HLA LOH
in vitro and in vivo. This work lays the foundation for future
exploration and exploitation of LOH-mediated vulnerabilities
for precision cellular immunotherapy.

protein (small-molecule inhibitors) levels (34-40). Although
promising in principle, these approaches have distinct practical
barriers that have precluded their clinical realization, ranging
from issues surrounding reagent delivery to proteins that lack
targetable binding pockets for small molecules.

Advances in immunotherapeutic approaches have ushered in a
new era of cancer treatment and, with it, the exciting prospect for
the specific targeting of cancer cells. Much of the success with
immunotherapy has resulted from unleashing preexisting anti-
tumor immune responses toward somatic mutation-associated
neoantigens by immune checkpoint inhibitors (41-56). Attempts
to redirect the immune system toward cancer cells de novo have
also been successful but have largely relied on targeting tumor-
associated antigens (TAAs) (57-59). Although such targets are
typically overexpressed on cancer cells—sometimes as a result of
genetic amplification—their expression in various normal tissues
can result in major “on-target, off-tumor” toxicities (60-63).

Chimeric antigen receptor (CAR) T cells are an emerging class
of immunotherapeutic agents that permit immune cell redirection
and have generated remarkable clinical responses in patients with
B cell malignancies (64-70). Despite such progress, CAR T cells
have yet to be widely applied to patients with solid tumors (71-73).
Among the many obstacles that remain in translating the im-
pressive success of CAR therapy to solid tumors is the dearth of
tumor-specific antigens (74). Similar to other targeted therapeutic
modalities, CAR T cell therapies have largely been developed
against TAAs, such as CD19 (58). Unlike CD19 CAR therapy
whereby simultaneous ablation of cancerous and healthy B cells
alike results in manageable adverse effects (61), toxicity profiles
for other TAA targets are often unacceptable for clinical imple-
mentation and, in rare cases, fatal (75-78). In the absence of
suitable targets similar to CD19 for non-B cell malignancies, CAR
T cells capable of combinatorial antigen recognition have been
developed to increase on-tumor specificity (79-85). However, the
lack of truly tumor-specific antigens will continue to present a
challenge for bringing CAR T cells to fruition for most cancer
patients (74).

On the premise that LOH provides an opportunity for tumor-
specific targeting, we sought to develop a method to target LOH
of heterozygous alleles. We hypothesized that implementation of
a NOT gate could permit target discrimination between a normal
cell expressing products from both alleles and a cancer cell
expressing products from the one retained allele following LOH.
One innovative strategy approximating NOT-gate logic was de-
scribed by Fedorov et al. (86), where a CAR and inhibitory CAR
(iCAR) targeting two different antigens were simultaneously
introduced into a T cell. While CARs contain activating T cell
receptor (TCR)-derived domains, iCARs contain inhibitory domains
derived from immune inhibitory receptors such as programmed cell
death protein-1 (PD-1) and cytotoxic T lymphocyte-associated
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protein-4 (CTLA-4). Accordingly, CAR- and iCAR-expressing
T cells will kill cells expressing only the CAR antigen while
sparing cells harboring both the CAR and iCAR antigens. In this
work, we investigated whether such a logic-gated system could be
applied to LOH in cancer by targeting the iCAR to the allele lost
through LOH while targeting the CAR to the retained allele
(Fig. 1). As proof-of-concept, we focused on targeting human
leukocyte antigen (HLA) genes owing to the seminal work of
George D. Snell in identifying the major histocompatibility com-
plex (MHC) gene complex as a potent mediator of tumor rejection
(87, 88) and because HLA genes are highly polymorphic and have
been observed to commonly undergo LOH in cancer (89-93).
Here we report the development of NASCAR (Neoplasm-
targeting Allele-Sensing CAR), a platform comprising pairwise
chimeric receptors that, together, are capable of allele sensing
and detecting LOH events in cancer. Utilizing CARs and iCARs
specific to two common alleles (HLA-A*02:01 or HLA-A*03:01)
of the same gene (HLA-A), we demonstrate LOH-specific NAS-
CAR T cell responses in models of HLA LOH in vitro and in vivo.

Results

Identification of HLA-A Allele-Specific Detection Moieties. LOH of
the short arm of chromosome 6 (6p)—where the HL.A gene com-
plex resides—has been reported in as many as 24%, 40%, 41%,
41%, and 50% of breast, colon, lung, brain (glioblastoma), and
pancreatic cancers, respectively (S Appendix, Table S1) (94-98). As
HLA-A*02:01 and HLA-A*03:01 (henceforth referred to as “42”
and “A3”) are among the most common HLA4-A alleles represented
in the human population (99, 100), we focused our efforts on de-
veloping reagents targeting these two alleles to maximize the patient
population that could conceivably benefit from an LOH-directed
therapy.

A cell-based therapy platform was chosen due to the innate
ability of a cell to integrate a multitude of signals and inputs to
drive a coordinated cellular response program. Accordingly, we
developed chimeric receptors in T cells, targeting either A2 or A3,
that could permit allelic discrimination (i.e., NASCAR T cells). A
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Fig. 1. An immunotherapeutic approach for targeting LOH. A schema de-
scribing the proposed cellular engineering strategy to target LOH events in
cancer. Arrows labeled “Allele A" and “Allele B” depict the production of a
polymorphic protein as a result of transcription and translation of a poly-
morphic gene subject to LOH in cancer. The NASCAR platform comprises
pairwise CAR and iCAR receptors in T cells. Concurrent engagement of both
receptors will result in iCAR-mediated quenching of proximal CAR signaling
and divert T cell activation away from normal cells expressing both alleles
(Left). However, cancer cells that have undergone LOH will trigger the CAR
but not the iCAR, resulting in NASCAR T cell activation (Right).
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messenger RNA (mRNA) electroporation-based expression sys-
tem was initially employed to allow for facile and rapid iteration of
candidate constructs. An optimized protocol for primary human
T cells was developed, which resulted in virtually all cells
expressing the desired proteins following electroporation (SI Ap-
pendix, Figs. S1 and S2).

HLA allele-specific antibodies have previously been devel-
oped for A2 and A3, clones BB7.2 and GAP.A3, respectively
(101, 102). In contrast to the BB7.2 single-chain variable frag-
ment (scFv), we were unable to functionally graft the GAP.A3
scFv onto a second-generation CAR comprising a cluster of
differentiation 28 (CD28) and CD3( cytoplasmic domains (Ma-
terials and Methods). We therefore turned to identifying an al-
ternative A3-specific scFv. An scFv phage display library, with an
estimated complexity of 3.6 x 10'°, was screened for binders that
could selectively target A3 but not other HLA-A alleles (103).
Positive selection was conducted with a different A3 peptide-
HLA (pHLA) monomer during each round of panning so as to
enforce specificity to the HLA molecule itself and not the as-
sociated peptide, while negative selection was performed with a
mixture of non-A3 pHLA monomers. Enriched candidate phage
clones were amplified and assessed for their ability to bind to
cells with either A2 alone (T2 cells) or A2 and A3 (T2A3 cells)
via flow cytometry. Clone 13 was chosen for its strong ability to
bind to T2A3 cells but not to T2 cells relative to the other phage
clones tested (S Appendix, Fig. S3B). We next sought to confirm
whether this in-house selected A3-specific scFv could be func-
tionally grafted onto a CAR molecule while maintaining speci-
ficity. As expected, clone 13- and BB7.2-engineered CAR T cells
were only activated when exposed to COS-7 target cells transfected
with A3 or A2, respectively, as assessed by interferon (IFN)-y re-
lease (SI Appendix, Fig. S3C).

The specificities of the targeting moieties were further evalu-
ated by titration enzyme-linked immunosorbent assay (ELISA)
using recombinantly expressed scFvs. Bacterial expression vectors
for the A2- and A3-specific scFvs were generated based on the
BB7.2 and clone 13 sequences in the pAP-III; backbone, respec-
tively. The pHLA monomers from each of the four HLA-A
superfamilies were tested, as was a common HLA-B allele (HLA-
B*07:02). As expected, the A2 and A3 scFvs specifically bound to
their cognate HLA allele but did not bind to any of the other
alleles tested (Fig. 2 A and B). The pHLA monomer complexes
were confirmed to be comparably folded, as verified by ELISA via
detection with W6/32, a pan-HLA class I antibody (SI Appendix,
Fig. S4).

Generation of HLA LOH lIsogenic Cell Line Models. Next, we
employed CRISPR technology to generate isogenic knockout
(KO) clones from cancer cell lines expressing endogenous 42
and A3 alleles. We selected three cell lines of differing cancer
types with varied HLA expression levels—CFPAC-1 (pancreatic),
NCI-H441 (lung), and RPMI-6666 (Hodgkin lymphoma)—and
obtained HLA single-allele KO clones for all three cell lines
(Fig. 2C). The clones showed 100% identity match with their
originating parental cell line as assessed by short tandem repeat
(STR) profiling (SI Appendix, Table S2).

Development and Optimization of LOH Detection. To enable LOH
detection, we grafted the HLA-A allele-specific scFvs to chimeric
receptors with either activating (CAR) or inhibitory (iCAR) sig-
naling domains (86). Previous demonstrations of iCAR function-
ality relied on model antigen combinations with skewed expression
levels. However, as we employed cell lines with endogenous levels
of A2 and A3 expression to model HLA LOH allele loss, further
engineering efforts to tune the system were necessary. To maxi-
mize specificity, a systematic optimization of various parameters
for each component of the NASCAR targeting platform (i.e.,
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iCAR format, CAR hinge, stoichiometry between CAR and
iCAR) was performed.

A second-generation CAR was employed as the activating
construct, comprising CD28 hinge, transmembrane, and cyto-
plasmic domains fused to the CD3{ cytoplasmic domain (S
Appendix, Fig. S5). Four iCAR constructs incorporating CTLA-4
or PD-1 inhibitory domains with various hinge and transmem-
brane combinations were screened. For each inhibitory domain,
two combinations were tested. Either the CTLA-4 or PD-1 cy-
toplasmic domain was fused to CD8a hinge and transmembrane
domains, or the CTLA-4 or PD-1 cytoplasmic domain was used
with each inhibitory receptor’s cognate hinge and transmembrane
domains (SI Appendix, Fig. S5). Control constructs wherein the
targeting scFv moiety for each iCAR construct was deleted were
also created. To evaluate iCAR performance, T cells coexpressing
a CAR in combination with each individual iCAR were coincu-
bated with 42 or A2+A3-transfected COS-7 cells. Only the PD-1
iCAR constructs resulted in substantial allele-specific inhibition as
evidenced by a reduction in IFN-y secretion toward 42+A43-
transfected COS-7 cells relative to A2-transfected cells (S/
Appendix, Fig. S6). The iCAR construct comprising the PD-1
cytoplasmic domain with CD8a hinge and transmembrane do-
main exhibited the most potent allele specificity and was therefore
selected as the NASCAR inhibitory module for the experiments
described below.

We postulated that adjusting the CAR hinge domain from CD28
to CD8a would allow for greater iCAR-mediated quenching of
proximal CAR signaling by permitting CD8o hinge hetero-
dimerization between CAR and iCAR (SI Appendix, Fig. S5). In-
deed, iCAR-mediated inhibition of CAR activity was strengthened
with a CD8a-hinged CAR when engaged with CFPAC-1 target
cells expressing both A2 and A3, as assessed by IFN-y release (S1
Appendix, Fig. S7). As the CD8a-hinged CAR conferred an in-
creased window of allele specificity, it was selected as the NAS-
CAR activating module for the experiments described below.

We next considered what additional parameters could be
modulated to impart greater specificity and divert immune re-
sponses away from normal, HLA-heterozygous cells. We observed
that the mRNA-based expression system for introducing chimeric
receptors into primary human T cells provided a linear correlation
between the amount of mRNA electroporated and the corre-
sponding CAR expression level (SI Appendix, Fig. S8). Thus, we
explored whether adjusting the stoichiometry between CAR and
iCAR could allow for greater specificity to the system. While a 1:1
ratio of CAR:iCAR mRNA displayed considerable allele speci-
ficity, there was still significant off-target activation as evidenced
by detectable IFN-y secretion with CFPAC-1 A2/A3 target cells.
However, decreasing the CAR:CAR ratio to 1:3 resulted in
pronounced suppression of T cell activation toward off-target A2/
A3 cells (ST Appendix, Fig. S9). The 1:3 ratio of CAR:iCAR was
therefore selected for the NASCAR experiments described below.

Determination of NASCAR Specificity In Vitro. To thoroughly dem-
onstrate the modularity, specificity, and symmetry of the NAS-
CAR approach, both combinations of CAR and iCAR were tested
(i.e., A2-CAR+A3-iCAR, A3-CAR+A2-iCAR) against all three
sets of isogenic cell lines. T cell activation, as assessed by IFN-y
and interleukin-2 (IL-2) cytokine release, was remarkably similar
across all three cell line backgrounds and revealed the expected
allele-specific targeting profiles (Fig. 34 and B). Consistently, the
degree of cytotoxicity mirrored that of cytokine release (Fig. 3C).

The assays described above employed primary human T cells
from A2/A3-negative donors as effector cells. Otherwise, in the
control conditions with the CAR but without the iCAR, the ef-
fector T cells would commit fratricide due to self-expression of
the target antigen. In practice, however, effector T cells would
likely be derived from autologous sources that express both A2
and A3, and it was therefore important to confirm that fratricide
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Fig. 2. Generation of HLA-A allele-targeting scFvs and isogenic cell line models. (A) A2 scFv and (B) A3 scFv binding to various immobilized HLA alleles was
assessed by ELISA. Data represent means + SD of three technical replicates. (C) Flow cytometric evaluation with a-A2 (BB7.2-PE) and a-A3 (GAP.A3-APC)
antibodies of HLA KO isogenic cancer cell lines following CRISPR-mediated HLA-A locus disruption.

would not occur. To that end, we assayed for autoreactivity in
model “autologous” antigen-positive (A2/A3) versus model “al-
logeneic” antigen-negative (A1/A24) effector donor T cells. While
A1/A24 donor T cells elicited no IFN-y signal as they lacked the
activating antigen, introduction of the CAR alone into A2/A3
donor T cells resulted in the expected autoreactivity and fratricide.
By contrast, NASCAR expression of the inhibitory module to-
gether with the activating module in A2/A3 donor T cells did
not result in fratricide (SI Appendix, Fig. S104). Furthermore,
NASCAR-engineered A2/A3 donor T cells were as effective in
targeting cancer cells with LOH as A1/A24 donor T cells, as
assessed by IFN-y release (SI Appendix, Fig. S10B).

Evaluation of NASCAR Antitumor Activity In Vivo. To determine
whether the NASCAR approach could be extended to an in vivo
setting, we converted our constructs from the transient mRNA-
based expression system to a stable CRISPR-based knock-in
expression system. A knock-in strategy was chosen due to its
eported ability to produce tight expression distribution patterns for
introduced CAR constructs in primary human T cells, a property
we surmised was important as a result of experiences from our
in vitro mRNA optimization efforts (104). Homology-directed re-
pair (HDR) templates comprising an A3-CAR, or a bicistronic
NASCAR construct containing an A3-CAR and A2-iCAR with an
intervening 2A self-cleaving peptide sequence, were generated.
The iCAR was placed 5’ to the CAR to skew the ratio in favor of
the antecedent receptor (105). The HDR template (HDRT) was
targeted to the B2M locus to allow for high levels of expression, and
a guide RNA targeting the TCR o constant (TRAC) locus was
simultaneously included in the electroporation mixture to inacti-
vate TRAC and consequently reduce alloreactivity toward the hu-
man cancer cells used to establish tumors in the mice. In vitro
characterization of this stable NASCAR expression system
revealed the near-complete ablation of TCR expression, an ~30%
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editing efficiency of the introduced transgenes, and the expected
allelic recognition pattern when coincubated with CFPAC-1 HLA
KO isogenic target cell lines (SI Appendix, Fig. S11 A-C). In vivo
characterization employed a subcutaneous xenograft model of
NOD.Cg-Prkdc*™ 112rg"™""7/SzJ] (NSG) mice with CFPAC-1 A2/
A3 or — /A3 tumors. For treatment, CRISPR-engineered CAR or
NASCAR T cells were administered via tail vein 10 d following
tumor inoculation once tumors were established and palpable
(Fig. 44). While treatments with CAR T cells resulted in regres-
sion of both tumors, NASCAR T cells eliminated the — /A3 tu-
mor and spared the A2/A3 heterozygous tumor representing
normal tissues (Fig. 4B). The treatments were well tolerated as
evidenced by the absence of significant deviations from normal
body weight gains (SI Appendix, Fig. S12).

Discussion

The sparsity of tumor-specific antigens presents a major obstacle
for the wider implementation of powerful immunotherapeutic
agents in the clinic. Clonal genetic alterations in cancer confer
unparalleled specificity given their presence in tumor but not
normal cells. Here, we describe an immunotherapeutic approach
to exploit and specifically target LOH, one of the most ubiqui-
tous somatic alterations in human cancers.

There are two broad approaches where we envision the
NASCAR LOH-targeting system being applied. The first, as dem-
onstrated here, is where both the activating and inhibitory modules
target polymorphic forms of the same molecule (Fig. 1). This ap-
proach, while potentially more challenging, has the highest proba-
bility of maximizing specificity by ensuring that the activating and
inhibitory molecules are always coexpressed, thereby circumventing
issues related to “on-target, off-tumor” toxicity. The second ap-
proach is to target the activating and inhibitory modules to differ-
ent, non-genetically linked molecules (Fig. 54). Here, the activating
antigen need not be genetically tied to the lost allele; for example,
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the CAR antigen could instead be a TAA while the iCAR could still
be directed to a polymorphic allele that is lost in the cancer cells but
present on all normal cells. For both approaches (Figs. 1 and 54),
the polymorphic molecules sensed by NASCAR do not have to be
restricted to those residing on the cell surface. Either approach
could be extended to target intracellular polymorphic peptides that
are presented on the cell surface in the context of HLA molecules
(Fig. 5B). For example, antibodies and TCRs that selectively react
to HLA-presented peptides differing by only a single amino acid
residue have been described (103, 106-109). Furthermore, NAS-
CAR inhibitory antigens could also be expanded beyond the direct
targeting of polymorphic forms lost through LOH to include other
antigen loss mechanisms exposed by LOH (110-112). For example,
the NASCAR approach could be adapted to target the complete
loss of a marker revealed by LOH due to a genetic deletion in the
retained allele (e.g., homozygous deletions; Fig. 5C), loss of normal
monoallelic expression (e.g., epigenetic imprinting or allelic ex-
pression; Fig. 5D), or loss of metabolic marks (Fig. SE).

Our study also carries implications beyond targeting tumors
with LOH as a primary therapy. Recently, LOH has been im-
plicated as both a resistance mechanism and a negative clinical
correlate for immunotherapies (113, 114). For example, HLA
LOH has been clinically correlated with poor prognosis in several
cancer types, is associated with reduced patient survival follow-
ing immune checkpoint blockade, and provides a pathway for
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resistance to tumor-infiltrating lymphocyte therapies targeting
KRASC"?P and TP53%7" driver mutation neoantigens (97, 115-121).
In such instances, HLA allelic loss presumably reflects genetic loss
of the HLA restriction element responsible for presenting the
dominant cancer-targeting antigens required to mount an effective
antitumor immune response. Thus, the NASCAR approach de-
scribed herein could be applied to refractory tumors that develop
in the context of an LOH event encompassing the targeted antigen.

Several limitations of our study should be acknowledged. First,
there are inherent risks associated with any immunotherapeutic
approach. In the example presented here, these challenges are
compounded by the near-ubiquitous expression of HLA, thus
requiring exquisitely specific and potent performance of the
allele-sensing component of NASCAR. Second, clinical admin-
istration of NASCAR T cells targeting antigens expressed on all
normal cells could conceivably result in tonic signaling of both
receptors, as well as possible reduction in T cell trafficking due to
interactions with the endothelium and other tissues. One solution
to address both concerns would be to conditionally express the
NASCAR signaling molecules (Fig. 5F). An elegant way to im-
plement such regulation would be to incorporate LOH targeting
into a synthetic Notch (synNotch) system, for example, by condi-
tionally driving a NASCAR expression cassette with a constitu-
tively expressed TAA-specific synNotch receptor (80). This would
theoretically allow for spatially and temporally restricced NASCAR
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expression in T cells at the local tumor environment and also in-
troduce an additional layer of AND-gated specificity with the
TAA-activated synNotch receptor. In addition, future iterations of
the NASCAR approach could incorporate suicide or elimination
gene systems to impart greater safety to the system, particularly
when targeting ubiquitously expressed antigens (61, 73, 74).

In summary, we have shown that it is possible to generate
pairwise chimeric receptors that are capable of discriminating
and targeting cancers cells harboring LOH events. An independent
study targeting CD19 with exogenously expressed A2 as the in-
hibitory antigen (non-genetically linked targeting; Fig. 54) was
published during final preparation of this manuscript and reached
similar conclusions (122). These studies build on the clinical suc-
cess of CAR T cells by targeting a unique class of tumor-specific
antigens and lay the conceptual and practical foundation for har-
nessing the immune system to react against one of the most fre-
quent types of genetic alterations in human cancers. While
subsequent studies will clarify whether NASCAR can successfully
treat cancer patients, the present work described herein sets the
stage for such future exploration.

Materials and Methods

pHLA Monomer Complexes. HLA molecules were recombinantly expressed and
refolded with peptide and p2-microglobulin, followed by size-exclusion
purification and biotinylation [Fred Hutchinson Cancer Research Center
(FHCRC) Immune Monitoring Lab; Baylor MHC Tetramer Core]. The pHLA
monomer complexes were folded as confirmed by ELISA via detection with
a-HLA class | (W6/32) antibody (BioLegend) prior to use (123). The pHLA
tetramers used for flow cytometry were generated by combining folded
pHLA monomer complexes with fluorescently labeled streptavidin (FHCRC
Immune Monitoring Lab).

Conversion of Commercially Available HLA Allele-Specific Antibodies to CAR
Format. HLA allele-specific antibodies have previously been developed
[e.g., clone BB7.2 for A2 (101); clone GAP.A3 for A3 (102)]. Hybridomas for
both clones were commercially acquired (American Type Culture Collec-
tion [ATCC]), and hybridoma sequences were obtained by next-generation
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sequencing (GenScript). The variable chain regions were converted to scFvs,
which were then grafted onto a second-generation CAR comprising a cluster
of differentiation 28 (CD28) and CD3¢ cytoplasmic domains. Allele-selective
CAR T cell activation was assessed by IFN-y release after coincubation with
target cells with either A2 alone (T2 cells) or A2 and A3 (T2A3 cells) on their
cell surfaces. As expected, the BB7.2 CAR T cells were activated by T2 as well
as T2A3 cells, both expressing A2. However, the GAP.A3 CAR failed to rec-
ognize T2A3 cells (S/ Appendix, Fig. S3A). We confirmed, by flow cytometry,
that the GAP.A3 CAR was indeed expressed, suspected that the lack of ac-
tivity was due to grafting failure, and thus turned to identifying an alter-
native scFv specific for HLA-A3 with phage display technology.

Phage Display. Experimental procedures to isolate phage clones reactive to
HLA-A3 followed methods that were previously described (103, 106), with
the following exceptions. For positive selection, a different HLA-A3 pHLA
monomer complex was employed during each round of panning, to enrich
for allele-specific phage; conversely, for negative selection, a mixture of
non—HLA-A3 pHLA monomer complexes was used to deplete non-allele-
specific phage. For each round of panning, the composition of positive and
negative selection mixtures was modified such that each round of panning
exposed the phage to a new set of pHLA monomer complexes.

scFv Expression and Purification. The scFv sequences were cloned into the pAP-
lllg vector (124) containing C-terminal FLAG- and HIS-tags, recombinantly
expressed in Escherichia coli, and purified via nickel chromatography
(AxioMx, Abcam).

ELISA. For scFv pHLA monomer-based ELISAs, biotinylated monomers were
first coated onto EvenCoat Streptavidin Coated Plates (R&D Systems) and
allowed to bind overnight. Recombinant scFvs were diluted to the indicated
concentrations, allowed to bind to the monomer-coated plate, and detected
by a-FLAG-HRP (M2) antibody (Abcam). ELISAs were developed by addition
of TMB Substrate (BioLegend) and stopped with an equal volume of 1N
Sulfuric Acid Solution (Thermo Fisher Scientific).

Flow Cytometry. Flow cytometry was performed either on an LSRII cytometer
(BD Biosciences) or an IntelliCyt iQue Screener PLUS (Sartorius). a-HLA-A2
(BB7.2), a-CD3 (SK7), and «-Rabbit 1gG were obtained from BiolLegend.
a-HLA-A3 (GAP.A3) and biotinylated Protein L were obtained from Thermo
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Fisher Scientific. a-fd/M13 bacteriophage was obtained from Novus Biolog-
icals, and «a-Biotin (Bio3-18E7) was obtained from Miltenyi Biotec (Bergisch
Gladbach). Flow cytometry analysis was performed either with FACSDiva or
FlowJo software (BD).

mRNA Generation. Human codon-optimized constructs were synthesized
(GeneArt, Thermo Fisher Scientific) and cloned into the mammalian expression
vector pCl (Promega). Cap 1 mRNA was synthesized with the T7 mScript
Standard mRNA Production System Kit (CELLSCRIPT) and purified by the
MEGAclear Transcription Clean-Up Kit (Thermo Fisher Scientific) per manu-
facturers’ instructions. The mRNA purity, integrity, and transcript size were
confirmed by RNA TapeStation analysis (Agilent) prior to electroporation.

T Cell Activation, Culture, and Electroporation. Engineered T cells via mRNA
electroporation were generated as follows. Peripheral blood mononuclear
cells (PBMCs) were obtained by Ficoll-Paque PLUS (GE Healthcare) gradient
centrifugation of whole blood from healthy volunteer donors. CD3 cells
were isolated from PBMCs by negative selection (STEMCELL Technologies;
Astarte Biologics). CD3 purity following selection was confirmed to be >97%
by flow cytometry. T cells were activated and expanded with Dynabeads
Human T-Activator CD3/CD28 (Thermo Fisher Scientific). Unless otherwise
noted, primary human CD3 T cells were maintained in RPMI-1640 (ATCC)
supplemented with 10% fetal bovine serum (FBS) (HyClone Defined, GE
Healthcare), 1% Penicillin-Streptomycin (Thermo Fisher Scientific), and 100
IU/mL recombinant human IL-2 (Proleukin, Prometheus Laboratories). Elec-
troporation into primary human CD3 T cells was performed in a 0.2-cm cu-
vette (Bio-Rad) with the BTX ECM 2001 Electro Cell Manipulator (Harvard
Apparatus) at least 10 d post bead activation. In brief, an electroporation
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volume totaling 125 pL containing the indicated amount(s) of mRNA at a
concentration of 2 x 107 cells per mL, diluted in Opti-MEM (Thermo Fisher
Scientific), was electroporated with a square wave pulse of 200 V and 16 ms.

Engineered T cells via CRISPR HDR electroporation were generated as
follows. Stably integrated CARs and iCARs were generated via electro-
poration of DNA HDRTs targeted to the B2M locus and Cas9 ribonucleo-
proteins (RNPs) targeting the B2M and TRAC genes (125). HDRTs were
prepared by PCR amplification from a plasmid template using the Q5 Hot
Start High-Fidelity 2X Master Mix (New England BiolLabs) with primers
containing truncated Cas9 target sequences (IDT) (125). Amplicons were
purified with 1x AMPure beads (Beckman Coulter Life Sciences), eluted in
water, and quantified with a NanoDrop Spectrophotometer (Thermo Fisher
Scientific). The purified PCR products were also electrophoresed (1% aga-
rose, 1x TAE) to assess amplicon size and purity. Prior to electroporation,
purified CD3 T cells were activated with Dynabeads Human T-Activator CD3/
CD28 (Thermo Fisher Scientific) at a 1:1 bead-to-cell ratio in the presence of
100 IU/mL recombinant human IL-2 (Proleukin, Prometheus Laboratories)
and 5 ng/mL recombinant human IL-7 (BioLegend). After 48 h to 56 h, the
CD3/CD28 beads were removed with a magnet. To prepare electroporation
master mixes, individual RNPs targeting B2M (CGTGAGTAAACCTGAATCTT)
and TRAC (AGAGTCTCTCAGCTGGTACA) were first assembled individually by
mixing each single-guide RNA (IDT) with Cas9 nuclease (IDT) and single-
stranded DNA Electroporation Enhancer (IDT) at a molar ratio of 2:1:1.3
and allowed to incubate at room temperature for 15 min. Then, equal vol-
umes of B2M and TRAC RNPs (totaling 50 pmol of Cas9 nuclease) were mixed
with 0.5 pg of the specified HDRT and incubated for at least 5 min at room
temperature. Finally, 20 pL of activated T cells resuspended at 5 x 107 cells
per mL in P3 buffer (Lonza) were added to the electroporation mixture.
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Electroporations were performed with a 4D-Nucleofector X Unit (Lonza) in
16-well cuvettes using pulse code EH115. After electroporation, T cells were
recovered by immediately adding 80 uL of warm, cytokine-free T cell growth
media to the cuvettes and incubating at 37 °C for 20 min. Then, T cells were
diluted in T cell growth media containing 100 IU/mL recombinant human IL-
2 (Proleukin, Prometheus Laboratories) and 5 ng/mL recombinant human IL-
7 (BioLegend) and plated at 1 x 10° cells per mL.

Cell Lines. All cell lines (CFPAC-1, NCI-H441, RPMI-6666, COS-7, T2), except for
T2A3 cells (a kind gift from Eric Lutz and Elizabeth Jaffee, Johns Hopkins
University, Baltimore, MD) that were procured from ATCC. CFPAC-1 and NCI-
H441 cell lines were maintained in McCoy's 5A (Modified) media (Thermo
Fisher Scientific) supplemented with 10% FBS (HyClone Defined, GE Health-
care) and 1% Penicillin-Streptomycin (Thermo Fisher Scientific). The COS-7 cell
line was maintained in Dulbecco’s modified Eagle’s medium (high glucose,
pyruvate) media (Thermo Fisher Scientific) supplemented with 10% FBS
(HyClone Defined, GE Healthcare) and 1% Penicillin-Streptomycin (Thermo
Fisher Scientific). T2 and T2A3 cells were maintained in RPMI-1640 (ATCC)
supplemented with 10% FBS (HyClone Defined, GE Healthcare) and 1%
Penicillin-Streptomycin (Thermo Fisher Scientific). The RPMI-6666 cell line was
maintained in RPMI-1640 (ATCC) supplemented with 20% FBS (HyClone De-
fined, GE Healthcare) and 1% Penicillin-Streptomycin (Thermo Fisher Scien-
tific). All cells, including primary human T cells, were maintained at 37 °C
under 5% CO,.

Target Cell Line Generation. For exogenous target cell line generation, COS-7
cells were seeded in a 96-well plate format and transfected with various
combinations of pcDNA3.1 (Thermo Fisher Scientific) plasmids encoding
HLA-A2, HLA-A3, HLA-B7, and vector only with Lipofectamine 3000 (Thermo
Fisher Scientific). DNA-lipid complexes were incubated with the cells for 24
h, then washed away prior to use as target cells for T cell coculture assays.

For endogenous target cell line generation, CRISPR KOs of the endogenous
HLA-A alleles were performed using the Alt-R CRISPR system (IDT). An HLA-A
Alt-R Cas9 CRISPR RNA (crRNA) GCTGCGACGTGGGGTCGGAC (IDT) and the
Alt-R CRISPR-Cas9 trans-activating crRNA (tracrRNA) (IDT) were each resus-
pended at 100 pM with Nuclease-Free Duplex Buffer (IDT). The tracrRNA and
crRNA were mixed at a 1:1 molar ratio, heated to 95 °C for 5 min, and then
allowed to cool to room temperature. Then, 50 pmols of duplexed tracrRNA/
crRNA were mixed with 40 pmols of Cas9 Nuclease (IDT) and allowed to
complex at room temperature for 15 min. The Cas9 RNP solution was mixed
with 2 x 10° NCI-H441 cells, 2 x 10° CFPAC-1 cells, or 1 x 10® RPMI-6666 cells
in 20 pL of Opti-MEM (Thermo Fisher Scientific) in a 0.1-cm cuvette (Bio-Rad).
The cuvettes were electroporated at 150 V for 10 ms (NCI-H441 and CFPAC-1)
or 100 V for 10 ms (RPMI-6666) using the BTX ECM 2001 Electro Cell Ma-
nipulator (Harvard Apparatus). Cells were recovered in prewarmed complete
growth media. NCI-H441 and CFPAC-1 polyclonal pools were single-cell
plated at a density of 0.5 to 2 cells per well and grown for 3 wk. Individu-
al clones were screened for expression of HLA-A2 and HLA-A3 alleles by
staining with allele-specific antibodies described above. Single cells of the
RPMI-6666 polyclonal pool were sorted with a FACSAria Fusion (BD Biosci-
ences) into 96-well plates for clonal expansion after staining with HLA-A2
and HLA-A3 allele-specific antibodies.
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To generate luciferase-expressing RPMI-6666 HLA isogenic cell lines, cells
were transduced with RediFect Red-Fluc-GFP lentiviral particles (PerkinElmer).
Transduced cells were sorted for green fluorescent protein expression with a
FACSAria Fusion (BD Biosciences) to obtain a purely transduced population.

All engineered endogenous target cell lines were authenticated and
confirmed to be of parental origin (100% exact match of eight core STR loci)
by ATCC Cell Line Authentication Service.

In Vitro T Cell Assays. Engineered T cells, both mRNA modified and CRISPR
modified, were allowed to expand until at least 10 d post bead activation
prior to use in in vitro T cell assays. The mRNA-modified T cells were used for
T cell assays after being allowed to recover overnight in cytokine-free media
following electroporation; similarly, CRISPR-modified T cells were incubated
in cytokine-free media the day prior to use for T cell assays. Engineered
T cells were combined with target cell lines at the indicated effector-to-
target (E:T) ratios in flat-bottom 96-well plates and allowed to incubate
for 4 h or overnight. Cytokine levels from clarified cell culture supernatant
were quantified by Quantikine ELISA kits (R&D Systems) per manufacturer’s
instructions. Target cell line viability was measured either by CellTiter-Glo
Luminescent Cell Viability Assay (for CFPAC-1 and NCI-H441 cells) following
six washes to the plate, or by Steady-Glo Luciferase Assay System (for
luciferase-expressing RPMI-6666 cells), per manufacturer’s instructions (Promega).

Murine Xenograft Model. The 6- to 8-wk-old female NSG mice were obtained
from The Jackson Laboratory; 5 x 10° CFPAC-1 cells with the indicated HLA-A
allele status were inoculated subcutaneously into mice, and 5 x 10° CRISPR-
modified T cells were infused intravenously via lateral tail vein 10 d following
tumor inoculation. Gross tumor volume measurements were obtained biweekly
with an external caliper using the modified ellipsoidal formula of V = 0.5(A x B?),
where A represents the greatest longitudinal diameter and B represents the
greatest transverse diameter. Mice were cared for in accordance with a Johns
Hopkins University Animal Care and Use Committee approved research protocol.

Statistical Analysis. Where applicable, data are presented as means + SD.
Statistical analyses were carried out using specific tests indicated in the
figure legends. A P value of < 0.05 was used to denote statistical signifi-
cance. All analyses were performed using Prism Version 5.01 (GraphPad).

Data Availability. All study data are included in the article and S/ Appendix.
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