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Bispecific antibodies and CAR T cells targeting a TP53
mutation-associated neoantigen show discordant
affinity requirements
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Mutation-associated neoantigens (MANAsS) are highly cancer-specific targets forimmunotherapy where peptides derived
from intracellular mutant proteins are presented on the cell surface via HLA molecules. T cell-engaging bispecific antibodies
and CART cells can target MANAs to eliminate cancer cells via T cell activation. However, the low antigen density of MANAs
on the cell surface can limit therapeutic efficacy. Here, we investigated whether increasing the affinity of the H2 single-chain
variable fragment (scFv) targeting the p53 R175H MANA (HMTEVVRHC presented on HLA-A*02:01) improves its therapeutic
effect. We identified higher-affinity H2 variants via phage biopanning and a thiocyanate elution method. Increasing bispecific
antibody affinity to the low nanomolar range increased cancer cell killing and tumor control in mouse xenograft models
without sacrificing antigen specificity. We next asked how increasing scFv affinity impacts CAR T cell function — a matter

of debate. We appended each variant scFv to a CD28z CAR, CD3y, or the T cell receptor. In striking contrast to the bispecific
antibody results, increasing CAR affinity decreased function in each CAR format due to lower T cell activation upon interaction
with target cancer cells. These results have important implications for the design of future immunotherapeutic approaches
targeting low-density antigens.
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Introduction

Immunotherapy has emerged as a promising treatment option for
cancer patients with thousands of agents now in clinical develop-
ment (1, 2). Mutation-associated neoantigens (MANAs) are partic-
ularly attractive targets for these agents because they are uniquely
cancer specific (3-5). In contrast to tumor-associated antigens,
which are also present on normal cells (e.g., MAGE-A4, CD19, and
HER?2), MANAs are short peptides derived from mutant intracellu-
lar proteins presented on the cell surface as peptide-HLA complexes
(3). MANAS can be derived from driver mutations that occur early in
oncogenesis and in intracellular proteins that are otherwise difficult
to target with conventional immunotherapies or small molecules
(3, 6). Because of their cancer specificity, MANAs offer a promis-
ing alternative to TAAs (7, 8). Moreover, targeting highly recurrent
driver mutations such as 7P53 R175H or KRAS G12V has potential
applications across multiple cancer types with a single therapy. For
example, the TP53 R175H mutation is one of the most common p53
mutations, present in 3%—5% of all cancers (particularly colorectal,
breast, pancreatic, esophageal, ovarian, and non-small cell lung
cancers) and nearly 7% of colorectal cancers (3, 9-11).

Immunotherapies can use T cell receptors (TCRs) or antibod-
ies to recognize MANAs on the cell surface. MANA-specific TCRs
can be expressed in transgenic adoptive T cell therapies (12-15) or
engineered into bispecific T cell engagers (e.g., InmTACs), where
an affinity-enhanced TCR binds target cells on one end and an anti-
CD3 antibody fragment (single-chain variable fragment [scFv])
binds patient T cells on the other end (16-21). Antibodies provide
an alternative to TCRs for MANA recognition and can be used in
bispecific T cell engager formats or as CAR T cells (4, 5, 22, 23).
Antibodies generally have a much higher affinity than TCRs and
can thereby improve binding to target antigens at low abundance
on the cell surface (16, 18, 24-26). This increased binding is critical
because MANAs are often present at less than 10 copies per cell (4,
5, 27), well below the thousands of copies per cell typically required
for TAA-targeting CARs (e.g., CD19 CARs) (28-31). Now that
bispecific antibodies and CAR T cells have been approved for clini-
cal use, further work to expand target options, improve efficacy, and
understand optimal characteristics — including binding affinity —
may allow expanded use of these promising therapies.

We previously identified a scFv (clone H2) specific for the p53
R175H mutant peptide (HMTEVVRHC, mutation underlined) pre-
sented on HLA-A*02:01 (R175H/A2) and showed that it can be
used to generate a TCR mimic bispecific antibody (MANAbody) to
target cancer cells expressing p53 R175H (5). Though this R175H/
A2-targeting MANADbody caused substantial regressions in p53R175H
mutant hematologic tumors in mice, it did not establish prolonged
remissions or cure the mice. Given that antibody-based therapies
that are in clinical use bind with high affinity (often < 10 nM) to
their target antigens (32, 33), we hypothesized that enhancing the
affinity of H2 would enhance its therapeutic efficacy. The first goal
of our work was to increase the affinity of the H2 scFv. The sec-
ond goal was to determine whether higher affinity improves per-
formance of T cell-engaging bispecific antibodies in vitro and in 2
hematologic tumor models in vivo. The third goal was to employ
the same scFvs, of various affinities, in CAR T cells and to deter-
mine if they perform as well as the T cell-engaging bispecific anti-
bodies in preclinical studies.
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Results

Selecting H2 variants with strong binding to the p53 R175H MANA. To
discover variants of the H2 scFv with improved binding affinity, we
used biopanning with 4 rounds of negative and positive selection to
screen a phage display library of 1,159 single—amino acid variants
covering each site in the 6 complementarity determining regions
(CDRs) of the H2 scFv (Supplemental Table 1 and Supplemental
Methods; supplemental material available online with this article;
https://doi.org/10.1172/JCI192885DS1).

‘We previously observed that after biopanning of a single—ami-
no acid variant library for a KRAS-targeting MANADbody, >95% of
randomly selected phage clones retained specificity for their target
MANA (34). We therefore attempted to prioritize a subset of 117
randomly selected H2 variant clones after biopanning by using the
previously reported crystal structure of the H2 Fab in complex with
R175H/A2 (5) and identified 19 monoclonal phage clones to test
for specific binding to the R175H/ A2 monomer by ELISA (Supple-
mental Methods). Six of 19 (32%) had increased off-target binding
to the WT p53 HMTEVVRRC peptide presented on HLA-A*(02:01
(R175WT/A2), and 8/19 (42%) had little or no binding to the
R175H/A2 monomer (Supplemental Figure 1 and Supplemental
Methods). While the remaining 5/19 (26%) variants had compara-
ble specificity to the original H2 clone by ELISA, the low yield of
promising variants by structural inference led us to explore alterna-
tive methods to differentiate the H2 variants after biopanning.

‘We adopted a thiocyanate elution method described over 30
years ago to screen for variants with higher relative binding affinity
without using structural data (35, 36). After 4 rounds of enrichment
by biopanning, we applied the H2 variant phage display library to
plates coated with the R175H/ A2 monomer. Unbound phage were
washed from the plates, and strong binders were then selected by
thiocyanate elution, where plates were incubated overnight in buf-
fer with or without 0.5 M ammonium thiocyanate (Supplemental
Figure 2A). Bound phage remaining after overnight incubation
were then identified by massively parallel sequencing (Supplemen-
tal Figure 2, B and C, and Supplemental Methods). Sequencing
results showed that variants were enriched both through panning
(Supplemental Figure 2, D and E) and with thiocyanate elution
(Supplemental Figure 2, C, F, and G). Sequenced variants were
ranked by their read fraction and enrichment scores (comparing
variant frequency with and without thiocyanate) to select 8 scFvs
for further functional testing (see Methods).

H2 variant bispecific antibodies redirect T cells against the p53 R175H
MANA. Eight H2 variants were expressed as bispecific antibodies
consisting of the p53 MANA-targeting scFv and an anti-CD3g
scFv (UCHTY1) in single-chain diabody (scDb) format (4, 5). Each
scDb was then tested in cocultures of primary human T cells and
TAP-deficient T2A3 target cells (TAP: transporter associated with
antigen processing) pulsed with the p53 R175H or WT p53 peptide.
Notably, all variants selected from the thiocyanate screening stimu-
lated substantially more IFN-y release (Figure 1A) and cytotoxicity
at low antigen density (peptide concentration) compared with the
original H2 scDb (particularly evident at 10®° M peptide in Figure
1B and Supplemental Table 2). The bispecific antibodies were then
tested against a multiple myeloma cell line, KMS26, which has
an endogenous TP53%7H mutation and expresses approximately
2.4 copies of the R175H/A2 MANA per cell (5). Coculture with
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Figure 1. Functional testing of variants selected by thiocyanate enrichment screen. (A and B) Variants were expressed as scDbs. 5 x 10* primary human

T cells were cocultured overnight with 2.5 x 104 T2A3 target cells pulsed with (A) 10 nM or (B) varying concentrations of the p53 R175H or R1775WT 9mer
peptide in the presence of 1nM scDb. (A) IFN-y production and (B) percent cytotoxicity compared with no scDb control by CellTiterGlo assay (n = 3 biological
replicates, single experiment). (Cand D) 5 x 10* T cells were cocultured with 2.5 x 10* luciferase* KMS26 target cells (p53 R175H or p53 KO) and scDb for 18
hours. (C) IFN-y production. (D) Percent cytotoxicity measured by SteadyGlo assay (n = 3 biological replicates, single experiment). All data are shown as the
mean + SD. (E and F) Top variants were combined into double-mutant scDbs. (E) scDb was applied to plates coated with CD3g/5 heterodimer, or R175H/A2
or R175WT/A2 monomer. Relative binding was calculated by normalizing mean monomer binding to mean CD3 binding (n = 3 technical replicates, single
experiment). (F) 3 x 10° T cells were cocultured with 1.5 x 104 KMS26 target cells in the presence of scDb for 19 hours. Percent cytotoxicity by SteadyGlo
assay (n = 3 biological replicates per condition, single experiment).

KMS26 target cells or isogenic cells in which the 7P53 gene had  at low scDb concentrations (Figure 1, C and D). However, 5 of
been inactivated via CRISPR showed that all variants selected by  the H2 variants elicited off-target cytotoxicity against the isogenic
thiocyanate elution had increased IFN-y release and T cell-medi-  control cells (R24DPR! S2EPCPREL V29DCPRLL L Y29ECPRLL and
ated cytotoxicity compared with the original H2 scDb, particularly ~ Y57LCPRL2) and were not considered further.
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Variants with similar or improved potency compared with the
original H2 were combined in double mutant scDbs to determine
whether any pair of changes further increased bispecific antibody
performance. All single and double mutants tested had increased
binding to the R175H/A2 monomer compared with the original
H2 scDb by ELISA, suggesting increased binding affinity (Figure
1E). Double mutants also yielded increased T cell activation in
coculture with KMS26 target cells compared with H2 scDb (Fig-
ure 1F). However, 12 of the 17 variant combinations led to an
increase in off-target cytotoxicity against the isogenic control cells
not expressing p53 R175H (Figure 1F).

Selected H2 variants have higher binding affinity. To determine
how H2 variants differed in binding affinity, 3 scDbs with improved
cytotoxicity and cytokine production were selected for affinity
characterization by surface plasmon resonance (SPR): F53SCPRL2)
YS57ICPREZ and F53SCPRL2 Y57ICPRE2 The original H2 scDb had an
affinity (K,) of 29.5 nM (Figure 2A and Table 1). The F53S, Y571,
and F53S Y571 variants each had higher affinities than the original
H2 scDb (12.9, 6.8, and 3.3 nM, respectively), confirming that the
thiocyanate elution method selected for strong binders. No variant
had appreciable binding to the p5S3 WT/HLA-A2 monomer by
SPR (Supplemental Figure 3A). All H2 bispecific antibodies had
similar stability by differential scanning fluorimetry and solubili-
ty (Supplemental Figure 3, B-E, and Supplemental Methods). For
convenience, these H2 scDb variants will be referred to by their
affinity: H2'2, H2%8, and H2%3. The original H2 scDb will hence-
forth be referred to as H2%°3.

Higher-affinity H2 variants elicit stronger T cell responses against can-
cer cells in vitro. We next compared the H2 scDb variants’ activity
against various patient-derived cancer cell lines expressing endog-
enous levels of HLA-A2 and p53%7H by coculture with prima-
ry human T cells (Figure 2B). All 3 higher-affinity variants had
improved cytotoxicity (lower EC,s) against KMS26 cells com-
pared with the original H2%5 scDb (Table 2 and Figure 2, C and
D). Indeed, the highest-affinity H2*? scDb had a 7 times lower EC,|
than H2%% (4.2 vs. 31 pM). In addition, while the original H2 scDb
had limited activity against TYK-nu, an ovarian cancer cell line
that carries an endogenous TP53%°H mutation and an HLA-A*02:01
allele (1.5 copies of R175H/ A2 per cell) (5), the higher-affinity vari-
ants all mediated cytotoxicity against TYK-nu without off-target
activity against its isogenic control cell line (CRISPR-mediated
KO of the TP53 gene) (Figure 2, E and F). H2!2°, H2%¢, and H233
all elicited significantly improved cytotoxicity against endogenous
antigen levels at very low scDb concentrations (0.01 nM) with-
out cross-reactivity in isogenic 7P53-KO control cell lines (Figure
2G). We also tested scDb activity against NALMG6 cells edited to
express pS3R7H yia CRISPR-mediated knockin (NALM6RI7H,
1.3 copies of R175H/A2 MANA per cell) (37) compared with the
isogenic control parental NALMS6 (p53R17WT) (Figure 2H). IFN-y
release similarly increased as affinity increased for each of the H2
variants (Supplemental Figure 4). Taken together, increasing H2
MANADbody affinity yielded increased T cell activation against
cells expressing endogenous levels of the p53 MANA without an
increase in off-target activity.

Increasing bispecific antibody affinity improved tumor control in vivo.
We chose the H2%® variant for in vivo testing given its potency in
the absence of any detectable off-target toxicity at low antibody con-
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centrations (10 pM; Figure 2, G and H). We previously reported
that the original H2?> MANAbody can limit KMS26 growth in a
NOD.Cg-PrkdcI[2rg™!""/SzJ (NSG) mouse hematologic xenograft
model (5). We used a considerably more challenging variation of this
model in the current study. Specifically, we employed a delayed treat-
ment model in which mice were treated 7 days after tumor inocula-
tion with 3.5 x 10° KMS26 cells i.v. (Figure 3A). Mice were inoculat-
ed with 107 primary human T cells i.v. and treated with a low dose of
bispecific antibody (0.075 mg/kg/d vs. previously reported 0.15-0.3
mg/kg/d) (5) delivered via a 14-day continuous release pump i.p.
Measurement of tumor burden by bioluminescence imaging showed
that mice treated with H2%® had significantly lower tumor burden at
the end of treatment compared with mice treated with H2?** (day 14,
P =0.0317, n = 5 per group; Figure 3, B and C, and Supplemental
Figure 5A). Moreover, tumors were undetectable in more mice at day
21 in the H28 variant group (3/5 mice) compared with those in the
H2%> group (0/5 mice) (Supplemental Figure 5A).

We additionally tested H2%® in an aggressive tumor model
employing NALM6R7H cells, which divide rapidly in mice. Mice
were treated with a low scDb dose (0.075 mg/kg/d) via continuous
release pump 2 days after receiving 5 X 10° NALM6®7H cells and
1 x 10" human T cells i.v. (Figure 3D). In this model, the original
H2%5 scDb did not control tumor growth, while mice treated with
the higher-affinity H2%8 scDb induced tumor regression that lasted
the duration of infusion (14 days). Tumor burdens on day 14 were
significantly lower in the mice treated with H2%8 versus the original
H2%5 (day 14, P = 0.0079, n = 5 per group; Figure 3, E and F, and
Supplemental Figure 5B). Treatment with bispecific antibodies was
well tolerated with stable body weights in all animals over the dura-
tion of treatment (Supplemental Figure 5C).

Increasing H2 scFv affinity does not improve CAR function. Low
antigen density presents a challenge for CAR T cell therapies and
is a major limitation for MANA-targeting CARs (31). While some
groups have shown that increased scFv affinity increases CAR
activation at low antigen density (38, 39), others have shown that
higher-affinity CAR scFvs have reduced T cell proliferation and
activation (40—42). In most cases, comparisons of different affini-
ties involved unrelated scFvs, complicating conclusions about the
reasons for the differences in performance. Because the H2 variants
all recognize the identical, precisely defined epitope and differ by
only 1 or 2 amino acids, they provide an ideal opportunity to assess
the influence of affinity on CAR T cell performance.

To test the higher-affinity H2 variants in CAR T cells, we first
generated second-generation CD28-CD3{ CAR T cells 2G CAR
T cells) (43) by CRISPR knockin at the CD3G locus in primary
human T cells (Supplemental Figure 6, A and B). We chose this
method of creating CAR T cells, rather than lentivirus transduc-
tion, to ensure similar expression of each construct. Edited CAR T
cell frequency was analyzed by flow cytometry with no significant
differences in CD4* or CD8" T cell frequencies or expression levels
across CAR types (Supplemental Figure 6, C-F).

The 2G CAR T cells were then cocultured with TAP-deficient
T?2 target cells pulsed with exogenous p53 R175H 9mer peptide to
test for T cell activation at different antigen densities. At 24 hours,
all higher-affinity H2 2G CAR T cells had lower IFN-y production
compared with the original H2 2G CAR (Supplemental Figure 7,
A and B), which was precisely the opposite of what was observed
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Figure 2. Higher-affinity bispecific antibodies have improved activity in vitro.
the p53 R175H/HLA-A*02:01 monomer measured by SPR. Dashed line indicates
p53R7sH and p53~/- cell lines or p53R7*WT cell lines. (C and D) 5 x 10 T cells were co

(A) Single-cycle binding kinetics for each H2 variant scDb binding to
curve fit. (B) Coculture design testing scDb cytotoxicity against isogenic
cultured with 2.5 x 10 KMS26 target cells in the presence of 0-3 nM scDb

for 20 hours. (C) Percent cytotoxicity compared with no scDb was measured by SteadyGlo. (D) IFN-y production (n = 3, representative of 3 independent

experiments, curve fitting and EC, s determined by 5-parameter log fit). (E) 1x 1
scDb and counted by live-cell imaging (n = 3, representative of 2 independent ex

0* GFP* TYK-nu target cells were incubated with 2 x 10* T cells and 0.01 nM
periments). (F) Mean GFP* target cells at 120 hours (ordinary 1-way ANOVA

with Tukey's multiple comparisons). (G and H) 5 x 10* T cells were cocultured with 2.5 x 10* target cells and 0.01 nM scDb for 20 hours. Percent cytotoxicity
compared with no scDb was measured by SteadyGlo (n = 3, representative of 3 independent experiments, 1-way ANOVA with Holm-Sidak multiple compar-

isons). All data are shown as the mean + SD.

with the corresponding bispecific antibodies (Figure 2, C and D).
This decreased cytokine production with increasing scFv affinity
was observed at high peptide pulsing conditions (1-10 pM), while
lower peptide concentrations elicited minimal 2G CAR T cell acti-
vation for all 2G CARs (Supplemental Figure 7, A and B).
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CD3y TCR CARs improve efficacy at low antigen densities. Second-
generation CARs are known to have limited activity when anti-
gen levels drop below 100-1,000 copies per cell (44), making tar-
geting MANAs with traditional CARs challenging. The H2 2G
CARSs constructed with the original H2 MANAbody had limited
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Table 1. SPR values

Original H2 F535 Y571
k, 1/Mxs 9.85 x 10° 381%10° 101 10°
k, (1/5) 0.02909 0.004919 0.006896
K, (M) 29.54 1291 6.81
t,,(s) 2383 1409 1005

ku, association rate; l<d, dissociation rate; K, affinity.

after bead-based positive selection for T cells express-
ing truncated nerve growth factor receptor (tINGFR;
a marker for transgene expression) and showed that

F53S Y571

6.94 x 105 edited cells did not have differences in CD4* or CD8*

0.002314 T cell frequencies (Supplemental Figure 8, C and D).
13 Increasing CAR affinity does not improve STAR T
2995 cell function. In a coculture with peptide-pulsed T2

target cells, H2 STAR T cell-mediated cytotoxicity
and IFN-y production decreased as receptor affinity

activity at low p53 R175H/A2 antigen density, consistent with
previous work (37). One strategy to increase CAR sensitivity is to
append the scFv to the TCR complex, which may increase activi-
ty by better activating canonical immunological synapse signaling
(37, 45-47). We next appended the H2 scFv to the CD3y subunit
in the TCR complex to generate a CD3y-TRuC T cell (TRuC: T
cell receptor fusion construct) (45) (Supplemental Figure 6, A, B,
and G-J). We observed increased T cell activation with the CD3y-
TRuC compared with the 2G CAR (Supplemental Figure 7, C and
D, compared with A and B). However, a similar trend of decreas-
ing sensitivity with increasing scFv affinities was observed for the
CD3y-TRuC T cells (Supplemental Figure 7, C and D).

STAR T cells mimic native TCR structure and have increased tetramer
binding with higher affinity. We and others have shown that antigen
sensitivity can be improved using TCR-based CAR T cells called
STARs (synthetic TCR and antigen receptor T cells) (37, 46, 47).
STARs consist of an engineered receptor where the CAR scFv is
divided into variable heavy and light chains appended to the TCRa
and TCRp constant domains. To determine whether we could
improve CAR T cell MANA targeting with higher-affinity STARs,
we generated H2 STAR T cells with CRISPR editing at the TRAC
locus to append the H2 scFv variable light chain and variable heavy
chain to TCRa and TCRp constant domains, respectively, using a
modified murine TRAC and TRBC to maximize TCR assembly (Fig-
ure 4, A and B) (37, 48). We also evaluated a standard TCR (AV6/
BV11) derived from a patient harboring a TP53%*" mutant cancer
(49). The only difference between this TCR and the STAR was that
the variable chains of AV6/BV11 TCR were substituted for the vari-
able chains of the H2 scFv. Both were appended to the constant
regions of the modified murine TCR (Figure 4, A and B) (37).

To confirm that the variant STAR receptors were able to bind
to the p53 R175H MANA, we measured p53 R175H/A2 tetram-
er binding by flow cytometry. Relative tetramer binding increased
with increasing receptor affinity for each variant in both CD4*
and CD8" subsets, with greater differences in tetramer binding
observed in CD4" T cells than in CD8* T cells (Figure 4, C and
D, and Supplemental Figure 8, A-F). There was no difference in
receptor expression, as indicated by
CD3 staining (Supplemental Figure

increased (Figure 4, E and F). This decreased T cell

activity with increasing CAR affinity was seen both
at supraphysiologic antigen densities (1E-5 M peptide) and at low
antigen density (1E-9 M peptide, tens of copies per cell) (16). The
lower-affinity AV6/BV11 TCR T cells had the highest sensitivity
and activity of all T cells tested (Figure 4, E-H).

We then tested the H2 variant STAR T cells’ activity against
cell lines with the endogenous TP53%7" mutation. In cocultures
with NALM6R!™H cells, the higher-affinity H23* STAR T cells
killed fewer target cells (Figure 5, A and B) and produced less IFN-y
(Figure 5C) than the lower-affinity H2%> STAR T cells, again the
opposite of the analogous bispecific antibodies (Figure 2, C—H).
We additionally employed a multiple-stimulation assay (MSA) in
which STAR T cells were rechallenged with KMS26 target cells
every 2 days (Supplemental Figure 9A). The H23* STAR T cells
did not reduce target cell numbers after the first rechallenge, unlike
the lower-affinity H2?°> STAR T cells or the AV6/BV11 TCR cells,
which continued to kill target cells upon multiple challenges (Fig-
ure 5D). Similar results were observed in an MSA with NALM6
target cells (Supplemental Figure 9B).

Proliferation analysis demonstrated that fewer higher-affinity
STAR T cells divided over the 8-day MSA than did the lower-affinity
STAR T cells (Figure 5, E and F, and Supplemental Figure 9, D-F)
despite persistence of the H2*3 STAR T cells (Supplemental Figure
9C). Quantitatively, KMS26 cells stimulated only a 4.7-fold expansion
in H233 STAR T cells compared with 32.7- and 22.1-fold expansions
with AV6/BV11 TCR T cells and H2?*° STAR T cells, respectively
(Supplemental Figure 9F). Finally, higher-affinity H2*3 STAR T cells
produced less IFN-y in both MSAs (Supplemental Figure 9G).

Investigations into the basis for the lower cytotoxicity of the higher-
affinity STAR T cells. We sought to understand the mechanistic basis
for the decreased cytotoxicity observed with the higher-affinity
STAR T cells. One potential explanation for this decrease was less
efficient target cell killing per T cell. To test this hypothesis, we per-
formed time-lapse live-cell imaging of the H2%3 and H2%® STAR T
cells in coculture with KLE target cells expressing very low levels
of the p53 R175H MANA (1.3 copies/cell) (5). KLE cells were
chosen for these experiments because they are adherent and there-
fore more suitable for live-cell imaging than nonadherent cells,

8, B and E). All H2 STAR variants
had increased tetramer binding com-

Table 2. EC_, for cytotoxicity against KMS26 cells

pared with the patient-derived TCR  scDb H2%55 H2?9 H268 H233
AV6/BV11, which is consistent with  scb EC_ , cytotoxicity, 3.060 x 10°" 7,865 x 107 4772 %10 4159 x 10
TCRs’ lower affinity compared with  nM (35% () (2836-3280x10)  (NDt09.297x10)  (4458-5106x10")  (3.874-4436 x 10™)
antibodies (44, 50). We also assessed R? 0.9972 0.9942 0.9967 0.9960

the purity of edited STAR T cells
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Figure 3. Higher-affinity H2°® has improved tumor control in vivo. (A) Delayed treatment model design. NSG mice were inoculated with 3.5 x 10° KMS26
cells i.v. 7 days prior to treatment. On treatment day 0, mice received 107 human T cells i.v. and surgically implanted micro-osmotic continuous release
pumps i.p. scDb was dosed at 0.075 mg/kg/d for 14 days. Tumor burden was measured by bioluminescence imaging. (B) Tumor burden and (C) biolumi-
nescent images at days -1and 14 (average radiance, means compared at day 14 by Mann-Whitney test, n = 5 per group; data are shown as mean + SD).

(D) Early treatment model design. NSG mice were inoculated with 5 x 10° NALMER7*" cells and 107 human T cells i.v. 2 days prior to treatment start. On
treatment day 0, mice received surgically implanted continuous release pumps i.p. scDb was dosed at 0.075 mg/kg/d for 14 days. (E) Tumor burden and (F)
bioluminescent images of mice at days -1and 14 (average radiance, means compared at day 14 by Mann-Whitney test, n = 5 per group, representative of 2
experiments; data are shown as mean + SD). Pump treatment period indicated by gray boxes.

such as KMS26 or NALMBS6 cells. Similarly to KMS26 or NALM6
cells, KLE cells were less susceptible to killing by the high-affinity
H233 STAR T cells than by the lower-affinity H2?*° STAR T cells
(Supplemental Figure 10, A—C). There was no difference in CAR
T cell activity against isogenic control KLE p53~~ cells compared
with TRAC/TRBC-KO T cells (Supplemental Figure 10B). Addi-
tionally, after 6 days of coculture with KLE cells, the high-affinity

J Clin Invest. 2026;136(2):e192885 https://doi.org/10.1172/)Cl192885

H233 STAR T cells had less expression of the late activation marker
HLA-DR and less proliferation than the lower-affinity H2?° STAR
T cells (Supplemental Figure 10, D-F). The relative order of the
extent of cytotoxicity to target cells and cell division of T cells
obtained with the various STAR T cells and the AV6/BV11 TCR
were identical with all 3 target cell types (Supplemental Figure 10,
A-F, Supplemental Figure 9, B-F, and Figure 5, A, B, and D-F).
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Figure 4. Higher-affinity STARs have increased tetramer binding but reduced antigen sensitivity. (A) lllustration of the patient-derived TCR AV6/BV11
compared with the H2 STAR, where the H2 variable heavy (VH) and variable light (VL) chains are linked to the TCRa constant domain (TRAC) and TCRB
constant domain (TRBC), respectively. (B) Transgenic T cells were generated by CRISPR knock-out at TRBC1/TRBC2 and knockin at TRAC using dsDNA
homology-directed repair templates (HDRTs). HA, homology arm. (C) T cells expressing STARs were characterized by flow cytometry. Representative his-
tograms of p53 R175H/HLA-A2 tetramer bound to edited (CD3* tetramer) CD4* and CD8* T cells are shown. (D) Tetramer staining on CD4* and CD8* T cells
was compared across n = 5 independent experiments by normalizing tetramer MFI to the tetramer MFI for CD4* AV6/BV11 TCR T cells for each experiment
(2-way ANOVA with Dunnett’s multiple comparisons to H22*%). (E-H) T cell activation at varying antigen densities was tested in a peptide-pulsing cocul-
ture. 8 x 10° edited T cells were cocultured with 4 x 104 peptide-pulsed T2 cells for 24 hours. (E) T cell-mediated cytotoxicity was measured by CellTiterGlo
viability assay. (F) IFN-y production. (G) Cytotoxicity and (H) IFN-y were compared at selected concentrations from E and F (1-way ANOVA with Dunnett'’s
multiple comparisons, n = 3 biological replicates, representative of 3 independent experiments). All data are shown as the mean + SD.

We further examined the STAR T cell cytotoxic activity by man-
ually tracking individual T cell interactions with KLE target cells
with live-cell imaging. We observed T cell cytotoxic activity against
KLE cells from T cell engagement with target cell-to—target cell bleb-
bing (Figure 5G). There were no significant differences in time to
target cell blebbing among H2% STAR, H23® STAR, and the AV6/
BV11 TCR cells (Figure 5G). We also considered the possibility that
the higher-affinity STAR T cells remained adhered to the target cells

:

for longer, thereby limiting their ability to detach from one target cell
and reform a synapse with another target cell. To test this possibility,
we measured the interaction time between the various T cells and the
target cells. We found no significant differences in time to detach-
ment from dying cells or in total interaction time between the 3 T cell
types and their target cell (Figure 5, H and I). We considered wheth-
er the higher-affinity STAR T cells themselves underwent cell death
during or after target cell interactions, thereby limiting their killing

J Clin Invest. 2026;136(2):e192885 https://doi.org/10.1172/)C1192885
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Figure 5. STAR activity decreases with increasing receptor affinity. (A) 5 x 10* edited T cells were cocultured with 1 x 10° GFP-expressing NALMBR"*" or
NALME"T target cells for 2 days. (B and C) 1.2 x 10 edited T cells were cocultured with 2.4 x 10* KMS26 target cells for 24 hours. (B) Percent cytotoxicity by
SteadyGlo assay compared with the TRAC/TRBC-KO condition. (C) IFN-y production (n = 3 per condition, 2 independent experiments, 2-way ANOVA with
Dunnett’s multiple comparisons). (D-F) STAR T cell multiple stimulation assay. 4 x 10° edited T cells were cocultured with 1.6 x 10* KMS26 target cells in
replicate plates and rechallenged with 3.2 x 10* target cells or assayed by flow cytometry on days 2, 4, and 6. (D) Live GFP* target cells; (E) CellTrace Violet
(CTV) dilution, indicative of cell division, in NGFR*-edited T cells relative to day 2; and (F) counts of NGFR* T cells (n = 3 per condition, 3 independent exper-
iments). (G-1) T cell killing of KLE target cells was observed by live-cell imaging (aggregate of 3 independent experiments per T cell type, Brown-Forsythe
and Welch’s ANOVA with Dunnett’s T3 multiple comparisons to H233). (G) Time from T cell interaction to target cell blebbing (arrows indicate T cells). (H)
Time from target cell blebbing to T cell detachment. (1) Total duration of interaction. (J-L) 5 x 10* edited T cells were cocultured with 1 x 10° NALMER"*H or
NALME"T target cells for 17 hours and assayed by flow cytometry (n = 3 per condition, 2 independent experiments). (J) Percent CD69* CD137* of live T cells
(2-way ANOVA with Dunnett’s multiple comparisons to H225). (K) Percent IFN-y* of live T cells (2-way ANOVA with Dunnett’s multiple comparisons to
H225). (L) MFI of IFN-y in CD8" T cells (ordinary 1-way ANOVA with Sidak’s multiple-comparison test to H2?%%). All data are shown as the mean * SD.

potential, but we did not observe any instances of T cell apoptosis  lar regardless of receptor affinity. We therefore considered whether
during or after a target cell interaction in the time-lapse experiments.  reduced activity of the high-affinity H23* STAR T cells was due to

The data described in Figure 5, G-I, suggested that, once a T decreased activation. To assess this hypothesis, we measured T cell
cell bound to a target cell, the resulting cytotoxic effect was simi-  expression of activation markers CD69 and CD137 after coculture

J Clin Invest. 2026;136(2):€192885 https://doi.org/10.1172/)C1192885 9
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with NALMG cells for 17 hours (Figure 5J). There was indeed a strik-
ing difference in activation, with the activation of the AV6/BV11
TCR and lower-affinity H2**> STAR T cells much higher than that
of the high-affinity H2** STAR T cells (Figure 5J). These differences
were particularly evident in CD8* T cells but were also observed in
CD4" T cells (Figure 5J). Little or no activation was observed when
the same T cell types were cultured with NALMG6RWT cells, sup-
porting the specificity of the CD69/CD137 marker upregulation
(Figure 5J). Similarly, fewer H2*3 STAR T cells upregulated CD69
and CD25 in a 48-hour coculture with NALMS6 target cells (Supple-
mental Figure 11, A, C, and E). In contrast, in parallel cocultures
with scDbs, CD69/CD25 upregulation increased with increasing
scDb affinity (Supplemental Figure 11, B and D).

As an additional measure of activation, we assessed the num-
ber of cells expressing IFN-y in the same 17-hour cocultures. The
fractions of AV6/BV11 TCR and lower-affinity H2?*> STAR CD8*
T cells that expressed IFN-y were significantly higher than that of
the high-affinity H2%3 STAR CD8* T cells (Figure 5K). Not only
was the fraction of IFN-y—expressing cells lower, but the amount
of IFN-y per cell was significantly decreased (Figure 5L). Finally,
though increasing receptor affinity had a greater effect on CD4* T
cell tetramer binding compared with CD8* T cells (Figure 4, C and
D, and Supplemental Figure 8, E and F), CD4* cells secreted much
lower levels of IFN-y than the corresponding CD8" cells, regardless
of the receptor types (Figure 5K).

T cell activation-induced cell death (AICD) and exhaustion are
2 potential contributors to the decreased tumor cell killing and pro-
liferation we observed in the higher-affinity STAR T cells. To exam-
ine this, we conducted an extended MSA where T cells were chal-
lenged with Nalm6®!H cells every 2 days and characterized by flow
cytometry on day 14 (Supplemental Figure 12, A—-C). As seen in
single-stimulation experiments, fewer H233 STAR T cells expressed
early activation markers (CD69 and CD25; Supplemental Figure
12D). There was no indication of increased AICD in the higher-
affinity STAR T cells. Instead, H2** STAR T cells were less likely
to have FasL expression (Supplemental Figure 12F). Across condi-
tions, most T cells expressed Fas, which we attributed to exposure
to IL-2 in the MSA and IL-2/IL-7 during T cell expansion (51).
Finally, we assessed whether T cells that had been activated over
the MSA had differing expression of inhibitory markers, such as
Lag3, PD1, and Tim3, suggesting T cell exhaustion. We found that
inhibitory marker expression corresponded with T cell activation,
as expected. H2%3 cells were less likely to express HLA-DR or any
inhibitory markers on day 14 of the MSA (Supplemental Figure
12, H and J). Even among HLA-DR* cells, the higher-affinity H2%3
STAR T cells were less likely to express inhibitory markers (Supple-
mental Figure 12L), again suggesting that these cells were not acti-
vated to the same degree as the H2%5 STAR T cells or AV6/BV11
TCR. Importantly, we did not observe signs of tonic signaling caus-
ing T cell activation, or FasL or inhibitory marker expression in the
T cell-only condition (Supplemental Figure 12, E, G, I, and K).

Discussion

Developing antibodies that recognize MANAs is challenging: the
MANAbody must recognize a single amino acid difference in
a 9— or 10—amino acid peptide embedded within a much larger
HLA groove. It was therefore not clear that the affinity of the orig-
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inally described H2 MANAbody directed against the p53 R175H/
HLA-A2 complex could be improved without sacrificing specificity
for the mutant peptide (24). Indeed, a standard affinity maturation
approach, even when coupled with structural insights, was not suc-
cessful. Fortunately, an approach described decades ago — employ-
ing thiocyanate elution — allowed us to develop higher-affinity vari-
ants. When incorporated into T cell-engaging bispecific antibody
format, these high-affinity variants proved more potent in vitro and
in mice. This is consistent with previous work showing that increas-
ing bispecific antibody affinity improves potency (18, 24, 25). In this
study, we used 2 hematologic models to differentiate our bispecific
antibody affinity variants’ activity in vivo. How these antibodies per-
form against solid tumors remains of significant interest given p53
R175H’s frequency in common solid organ cancers and the addi-
tional challenges of targeting solid tumors with immunotherapies.

‘We expected the higher-affinity variants to lead to more potent
engineered T cell therapies. This expectation was consistent with
some studies, though others have shown that lower-affinity CAR
T cells have improved performance (16, 38—40). It was difficult to
extrapolate from these previous studies of CAR T cells employing
various affinity antibodies because all were directed against cells
bearing 100- to 1,000-fold higher densities of the target antigen. In
fact, we have previously shown that standard CAR T cells cannot
recognize cells with antigen densities as low as typically found in
MANAs (37). To recognize the p53 R175H/A2 MANA, the CAR
scFv had to be embedded within the endogenous TCR rather than
expressed as a fusion with CD28 or other costimulatory domains
(37). The hybrid TCR/antibody-based engineered T cells we devel-
oped in previous publications (37, 46, 47), described as STARs or
HIT CARs (HIT: HLA-independent TCRs), enabled us to rigorous-
ly determine the relationship between affinity and function using
cell-based and bispecific antibody-based therapeutic approaches.

The results of these experiments were definitive: higher affinity
led to better function of the bispecific antibodies, as assessed by
cytotoxicity, cytokine release, and T cell activation (Figures 1-3).
Yet, higher affinity led to worse function of cell-based therapeutic
approaches using the identical assays (Figures 4 and 5). Moreover,
the specificity of the observed effects in both bispecific antibodies
and T cells was meticulously controlled with isogenic target cells
differing only in the single amino acid at codon 175 of the TP53
gene or with 7TP53 KO.

Several possible mechanisms could underlie the decreased
potency of the STAR T cells bearing the higher-affinity antibodies.
Differences in cell surface expression, epitope binding, or stability
could potentially impact CAR function. It was therefore important
to note that the variants differed by only 1 or 2 amino acids and had
similar solubilities and melting temperatures (Supplemental Figure
3, B-E). We documented that the differences in potency were not
due to decreased CAR expression levels on the cell surface (Figure
4C and Supplemental Figure 8, B-F). This similarity in expression
across the different T cells compared in this study was expected
given that they all were created through genetic knockin at the
same locus rather than through methods leading to overexpression
or varied levels of expression. We also demonstrated that the high-
er-affinity antibodies on the STAR T cells were properly folded, as
evidenced by R175H/HLA-A2 tetramer binding (Figure 4C and
Supplemental Figure 8, B-F).
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Table 3. Live-cell imaging events and quantification

AV6/BVI1TCR H2%5 H233
Event counts
Target cell blebbing 33 42 49
Observed Detachment 23 31 32
Adhesion not observed 3 5 7
Detachment not observed 10 n 17
Observed T cell killing second 3 3 4
target cell
Time to target cell blebbing (h)
Minimum 0.7915 0.1507 0.4199
Maximum 12.86 13.81 14.6
Mean 5.231 5.234 5.518
SD 3413 3.605 3.822
Time to observed detachment (h)
Minimum 0.6651 0.8626 0.6062
Maximum 6.618 12.24 1.5
Mean 2.869 3.582 3.774
SD 1779 2.641 2.82
Total duration of interaction (h)
Minimum 2.535 2.957 152
Maximum 159 16.9 17.38
Mean 6.869 8.296 9.084
SD 2.6M 3423 4469

Another possibility for the decreased potency was that higher-
affinity CAR T cells had increased cell death. For example, recep-
tor-ligand interactions could potentially result in trogocytosis —
pulling target molecules from the target cell membrane to the T
cell membrane — resulting in nonlethal target cell interactions and
potential CAR T cell fratricide, though the limited activation seen
with H2%3 argues against this mechanism (42, 52). Alternatively,
tonic signaling or T cell exhaustion (due to high-affinity receptor
interactions or tonic signaling) could limit the H23® T cells’ activity
and lead to increased T cell death. In general, we did not observe
signs of increased cell death in high-affinity CAR populations;
high-affinity STARs persisted in extended cocultures and in mul-
tiple stimulation assays (Figure 5F, Supplemental Figure 9C, and
Supplemental Figure 10D) and did not express markers of AICD
(Supplemental Figure 12, F and G). We did not conclude that the
higher-affinity STAR T cells were exhausted given that even HLA-
DR* H233 STAR T cells had less Lag3, PD1, and Tim3 expression
than activated H2?*° or AV6/BV11 T cells.

To assess whether there was less efficient cell killing per T cell,
we performed time-lapse live-cell imaging of the various STAR T
cells in coculture with target cells. There were no significant differ-
ences noted in these experiments as far as the average time to target
cell death (blebbing), the average interaction time between T cells
and target cells, or the average time to T cell detachment from the
target cells once killed (Figure 5, G-I, and Table 3). In fact, the
only functional difference between the STAR T cells bearing the
higher-affinity receptors was in their level of activation, as assessed
by typical activation markers (Figure 5J and Supplemental Figures
10-12). These experiments support the idea that the decreased
function in the higher-affinity STAR T cells is primarily related to
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decreased activation (or quality of activation; e.g., CD69 expression
without CD25 upregulation or proliferation). Once a threshold for
activation is met, we hypothesize that all the STAR T cells would
then have similar abilities to kill target cells. According to this
hypothesis, we expect that some T cells interacting with target cells
would not form mature synapses or adhere to target cells because
they weren’t sufficiently activated. We could not test this in our live-
cell imaging experiments because the technique only allowed us to
visualize and track relatively stable interactions between the T cells
and target cells. Transient interactions, shorter than the 30-second
interval between images or at the molecular level, would not have
been observed in these experiments.

Future work to evaluate why higher-affinity receptors yield
less frequent activation are planned, including testing how high-af-
finity STARs compare to TCRs as mechanoreceptors with single-
molecule biophysical techniques (optical tweezers) (53, 54). Fur-
ther transcriptomic or phosphoproteomic comparison of activated
STAR T cells may yield additional insight into how affinity affects
T cell function; however, these studies primarily address the cells’
response to activation rather than how receptor differences deter-
mine T cell activation.

These results have potentially important implications for immu-
notherapies based on MANAs or other low-antigen-density targets.
Increasing affinity of the antibody for the target had predictable and
expected effects on function when the immunotherapeutic agent
was a soluble T cell-engaging bispecific antibody. This is consistent
with decades of research showing that high-affinity drugs perform
better than their lower-affinity counterparts, provided specificity is
maintained (16, 18, 24-26). But for cellular immunotherapies, con-
clusions about relationship between performance and affinity have
varied, as observed in our study and in previous studies of CAR T
cells directed against cells expressing high levels of antigens (3941,
55, 56). CAR T cells thereby present a Goldilocks situation, wherein
the optimum antibody affinity to be used cannot be predicted — a
much more challenging case for clinical development than encoun-
tered with soluble antibodies. Perhaps a better understanding of the
complex interactions between CAR T cells and their targets, and the
mechanisms through which activation and cytotoxicity is achieved
(24, 55, 57-60), will address this quandary.

Methods

Sex as a biological variable. Our in vivo studies exclusively examined
female mice because they are less aggressive than male mice and
therefore easier to work with. It is unknown whether the findings
are relevant for male mice.

Cell lines. SW620, RPMI-6666, HCT116, L.S123, KLE, and T2
cells were obtained from the American Type Culture Collection
(ATCC). TYK-nu and KMS26 were purchased from the Japanese
Collection of Research Bioresources Cell Bank. HEK293FT cells
were purchased from Invitrogen (Thermo Fisher Scientific). T2A3
cells (HLA-A3—expressing T2 cells) were provided by Elizabeth
M. Jaffee and Eric Lutz (Johns Hopkins University). NALM6
cells virally transduced with GFP and luciferase were provided by
Marty Pomper (Johns Hopkins University). Isogenic cell line pairs
were previously generated by CRISPR: p53 KO (KMS26, KLE,
and TYK-nu) (5) or knockin (NALM6®7H) (37). Cells were cul-
tured in complete media (10% FBS [Hyclone] and 1% penicillin-
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streptomycin [Gibco]). T2, RPMI-6666, T2A3, KMS26, SW620,
and NALMBG6 cells were cultured in complete RPMI (cRPMI). RPMI-
1640 (ATCC 30-2001) and KLE cells were cultured in DMEM F12
(ATCC 30-2006). TYK-nu and LS123 cells were cultured in EMEM
(ATCC 30-2003). HCT116 cells were cultured in McCoy’s media
(Gibco). HEK293FT cells were maintained in DMEM high glucose
(4.5 g/L) (Gibco, 11965092) supplemented with 2 mM 1L-glutamine
(Gibco), 0.1 mM nonessential amino acids (Gibco), and 1 mM sodi-
um pyruvate (Gibco). All cells were cultured at 37°C with 5% CO,.

Primary human T cells. Primary human T cells were obtained
from purchased leukopaks (STEMCELL Technologies). PBMCs
were isolated by density gradient centrifugation using Ficoll-
Paque Plus (Cytiva, 17144002) followed by ACK lysis (Quality
Biological, 118-156-101).

For bispecific antibody experiments, T cells were expanded by
OKT3 activation as previously described (4, 5, 34). Briefly, PBMCs
were resuspended at 10° cells/mL with 15 ng/mL anti-CD3 anti-
body clone OKT3 (BioLegend, 317325) in T cell media: cRPMI
with 100 IU/mL recombinant human IL-2 (proleukin, Prometheus
Laboratories) and 5 ng/mL recombinant human IL-7 (BioLegend,
581908). For bispecific antibody experiments, T cells were used 18
days after OKT3 activation.

For CAR T cells experiments, CD3* T cells were isolated
from PMBCs after Ficoll/ ACK processing by negative selection
(STEMCELL Technologies, 17951). Isolated CD3" T cells were
activated with Dynabeads Human T-Activator CD3/CD28 (Ther-
mo Fisher Scientific, 11132D) at a 1:1 bead/cell ratio in T cell
media for 48 hours.

Peptides, monomers, and tetramers. Peptides were purchased
from Peptide 2.0 at >90% purity. Biotinylated monomers and
tetramers were produced by the Fred Hutchinson Immune Moni-
toring Core (Fred Hutchinson Cancer Center). Monomer folding
was confirmed by ELISA with antibody clone W6/32 as previ-
ously described (4, 5, 34).

Enrichment from pooled phage with thiocyanate elution. Ammoni-
um thiocyanate elution was used to select strong binding H2 vari-
ants from the phage display library pool after 4 rounds of biopan-
ning. EvenCoat streptavidin-coated microplates (R&D Systems)
were coated with 0.1 pg/well biotinylated R175H/ A2 monomer in
BAE blocking buffer (PBS containing 0.5% BSA [Sigma-Aldrich],
2 mM EDTA [Thermo Fisher Scientific], and 0.1% sodium azide)
and then washed with BAE. Precipitated phage was diluted 1:50
with BAE and applied to the plates in triplicate. After 1 hour, the
plate was washed 6 times with TBST (J77500-K8, Thermo Fisher
Scientific) followed by 4 times with HBS-PE (10 mM HEPES, 150
mM NacCl, 0.005% Tween 20, and 3 mM EDTA, pH 7-7.5) alone
or HBS-PE containing 0.5 M NH,SCN, pH 7 (Sigma-Aldrich). The
fourth wash was left on the plate overnight at 4°C on a plate shaker,
and 2 final washes were completed the next day. Phage was elut-
ed with 0.2 M glycine (pH 2.2), neutralized with Tris-HCl (pH 9),
and then used to infect SS320-competent cells (in 2XYT media plus
1:1,000 helper phage, tetracycline 50 pg/mL, and 2% glucose) in
1 mL deep well plates (Nunc, Thermo Fisher Scientific). Bacteria
were incubated for 1 hour at 37°C with shaking at 250 rpm (RCF
= 0.67g), collected by centrifugation, and resuspended in 2XYT
media containing 20 pM IPTG (Sigma-Aldrich), 100 pg/mL car-
benicillin, and 50 pg/mL kanamycin. Plates were incubated over-
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night at 30°C and stored at 4°C for massively parallel sequencing as
described in the Supplemental Methods.

Enriched variants were identified as variants with a frequency
> fiftieth percentile and enrichment > 2 when comparing variant
frequency in the thiocyanate elution condition to its frequency in the
round 4 phage pool. Variants were ranked by frequency and enrich-
ment to select candidates for functional testing. Y571 was included
as a comparator from the previous monoclonal phage experiments.

Bispecific antibody production. Bispecific antibodies were produced
in small batches for screening or purchased from GeneArt (Thermo
Fisher Scientific) as previously described (4, 5). H2 variant plasmids
were generated by site-directed mutagenesis (E0554S, New England
Biolabs) in expression vector pcDNA3.4-TOPO (see Supplemental
Table 3 for plasmid sequences). For double mutant scDbs, each light
chain variant selected was paired with a heavy chain variant (e.g.,
V29E and Y57I). For small-batch scDb production, T75 flasks of
HEK293FT cells were transfected with 20 pg plasmid DNA using
the Lipofectamine 3000 kit (Thermo Fisher Scientific). After 4 days,
scDbs were purified from the cell culture supernatant with HisPur
Ni-NTA Resin (Thermo Fisher Scientific) with imidazole elution
followed by buffer exchange into 20 mM Tris-HCI, pH 8.5-9, using
7K MWCO Zeba Spin desalting columns (Thermo Fisher Scientific).
Large-scale production (2-5 liters) of scDbs were further purified by
size-exclusion chromatography using GeneArt (Thermo Fisher Scien-
tific). Bispecific antibody purity was confirmed by gel analysis. scDbs
were quantified by gel (4%—20% Mini-Protean TGX Stain-Free Gels,
Bio-Rad) or Pierce BCA Protein assay kit (Thermo Fisher Scientific).

Bispecific antibody monomer ELISA. scDbs were evaluated for
binding to the p53 R175H/A2 monomer, p53 WT/A2 monomer
(0.025 pg/well), or biotinylated CD3e/CD36 heterodimer (0.02
ug/well, Acro Biosystems) by ELISA as previously described (34);
5 ng/well scDb was added in triplicate. Plates were washed with
TBST after 1 hour and incubated with 25 ng/well Pierce recombi-
nant protein L (Thermo Fisher Scientific) for 1 hour. Plates were
washed and incubated with 10 ng/well chicken anti—protein L HRP
antibody (ab63506, Abcam) for 1 hour. Plates were washed, and
bound antibody was detected with TMB substrate (BioLegend).

Affinity determination by SPR. scDb binding kinetics were deter-
mined by SPR using the Biacore T200 instrument (GE Healthcare,
Georgetown University Biacore Molecular Interaction Shared
Resource) as previously described (4, 5, 34). Binding responses
were analyzed with Biacore Insight evaluation software using a
2-state binding model.

Peptide-pulsing cocultures. T2- or HLA-A3—expressing T2A3 cells
at 10 cells/mL were pulsed with varying concentrations of p53
WT or p53 R175H peptide in RPMI and washed prior to coculture.
Pulsed target cells were incubated with primary T cells and 1 nM
scDb or CAR T cells for 18-21 hours in 200 pL. cRPMI containing
100 IU/mL IL-2. Cell numbers for individual experiments are list-
ed in figure legends. For IFN-y ELISA, 100 pL cell supernatant was
frozen. Remaining cells were assayed for viability by CellTiter-Glo
(Promega). Percent toxicity was calculated after subtracting the val-
ues from the T cell-only condition (no target cells) from each T cell
condition. IFN-y production was quantified with the Quantikine
Human IFN-y ELISA Kit (DIF50C, R&D Systems).

Endogenous p53 mutant cell line cocultures. scDb and CAR T cell
activity was tested against luciferase-expressing cell lines containing
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an endogenous p53 R175H mutation or isogenic control (p53 KO
or WT p53 [R175WT]) (5, 37). Individual experiment details are
included in figure legends. All conditions used cRPMI containing
100 IU/mL IL-2. Target cell viability was assessed with the Steady-
Glo Luciferase Assay System (Promega) or by flow cytometry.

High content imaging cocultures. TYK-nu target cells expressing
Nuclight Green (Sartorius) were generated as described previous-
ly (5) for high-content imaging with the Incucyte SX5 instrument
(Sartorius). Images were collected every 4 hours (4 images/well).
Incucyte software was used to count Nuclight Green* target cells or
GFP* NALMBG cells (identified by green fluorescence intensity) and
to determine KLE cell confluency.

Mouse experiments. Female NSG mice were obtained from the
Johns Hopkins Oncology Research Animal Resources program
and maintained in compliance with the IACUC-approved proto-
col (MO21M43). For the KMS26 delayed treatment model, NSG
mice age 7-9 weeks were inoculated with 3.5 x 10° luciferase-ex-
pressing KMS26 cells by tail vein injection 7 days prior to treat-
ment day. On treatment day —1, tumor burden was measured by
bioluminescent imaging using the IVIS Spectrum In Vivo Imag-
ing system (PerkinElmer), RediJect D-Luciferin Ultra Biolumi-
nescent Substrate (PerkinElmer, 770505) and quantification with
Living Image software (PerkinElmer). Mice were randomized
into 3 treatment arms: H2%5, H2%% or isotype control (scDb to
an unrelated pHLA) (N = 5 per group). On treatment day 0, mice
received 107 primary human T cells i.v. scDb treatment was deliv-
ered by continuous elution for 14 days with surgically implanted
intraperitoneal micro-osmotic pumps (ALZET, 1002). scDb was
dosed at 0.075 mg/kg/d (1.5 pg/d).

For the early treatment model with NALM6®® NSG mice
age 8-10 weeks were inoculated with 5 x 10° luciferase-express-
ing NALMG6R!H cells and 107 primary human T cells by tail
vein injection. Two days later, mice were treated with scDb and
imaged as described above.

CAR HDRT design and generation. Plasmid sequences for the
AV6/BV11 TCR, CD3y TRuC CAR, STAR, and second-gener-
ation CD28-CD3( (H2-CD28z) CARs were previously described
(37) (see Supplemental Table 3). The CD28z CAR employs a
CD8a hinge, CD28 transmembrane and intracellular domain,
and CD3( intracellular domain (37, 43). TRuC consists of the H2
scFv appended to the CD3y subunit of the TCR complex. Both
H2-CD28z CAR and H2-CD3y TRuC were designed for CRISPR
knockin at the CD3G locus. The patient-derived TCR AV6/BV11
and H2 STAR were designed for CRISPR knockin at the TRAC
locus with simultaneous TRBC KO and used modified murine
TCRo and TCRp constant domains to discourage mispairing with
endogenous human TCR (46). Plasmid sequences are listed in
Supplemental Table 3.

Double-stranded DNA homology-directed repair templates
(HDRTs) were generated by PCR amplification using the Q5 Hot
Start High-Fidelity 2X Master Mix (New England Biolabs) and
the following primers: M13_tCTS_F, TGGCGGGACTAGTGG-
CAGAGCTACCTTTGATTGACTGGGCAGTCACGACGTTG-
TAAAACG; M13_tCTS_R, CACCACTTCCAGCACCAGAGC-
TACCTTTGATTGACTGGGAGCGGATAACAATTTCA-
CACAGG. HDRTs were purified with 1x AMPure XP reagent
(Beckman Coulter Life Sciences, A63880) and eluted in sterile water.
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CRISPR editing of primary human T cells. CRISPR editing was
performed as previously described (37). Briefly, T cells were sep-
arated from CD3/CD28 beads after 48-56 hours. For 10° cells,
ribonucleoproteins (RNPs) were prepared by combining 100 pmol
Alt-R A.s. Cas12a crRNA (IDT), 50 pmol Alt-R A.s. Cas12a (Cpfl)
Ultra (IDT), and 75 pmol of Alt-R Cpfl electroporation enhancer
(IDT) in a total volume of 2.54 L in Nuclease Free Duplex Buf-
fer (IDT). Each 1% electroporation reaction consisted of 2.54 pL
of RNPs and 0.5 pg HDRT in 2.4 uL OptiMEM (Gibco). The
10¢ T cells in 20 puL P3 buffer (Lonza, V4XP-3032) were added
to the 5 uL. RNP-HDRT mixture. Cells were nucleofected in 16
well cuvettes (Lonza, V4XP-3032) with a 4D Nucleofector X-Unit
(Lonza, AAF-1003X) using pulse code EH115. Eighty microliters
of prewarmed cytokine-free cRPMI was then added to each well.
After 20 minutes of rest at 37°C, cells were transferred to 24-well
plates. T cell media was changed on days 3, 6, and 9. On days
10-12, cells were purified by positive selection for NGFR-express-
ing cells (STEMCELL Technologies, 100-0047) and used for func-
tional experiments on day 11 or after. T cell editing was determined
by flow cytometry after purification. For all functional experiments,
T cell conditions were normalized to the lowest percent edited cells
using excess TRAC/TRBC-KO cells (minimum across experiments
was >75% edited T cells). All gRNA sequences used are listed in
Supplemental Table 4.

Flow cytometry. Flow cytometry was performed with the Intel-
liCyt iQue Screener PLUS (Sartorius), Attune NXT (Thermo Fish-
er Scientific), or CYTEK Aurora (Cytek Biosciences). Cells were
stained with LIVE/DEAD Fixable Dead Cell Stain (Invitrogen).
For characterization of CAR T cell editing, cells were stained with
combinations of CD3 (SK7), CD4 (RPA-T4), CD8 (RPA-TS),
murine TRBC1 (H57-597), R175H/A2 tetramer (Fred Hutchin-
son), and NGFR (ME20.4).

For flow analysis of cocultures, 10* Precision Plus Count Beads
(BioLegend) were added to each well prior to staining with LIVE/
DEAD Fixable Dead Cell Stain (Invitrogen) and combinations of
HLA-DR (LN3), NGFR (ME20.4), mTRBC1 (H57-597), CD25
(BC96), CD69 (FN50), and CD3 (SK7).

For intracellular cytokine staining, cocultures were conducted
in the presence of 1x brefeldin A (BioLegend) and 100 IU/mL IL-2
for 17 hours. Counting beads were added, and cells were stained
with LIVE/DEAD followed by antibodies for CD4 (RPA-T4) and
CD8 (RPA-T8). Cells were permeabilized with Cyto-Fast Fix/
Perm buffer set (BioLegend) and stained with CD137 (4B4-1),
CD69 (FN50), and IFN-y (4S.B3).

All antibodies were obtained from BioLegend. Flow data
were analyzed using IntelliCyt iQue software (Sartorius) or
FlowJo version 10.

MSA. T cells were stained with CellTrace Violet (Invitrogen) for
proliferation tracking. On day 0 of the MSA, 4 x 103 edited T cells
were cocultured with 1.6 x 10* GFP* target cells. On days 2, 4, and
6, replicate plates were either rechallenged with 3.2 X 10* target cells
or assayed by flow cytometry (after removing 100 puL supernatant
for IFN-y ELISA). On days 0, 2, 4, and 6, 100 IU/mL IL-2 was add-
ed. Proliferation analysis was performed using FlowJo version 10.

Live-cell imaging. KLE target cells were plated approximately 18
hours prior to imaging: 2.5 X 10* cells/well in a tissue culture—treat-
ed #1.5 glass-like polymer-based 24 well plate (CellVis, P24-1.5P).

= [



__JCI ¥

RESEARCH ARTICLE

Edited T cells were brought to 2.93 x 10° cells/mL in cRPMI
containing 100 IU/mL IL-2. For a 6X reaction, collagen matrix
components were gently mixed on ice in order: 120 pL 10x MEM
(Sigma-Aldrich, M0275), 60 uL 7.5% sodium bicarbonate (Gibco),
and 888 pL 3 mg/mL PureCol-S bovine collagen (Sigma-Aldrich,
CC300) (61). After 5 minutes on ice, 50 pL. was removed for pH
measurement, and 552 pL T cells was added to the collagen matrix
immediately prior to addition to the 24-well plate. Culture media
was aspirated from the KLE-plated wells, and 350 pL collagen-cell
mixture was added dropwise to each well (3.5 x 10* T cells). Plates
were incubated for 30 minutes at 37°C, 5% CO, for polymerization,
and 650 pL prewarmed cRPMI containing 100 IU/mL IL-2 was
added to each well. Plates were transferred to the microscope incu-
bation chamber (Tokai, humidified 5% CO,, 37°C). Imaging began
1 hour after the start of polymerization.

T cell killing of KLE target cells was observed using a 3i Mar-
ianis/ Yokogawa Spinning Disk confocal microscope with a Zeiss
AxioObserver.Z1 inverted microscope, Hamamatsu Orca Flash
4.0LT high-speed sCMOS camera, and 3i SlideBook software.
Bright-field images were captured every 30 seconds at 20X magnifi-
cation with 1 X 1 binning at 12—-15 nonoverlapping positions across
a single well. Each T cell condition was evaluated in 3 independent
18-22 hour experiments. Deidentified images were analyzed in Fiji
(ImagelJ) using the Trackmate manual cell tracking plug-in. T cells
were selected for manual tracking if a single T cell bound to a KLE
target cell followed by target cell blebbing (only 1 T cell interaction
per target cell killing event). Time to blebbing was calculated from
time of stable T cell interaction with a target cell (T cell rounding,
decreased motion) (62). For T cells adhered to a KLE target cell at
the start of imaging, 1 hour was added to the time for blebbing to
account for the 1 hour interval to start of imaging. Time to T cell
detachment was calculated from time of blebbing.

Statistics. All data are presented as mean + SD unless otherwise
specified. Statistical tests used are indicated in figure legends. A P
value less than 0.05 was considered significant. Prism 10 (Graph-
Pad) was used for data analysis, graphing, and statistical analysis.

Study approval. Animal studies were reviewed and approved by
the Johns Hopkins Medical Institutions Oncology Research Ani-
mal Resources program and IACUC under protocol MO21M43.

Data availability. All data associated with this study are present
in the paper or the Supporting Data Values file. Sequencing data files
are available on Dryad at https://doi.org/10.5061/dryad.vdncjsz83.
Plasmids and cell lines are available by request under a material
transfer agreement with Johns Hopkins University by contacting SZ.
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