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SUMMARY

A major challenge in adoptive T cell immunotherapy is the discovery of natural T cell receptors (TCRs) with
high activity and specificity to tumor antigens. Engineering synthetic TCRs for increased tumor antigen
recognition is complicated by the risk of introducing cross-reactivity and by the poor correlation that can
exist between binding affinity and activity of TCRs in response to antigen (peptide-MHC). Here, we developed
TCR-Engine, a method combining genome editing, computational design, and deep sequencing to engineer
the functional activity and specificity of TCRs on the surface of a human T cell line at high throughput. We
applied TCR-Engine to successfully engineer synthetic TCRs for increased potency and specificity to a
clinically relevant tumor-associated antigen (MAGE-A3) and validated their translational potential through
multiple in vitro and in vivo assessments of safety and efficacy. Thus, TCR-Engine represents a valuable tech-

nology for engineering of safe and potent synthetic TCRs for immunotherapy applications.

INTRODUCTION

T cells genetically modified to express T cell receptors (TCRs)
recognizing tumor-associated antigens (TAAs) offer a promising
approach for cancer immunotherapy (Johnson et al., 2009; Mor-
gan et al., 2006; Parkhurst et al., 2011; Rapoport et al., 2015;
Robbins et al., 2015; Stadtmauer et al., 2020; Stronen et al.,
2016). However, the discovery, engineering, and selection of
potent and safe therapeutic TCRs is often complicated by low af-
finities to peptide-MHC antigen targets and the inherent risk of
cross-reactivity to off-target peptides on healthy cells (Uttenthal
et al., 2012). Due to central and peripheral negative selection
processes, naturally occurring TCRs with high affinity toward
self-tumor antigens are extremely rare (Chapuis et al., 2019;
Johnson et al., 2006; Spindler et al., 2020). To overcome this,
synthetic TCRs have been engineered using protein mutagen-
esis and selection methods that rely on antigen binding (e.g.,
phage and yeast display) (Kieke et al., 1999; Li et al., 2005). How-
ever, such technologies are limited because the binding affinity
of a TCR to antigen does not necessarily correlate with T cell
activation in response to antigen presentation on cells, the latter
being more physiologically relevant (Duong et al., 2019; He-
beisen et al., 2015; Sibener et al., 2018; Thomas et al., 2011).
Moreover, the generation of synthetic TCRs can be complicated
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by the introduction of unpredicted cross-reactivity leading to se-
vere toxicity (Linette et al., 2013; Morgan et al., 2013).

An important consideration for both the assessment of cross-
reactivity and the engineering of synthetic TCRs is that TCR affin-
ity and activity are not necessarily correlated with each other. For
example, although TCRs with high affinities to antigen (1-5 uM)
tend to display high activity in vitro, TCRs with lower affinities
(5-100 uM) often display a poor correlation between affinity
and activity (Hebeisen et al., 2015; Sibener et al., 2018). In addi-
tion, TCRs engineered for supraphysiological affinity (<1 pM)
may in fact display sub-optimal therapeutic activity by promoting
T cell dysfunction (Hebeisen et al., 2013; Presotto et al., 2017),
inability to undergo serial TCR triggering (Thomas et al., 2011),
and potential for reactivity against the presenting HLA molecule
(Duong et al., 2019; Holler et al., 2003; Tan et al., 2015).

Traditional TCR engineering methods require re-formatting of
TCRs into single-chain fragments, which are then screened on
the surface of phage or yeast for binding toward peptide-MHC
multimers. In one notable example, phage display was used to
generate a high-affinity synthetic TCR targeting the MAGE-A3
TAA. When applied in a cell therapy clinical trial, this synthetic
TCR showed an unexpected cross-reactivity toward a self-anti-
gen expressed by beating cardiomyocytes, which ultimately re-
sulted in treatment-induced patient deaths (Cameron et al.,
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2013; Linette et al., 2013). Thus, the development of TCR display
platforms enabling simultaneous TCR engineering and detection
of cross-reactivity on the basis of their activity (i.e., antigen-
induced signaling) would be highly desirable. Although a number
of TCR engineering methods have been developed in mamma-
lian cell lines (Chervin et al., 2008; Karapetyan et al., 2019; Mal-
ecek et al., 2013; Spindler et al., 2020; Wagner et al., 2019;
Schmitt et al., 2017) and primary T cells (Kessels et al., 2000;
Schmitt et al., 2017), most of these have only reported selections
based on antigen binding. Recently, Garcia and colleagues
applied peptide-MHC yeast display coupled with soluble TCR
binding to discover a biophysical mechanism by which certain
high-affinity TCR-peptide-MHC interactions fail to trigger TCR
signaling, namely the occurrence of ‘slip’ bonds that rupture un-
der force (Sibener et al., 2018). The opposing mechanism, which
is the formation of “catch” bonds that persist under force, has
been recently exploited by the same group for structure-based
TCR library design and functional screening leading to the iden-
tification of TCRs with enhanced activity and specificity against
HIV-Pol and MAGE-A3 antigens (Zhao et al., 2022). In all of these
previous efforts in mammalian cells, viral transduction or plasmid
transfection were used for TCR reconstitution, which are associ-
ated with limitations including random integration, constitutive
TCR expression, and possible expression of multiple TCRs by
a single cell.

Here, we present TCR-Engine, a TCR engineering method
leveraging genome editing, deep sequencing, computationally
guided design and selection, and functional screening to profile
at high-throughput the activity and specificity of TCRs on the sur-
face of a CRISPR-engineered human T cell platform. We use this
approach to express >30 individual TCRs and perform functional
screening of 437 single amino acid variants and ~260,000
combinatorial variants. We reveal a substantial discordance be-
tween TCR binding and activation in response to antigen and
identify several TCRs that are strongly activated by antigen
despite showing undetectable binding to peptide-MHC multi-
mers. In addition, we use our platform and target peptide scan-
ning to accurately predict TCR off-target antigens. Finally, we
apply TCR-Engine to a low-avidity TCR targeting the clinically
relevant tumor antigen MAGE-A3, an attractive but challenging
TAA (Linette et al., 2013; Morgan et al., 2013). This resulted in en-
gineered TCR variants with enhanced potency and specificity
thus representing therapeutic candidates.

RESULTS

Development of TCR-accepting T cells (TnTs) for high-
throughput activation and specificity profiling

We developed TCR-Engine, a platform technology combining
CRISPR-targeted mutagenesis, deep sequencing, and compu-
tationally guided design and selection that enables engineering
of TCRs on the basis of their activity. We first established the
TCR-accepting T cell (TnT) line (originating from the human leu-
kemia Jurkat T cell line) by five sequential steps of CRISPR-Cas9
genome editing to knockout endogenous TCR expression and
introduce additional functional components, culminating in the
ability to detect TCR-mediated activation through nuclear factor
of activated T cells (NFAT) response elements (Karttunen et al.,
1992) linked to a GFP reporter or surface expression of the early
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T cell activation marker CD69. Each genome editing step con-
sisted of transfection with a gene-targeting guide RNA (gRNA)
and, when required, a homology-directed repair (HDR) template
encoding desired transgenes (Figure 1 and STAR Methods for
details). This was followed by single-cell fluorescence-activated
cell sorting (FACS), cell expansion, and clone validation by flow
cytometry and Sanger sequencing. The resulting TnT cell line
constitutively expresses Cas9 nuclease, human CD8, and
mRuby, harbors an NFAT-GFP reporter of TCR signaling, and
lacks expression of CD4, endogenous TCR, and Fas (Figure 2A).
Reconstitution of TnT cells with transgenic TCRs was targeted
by CRISPR-Cas9 to the endogenous TCRf genomic region, spe-
cifically to the recombined complementarity determining region
3 B (CDR3p) sequence, thus providing a monoallelic target sup-
porting a single integration event per cell and physiological
expression of transgenic TCRs (Figures 2B and S1A-S1C). The
lack of a constant TCRB domain (TRBC) in the transgenic TCR
construct design made splicing with endogenous Jurkat TRBC
exons a requirement for transgenic TCR expression. This feature
allowed us to detect targeted genomic integration based on
restored surface expression of CD3 following transfection of
TnT cells with CDR3B gRNA and designed HDR templates
(PCR product) (Figure 2C). Furthermore, our strategy ensured
that cells displaying restored CD3 expression underwent
knockout of the endogenous Jurkat TCRp chain, as integration
of transgenic TCRs relied on the introduction of a double-
stranded DNA break at the targeted CDR3f genomic region.
The development of an enhanced transfection protocol led to
HDR efficiencies in the range of 5%-20% (Figure 2C). Targeted
TCR reconstitution for the generation of TnT-TCR cells was
further validated by detecting binding to cognate peptide-MHC
dextramer using flow cytometry (Figure 2D), PCR amplification
of the Jurkat TCR genomic locus (Figure 2E), and reverse-tran-
scriptase PCR (RT-PCR) using reverse primers annealing to
endogenous Jurkat TRBC sequences (Figures S2D and S2E).
To validate their functionality, we reconstituted TnT cells with
three TCRs recognizing HLA-A*0201-restricted TAAs: TCR1ga,
with specificity to NY-ESO-1, and TCRpmr4 and TCRpmes, With
specificity to MART-1 (Table S1). TnT-TCR cell activation was
assessed by NFAT-GFP expression following co-culture with
peptide-pulsed, HLA-A*0201-positive T2 cells (Luft et al,
2001). Co-culture of TnT-TCRg4 cells with non-pulsed (no pep-
tide) T2 cells yielded no detectable expression of NFAT-GFP,
whereas co-culture with T2 cells pulsed with NY-ESO-1457_165
cognate peptide induced robust expression of the NFAT-GFP re-
porter (Figure 2F). To further assess the specificity of TCR-redir-
ected TnT cells, we performed co-cultures of TnT, TnT-TCR4g4,
TnT-TCRpmrs, and TnT-TCRpwes cells with T2 cells pulsed with
NY-ESO-1157_165 peptide, MART-126_35071) Peptide, or no pep-
tide. NFAT-GFP expression was fully restricted to correct TCR-
peptide-MHC pairings, with no detectable NFAT-GFP expres-
sion across negative controls (Figure 2G). We next compared
the binding and signaling avidities of TnT-TCRygs, TnT-
TCRpwmr4, and TnT-TCRpwmes cells (Figures 2H and 21). TnT-
TCRpwmrs cells displayed the highest binding avidity to their
target peptide-MHC (EC50 = 7 pM), followed by TnT-TCRig4
(EC50 = 57 pM) and TnT-TCRpmes (EC50 = 267 pM), with
picomolar EC50 values reflecting the highly multivalent nature
of peptide-MHC dextramers (10-20 peptide-MHC copies per
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Figure 1. Development of the TCR-accepting T cell (TnT) platform through multistep CRISPR-Cas9 genome editing

Schematic representation of the genome editing steps performed for generating the TnT platform.

AAVS1, adeno-associated virus integration site 1; bGH polyA, bovine growth hormone polyadenylation signal; GFP, green fluorescent protein; gRNA, guide RNA;
HA, homology arm; HDR, homology-directed repair; minP, minimal promoter; NHEJ, non-homologous end joining; NLS, nuclear localization signal; P2A, 2A
peptide from porcine teschovirus-1 polyprotein; PGK, phosphoglycerate kinase; Puro, puromycin; SP, signal peptide; SpCas9, Streptococcus pyogenes Cas9;
T2A, 2A peptide from Thosea asigna virus capsid protein; TRAC, T cell receptor alpha constant region; SV40 polyA, simian virus 40 polyadenylation signal.

See also Figure S1.

molecule) (Figure 2H). TnT-TCR cells co-cultured with T2 cells
pulsed with serial dilutions of cognate peptide revealed a
dose-dependent response (Figure 21). TnT-TCRpwrs displayed
the highest signaling avidity (EC50 = 6 nM), followed by TnT-
TCRbme4 (EC50 = 11 nM) and TnT-TCR1g4 (EC50 = 90 nM). In
contrast to their 39-fold difference in binding to peptide-MHC
dextramer, the difference between TnT-TCRpyrs and TnT-
TCRpwmrs in terms of signaling avidity was only 2-fold. Assess-
ment of TCR surface expression levels by means of flow
cytometry revealed a substantial deficit for TCRpwr4 relative to
TCRpwmrs, Which, in addition to a 5-fold lower reported affinity
(Figures S2A and S2B), explains the low capacity for dextramer
binding to TCRpmrs4 both in terms of EC50 and maximal dex-
tramer fluorescence intensity (Figure S2C).

We next investigated the ability of TCRpmrs to potently
respond to antigen despite its reduced surface expression and
moderate affinity. We used multiple readouts to profile the acti-
vation of TNT-TCRpmrs, TNT-TCRpmes, and TNT-TCR4g4 in res-
ponse to a variety of antigen-independent and antigen-depen-
dent stimuli (Figure S2D). PMA-ionomycin stimulation induced
robust expression of NFAT-GFP, CD69, and secretion of IL-2
effector cytokine across all tested TnT-TCR cells, and stimula-
tion with TCR/CDS engagers strongly correlated with TCR sur-

face expression (TCR1g4 > TCRpmrs > TCRpmes) (Figure S2D).
By contrast, antigen-induced stimulation with decreasing con-
centrations of peptide confirmed robust expression of NFAT-
GFP and CD69 in TnT-TCRpwme4 cells despite lower affinity rela-
tive to TCRpwmrs and reduced surface expression relative to both
TCR4g4 and TCRpwrs (Figure S2E). Notably, maximal IL-2 secre-
tion was elevated in both TnT-TCR1g4 and TnT-TCRpyrs relative
to TnT-TCRpmr4. Overall, our results show that strong binding
avidity is not required for antigen-induced expression of NFAT-
GFP and CD69 in TnT-TCR cells, thus enabling high-sensitivity
functional selections by means of flow cytometry.

TCRs have divergent sequence landscapes for antigen
binding versus antigen-induced activity

In contrast to previous TCR engineering platforms (Kieke et al.,
1999; Li et al., 2005), TnT cells allow for the assessment of
TCRs across multiple parameters, including surface expression
with CD3, binding to peptide-MHC multimers and activation in
response to antigen presentation. We selected the MART-1-
specific TCRpmrs and the MAGE-AS3-specific TCRas for muta-
tional profiling (Figure 3A; Table S1). TCRas is a low-avidity
TCR isolated from a melanoma patient treated with a viral vac-
cine encoding the HLA-A*0101-restricted MAGE-A316s-176
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Figure 2. The TnT platform supports targeted reconstitution and functional display of transgenic TCRs

(A) The Jurkat E6-1 cell line was subjected to sequential CRISPR-Cas9 genome editing steps to generate the TnT platform. TnT cells constitutively express Cas9
and human CD8, harbor an NFAT-GFP reporter of TCR signaling, and lack expression of CD4, Fas, and endogenous TCR. Reconstitution of TnT cells with
transgenic TCRs via CRISPR-Cas9 HDR results in TnT-TCR cells with restored surface expression of the TCR:CD3 complex.

(B) TCR reconstitution of TnT cells targeted to the Jurkat TCRp locus. An HDR template encoding transgenic TCRa chains is integrated into TnT cells via Cas9
and a gRNA targeting the endogenous Jurkat CDR3B sequence. Transgenic TCR expression is dependent on correct RNA splicing with endogenous Ju-
rkat TRBC1.

(C) Flow cytometric assessment of CD3 restoration in TnT cells after their targeted reconstitution with TCR1g4 (specific for NY-ESO-1457_165 peptide).

(D) Representative flow cytometry plot showing peptide-MHC dextramer binding to TnT cells (no TCR expression) and MART-1-specific TnT-TCRpws cells.
(E) Validation of targeted TCR reconstitution in TnT-TCRpwmes cells by genomic PCR of the Jurkat VDJB region.

(F) Representative flow cytometry dot plots displaying NFAT-driven GFP expression in TnT-TCR1g4 cells, but not TnT cells, after overnight co-culture with T2 cells
pulsed with NY-ESO-1457_164 peptide.

(G) NFAT-GFP expression in TnT and TnT-TCR cells after overnight co-culture with T2 cells pulsed with NY-ESO-1157_164, MART-126_35(271), OF N0 peptide.

(H) Serially diluted target peptide-MHC dextramers were used to assess the binding avidities of TNT-TCR1g4, TNT-TCRpme4, and TNT-TCRpwes (N = 3). Peptide-
MHC dextramer concentrations resulting in half-maximal proportions of dextramer positive cells (EC50) were derived from non-linear least squares fits.

() Normalized NFAT-GFP expression in TnT-TCR cells after overnight co-culture with T2 cells pulsed with serially diluted cognate peptide (n = 2). Peptide pulse
concentrations resulting in half-maximal proportions of NFAT-GFP+ cells (EC50) were derived from non-linear least squares fits. Data are displayed as mean +
SD. Experiments were performed at least twice.

See also Figures S1 and S2.

peptide (EVDPIGHLY) (Connerotte et al., 2008; Karanikas et al.,
2003). In a previous effort, TCRas (Kp ~ 500 uM) was engi-
neered by phage display to generate TCR,3,, @ variant con-
taining four mutations at the CDR2a region and conferring
>200-fold higher affinity to MAGE-A3465-176 peptide-MHC (Fig-
ure S3A). However, use of TCR,3, in @ TCR-T cell clinical trial
resulted in fatal cardiac toxicity due to cross-reactivity to a
peptide derived from the protein titin expressed in heart and
muscle tissue. Consistent with previous findings, we found
that TnT-TCRas cells showed low but detectable binding to
MAGE-A3 peptide-MHC dextramer, TnT-TCR,3, cells showed
high binding to MAGE-A3 peptide-MHC dextramer, and only
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TnT-TCRa3, cells displayed binding to titin peptide-MHC dex-
tramer (Figure S3B). Co-culture experiments with the MAGE-
A3-positive EJM myeloma cell line (HLA-A*0101-positive) re-
vealed that the low avidity of TCRa3 was not sufficient to induce
NFAT-GFP expression in TnT-TCRa3 cells, and only a marginal
elevation of CD69 was observed (Figure S3C).

We conducted deep mutational scanning (DMS) of the TCRa3
CDR3p region as it is typically enriched for direct contacts to
peptide antigen rather than to MHC (Borbulevych et al., 2011).
TnT cells reconstituted with DMS libraries and displaying
restored TCR-CD3 surface expression were isolated by FACS
(SEL 1), expanded, and re-sorted based on binding to cognate
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peptide-MHC dextramer (SEL 2A) or activation following co-cul-
ture with cells displaying target antigen (SEL 2B) (Figure 3B).
Following FACS, deep sequencing was performed to identify
TCR variants that were enriched across selection steps. As ex-
pected, the mutational landscapes for antigen binding (SEL 2A)
and activation (SEL 2B) were more restricted than those seen
for TCR-CD3 surface expression (Figures 3C and 3D). In the
case of TCRas, although a similar number of enriched variants
in deep sequencing data was observed in binding (SEL 2A)
and activation (SEL 2B) selections, there was little correlation be-
tween individual variants in the two fractions (Figure 3C). For
TCRpwmEe4, there was a modest correlation between enrichment
of individual variants in binding (SEL 2A) and activation (SEL
2B) fractions (Figure 3D). In order to validate our results experi-
mentally, we reconstituted TnT cells with variants showing
enrichment above wild-type TCR. Consistent with sequence
enrichment data, TCRa3 variants S3G, P4L, M6L, and A7V dis-
played the largest increases in terms of both binding and
activation (Figures 3E and 3F), which could not be explained
by differences in TCR surface expression (Figure S3D). For
TCRpwmEe4 Vvariants, only modest improvements were observed
relative to wild type (Figures 3G-3l), namely enhanced binding
of variants 12L, E4V, and E4F to MART-1 peptide-MHC dex-
tramer. Notably, TCRpur4 variants 12H and 121 showed similar
antigen-induced activation (and TCR surface expression, Fig-
ure S3E) despite I12H showing no detectable binding to
MART-1 peptide-MHC dextramer, further highlighting the
discordance between binding and activation in certain TCRs.
Although there was a strong correlation between antigen binding
and antigen-induced signaling for TCRas single mutants (R® =
0.8742, Figure 3F), this was not the case for TCRpwmrs (RZ =
0.000098, Figure 3l), consistent with reports describing better
correlations between TCR binding and signaling at lower levels
of affinity (TCRaz ~ 500 uM, TCRpmrs = 29 uM) (Tan et al.,
2015). Finally, we compared deep sequencing enrichment data
with flow cytometry validation data in terms of antigen binding
and antigen-induced signaling (Figures S3F-S3I).

TCR-Engine enables engineering of synthetic TCRs with
enhanced activity and specificity to tumor antigen
Next, we applied TCR-Engine to the low-avidity TCRaz to
enhance its activity and specificity to MAGE-A3. First, we
computationally designed a combinatorial library using deep
sequencing enrichment data obtained from CDR38 DMS (Fig-
ure 3C), as this allowed us to maximize both library functionality
and size for screening in TnT cells (Figure S4) (Mason et al.,
2018). The designed TCRyg library (diversity ~ 2.6 x 10% was
generated by restriction cloning, amplified by PCR and inte-
grated into TnT cells by CRISPR targeting of the TCRf genomic
locus (Figure 4A). Resulting TnT-TCR cells were subjected to
positive and negative selection steps based on TCR surface
expression, binding to peptide-MHC dextramers and activation
in response to cell-displayed MAGE-A3 and titin antigens, with
deep sequencing performed at every step (Figures 4B—4E).
Different to wild-type TnT-TCRag cells, a fraction of cells in the
TCRAag3 library displayed robust NFAT-GFP expression after co-
culture with MAGE-A3 expressing EJM myeloma cells, thus
indicating the presence of TCRa3 variants with enhanced activity
(Figure 4D). A subset of TnT-TCR cells still expressed NFAT-GFP
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in response to titin-pulsed Colo 205 cells despite the exclusion of
titin peptide-MHC binders in SEL 2, highlighting once again the
presence of TCRs with discordant levels of binding and activation
(Figures 4D and 4E). Bioinformatic analysis of the protein seg-
uence space landscape across selections revealed a number of
notable trends, including the preference of alanine codons at po-
sition CDR3p-1 for TCR:CD3 expression (SEL 1) and a substantial
increase in the frequency of glutamate residues at CDR3B-6 in
SEL 3B (titin activation), suggesting this substitution as a potential
determinant of titin cross-reactivity (Figure 4F). A total of 195
unique variants displayed greater than 2-fold enrichment in SEL
3A (MAGE-AS activation) and were either absent or not enriched
in SEL 3B (titin activation) (Table S2). We scored these TCRa3 var-
iants based on read frequency and enrichment, which revealed 29
potential candidates, of which we selected 14 for further experi-
mental characterization (Figure 4G; Table S3). All 14 selected
TCRas synthetic (TCR-Engine) variants showed enhanced
MAGE-A3 peptide-MHC dextramer binding and, importantly,
had low or undetectable binding to titin peptide-MHC dextramer
(Figures 4H and 4l). Our results demonstrate the ability to display
and functionally screen TCR combinatorial mutagenesis libraries
on the surface of TnT cells for the identification of TCR variants
with enhanced target recognition.

TCR-Engine variants display high specificity and
mediate potent target cell killing

TnT cells provide an attractive platform for functional profiling of
TCR specificity and cross-reactivity. We first profiled the previ-
ously phage display-engineered TCR,3, with the aim of identi-
fying potential off-targets shared by TCR-Engine TCRa3 variants.
We used a single-substitution peptide scanning library of MAGE-
A316s-176 (EVDPIGHLY) antigen, where each individual peptide
(n = 171 peptide variants) was pulsed on Colo 205 cells (HLA-
A*0101-positive, MAGE-A3-negative), and overnight co-cultures
were performed with TnT-TCR,3, cells. We next generated pep-
tide sequence space motifs of allowed substitutions at discrete
thresholds of activation for TnT-TCR,3, and used them to interro-
gate the UniProtKB database (Figure 5A; STAR Methods) (Border
etal., 2019; Sanderson et al., 2020). The only human peptide with
the highest activation threshold (100%) was the target MAGE-A3
peptide, with the second highest activation threshold (88%) be-
ing the titinpg 33704345 peptide (ESDPIVAQY) (Figure 5B). We
next screened a panel of 11 predicted off-target peptides for
validation of TnT-TCRg3, reactivity (Figure 5C). MAGE-AS,
MAGE-A6, MAGE-B18, and titin peptides significantly activated
TnT-TCRa34 cells, in agreement with a previous report (Cameron
et al., 2013). Human peptides derived from the proteins ANR16,
CD166, and MRCKA and a HHV8P viral peptide induced signifi-
cant activation and thus represent previously unreported poten-
tial off-targets of TCR,3, (Figures 5D and 5E).

We next used MAGE-AS3, titin, and subset of validated TCR,3,
off-target peptides to screen the activity of engineered TCRa3
variants (Figure S5A). All TnT-TCRa3 variants displayed stronger
activation to MAGE-AS target peptide than wild-type TnT-TCRag,
which showed negligible activation. Furthermore, TnT-TCRaz_57
and TnT-TCRa3_»g Were activated by titin-pulsed Colo 205 cells.
Although the low response observed in TnT-TCRa3_og cells might
be explained by its residual binding to titin peptide-MHC dex-
tramer, the robust activation in TnT-TCRa3_»7 cells was highly
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Figure 3. TCRs have divergent sequence landscapes for antigen binding versus antigen-induced activity

(A) The CDR3p sequences of TCRa3 and TCRpwe4 Were subjected to deep mutational scanning (DMS).

(B) DMS libraries were generated by means of plasmid nicking saturation mutagenesis and integrated into TnT cells by Cas9 HDR. Reconstituted cells were
selected by FACS based on CD3 surface expression, target peptide-MHC binding, and antigen-induced signaling (co-culture with antigen-presenting cells).
Deep sequencing of CDR3 sequences was performed at every selection step.

(C and D) Heatmaps display the enrichment of sequencing reads from TCR variants in TCR expression (SEL 1), antigen binding (SEL 2A), and antigen-induced
activation (SEL 2B) selections relative to their occurrence in the starting plasmid DMS libraries. (C) shows TCRas and (D) shows the TCRpwmr4 variant. Outlined
boxes represent wild-type CDR3p residues. Dot plots display the sequencing read enrichment of individual TCR variants in antigen binding and antigen-induced
activation selections. Variants selected for further validation are highlighted in blue, wild-type TCRa3, and wild-type TCRpwe4 are highlighted in red. Linear
regression analysis is displayed.

(E) Flow cytometric assessment of antigen binding and antigen-induced activation in TnT cells reconstituted with TCRa3, TCR,3,, and selected TCR3 variants
(CD3+ gate). Binding to MAGE-A3 peptide-MHC dextramer (top row) and activation after overnight co-culture with MAGE-A3+ EJM cells (bottom row, proportion
CD69M9" TnT-TCR) are displayed.

(F) Graph displays antigen binding and antigen-induced activation in TCRa3 single mutants relative to wild-type TCRaz (data from E).

(G-1) Flow cytometric assessment of antigen binding and antigen-induced signaling in TnT cells reconstituted with TCRpwmr4, TCRpmres, and selected TCRpwra
variants (CD3+ gate).

(G) Binding to MART-1 peptide-MHC dextramer (top row) and activation after overnight co-culture with MART-1-pulsed T2 cells (bottom row, proportion NFAT-
GFP+ TnT-TCR) are displayed.

(H) Histograms displaying the levels of MART-1 peptide-MHC dextramer bound by TnT-TCR cells.

(I) Graph displays antigen binding and antigen-induced activation in TCRpywr4 Single mutants relative to wild-type TCRpve4 (data from G). Experiments were
performed once.

See also Figure S3.
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Figure 4. Application of TCR-Engine for engineering synthetic TCRs with enhanced activity and specificity to tumor antigen

(A) Data obtained from TCRa3 CDR3p DMS was utilized as input to design a combinatorial mutagenesis library that has a theoretical diversity of 2.6 x 10° variants.
Degenerate codons were designed to recapitulate the amino acid frequencies observed in DMS selections based on MAGE-A3 peptide-MHC dextramer binding
and MAGE-A3-induced signaling.

(B) Strategy for the selection of TCRa3 combinatorial mutagenesis variants with enhanced recognition of the MAGE-A34¢s_176 peptide (EVDPIGHLY), although
avoiding cross-reactivity to the known titinys 337-04,345 Off-target peptide (ESDPIVAQY). Deep sequencing of CDR3p sequences was performed at every se-
lection step.

(C) Flow cytometry plots show selection of TCRaz variants from the combinatorial library that are capable of surface expression in TnT cells. TnT cells with
restored CD3 surface expression were bulk sorted (SEL 1).

(D) Flow cytometry plots showing TnT-TCR cells (from SEL 1) with positive MAGE-A3-induced signaling (NFAT-GFP+), positive MAGE-A3 peptide-MHC binding,
and negative titin peptide-MHC binding; cells were bulk sorted (SEL 2) and expanded in culture (n = 1).

(E) Expanded SEL 2 cells were co-cultured overnight with either MAGE-A3 peptide-pulsed or titin peptide-pulsed Colo 205 cells and bulk sorted for activation by
NFAT-GFP+ expression (SEL 3A and SEL 3B).

(F) Amino acid sequence logos showing the frequency of specific residues at each CDR3p position across selections (logos weighted on unique clone fre-
quencies).

(G) TCRag variants with predicted high specificity for MAGE-A3 and their enrichment across selections based on deep sequencing data. High confidence TCRs
(n = 29) fulfilled the following criteria: (1) >2-fold enrichment SEL3A/SEL1, (2) < 1-fold enrichment SEL3B/SEL1, and (3) combined frequency rank plus
enrichment rank < 202 (arbitrary threshold).

(H and I) Flow cytometry plots of TnT cells reconstituted with TCRa3, TCRa34, and 14 selected TCRa3 combinatorial variants (n = 1). Selection criteria (from 29 high
confidence pool): top 10 TCRs with highest SEL3A/SEL1 enrichment; 4 test TCRs in which SEL4 reads were detected. Cells were assessed for CD3 expression,
MAGE-AS3 peptide-MHC binding (H), and titin peptide-MHC binding (I). Cells in the CD3+ gate are shown. Degenerate nucleotide symbols: R=A,G;Y=C, T;S=
G CW=AT,K=G,T;M=A,C;B=C,G, T;D=A,G, T;H=A,C, T; V=A, C, G; N = any base. Experiments were performed once.

See also Figures S4 and S5 and Table S3.

unexpected considering its minimal binding to titin peptide-MHC
(Figure 4l). These results emphasize that it is insufficient to only

TCRAa3-09 (cross-reactive to ANR16 and MRCKA) and TCRaz_12
(cross-reactive to CD166 and MRCKA), which provide examples

measure binding as activation provides a more accurate ass-
essment of TCR specificity and cross-reactivity. Negative
selection against titin peptide recognition did not appear to
impede the emergence of cross-reactivity against other peptides
for some synthetic TCRa3 variants. This was clearly the case for

of increased cross-reactivity following TCR engineering (Figure
S5A). In contrast, we found that TCRas_g3, TCRAz-04, TCRA3-05,
TCRAa3-08, and TCRaz.10 showed low or negligible activation in
response to all tested peptides and were thus selected for further
analysis (Figure S5A).
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Figure 5. TCR cross-reactivity and off-targets are accurately predicted by activation profiling

(A) The cross-reactivity profile of TnT-TCR 3, cells was assessed using single mutant variants of the wild-type MAGE-A3 peptide (peptide scanning library), which
were pulsed on Colo 205 cells for individual co-culture assays (171 peptides). Heatmap shows the proportion of NFAT-GFP-positive TnT-TCR,3, cells after co-
culture, as determined by flow cytometry (n = 1). Data are normalized to the response induced by the MAGE-A3 wild-type peptide (boxed residues). Sequence
logo shows the relative activity of peptide DMS library members carrying mutations at the same peptide position.

(B) The sequences of peptides mediating 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% activation relative to the MAGE-A3 wild-type
peptide were utilized to generate motifs to query the UniProtKB database. Dot plot displays the number of human (red) and non-human (blue) unique peptide hits
resulting from these searches. The first (MAGE-A3), second (titin), and third (MAGE-AB) highest predicted activating peptides are highlighted.

(C) Peptide sequences and maximum activation thresholds of predicted off-targets selected for experimental validation. Differences to the wild-type MAGE-A3
peptide sequence are underlined.

(D) Flow cytometry assessment of CD69 and NFAT-GFP expression following co-culture with peptide-pulsed Colo 205 cells shows cross-reactivity of TnT-
TCRa3a cells against a subset of predicted off-target peptides. The CMV peptide (HLA-A*0101-restricted, VTEHDTLLY) is included as a negative control (n = 1).
(E) Bar graph shows repeat of the experiment in (C) performed in triplicate. The percentages of CD69"9" TnT-TCR,s, cells after co-culture with peptide-pulsed
Colo 205 cells were utilized to assess reactivity to each peptide. Dotted line reflects the mean of CMV-pulsed controls (Y = 1.98). Asterisks indicate significant
differences to CMV controls as determined by two-way ANOVA with Bonferroni post hoc test for multiple comparisons. Data are displayed as mean + SD.

*p < 0.05, *p < 0.01, **p < 0.001, ™**p < 0.0001, ns, not significant. Experiments were performed once.

We further characterized the activities of selected synthetic
TCRa3 variants in primary human CD8+ T cells by applying a
CRISPR-Cas9 genome editing approach enabling dual knockout
of endogenous TCR chains and transgenic TCR integration tar-
geted to the TRAC locus (Figures S5B-S5E) (Roth et al., 2018;
Schober et al., 2019). We first co-cultured genome-edited
T cells with EJM (MAGE-A3-positive) or Colo 205 cells
(MAGE-A3-negative) and assessed their activation by means
of IFN-y enzyme-linked immunosorbent spot (ELISpot) assay
(Figure S5F). No significant MAGE-A3-induced activation
was observed in T cells transfected with wild-type TCRag,
TCRaz-04, Or Nno TCR. In contrast, T cells expressing TCRa3a,
TCRA3_03, TCRA3_05, TCRAg_Og, and TCRA3_10 were Strongly and
significantly activated after co-culture with EJM cells. Consistent
with our results using TnT-TCR cells, we observed significant
TCRa3a cross-reactivity against titin-pulsed Colo 205 cells,
whereas titin-induced activation in our synthetic TCRa3 variants
was either absent or of lower magnitude (Figure S5G). Impor-
tantly, primary T cells expressing variants TCRaz 03, TCRaz-05,
or TCRas.1¢ displayed a significant MAGE-A3-induced IFN-y
response but undetectable activation following co-culture with
titin-pulsed Colo 205 cells. Furthermore, primary T cells express-
ing wild-type TCRaz showed a similarly negligible titin-induced
activation in this assay. Assessment of TCR cross-reactivity
against multiple candidate off-target peptides revealed that pri-
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mary T cells expressing TCRaz o5 or TCRas.1¢ displayed high
specificity to the MAGE-AS target peptide, with no other peptide
inducing detectable activation (Figure S5H). Next, we expressed
soluble versions of TCR variants and performed biolayer interfer-
ometry affinity measurements to MAGE-AS peptide-MHC, which
confirmed substantial improvements in the binding affinity of
TCRA3_05 (KD =6 ].LM) and TCRA3_10 (KD =10 }J.M) relative to
parental TCRas (Kp not determined) and represent affinities in
the range of TCRs previously utilized in cell therapy clinical trials
(Figure S6) (Borbulevych et al., 2011).

Based on our results, we selected TCRaz.g5 and TCRas_1g tO
further characterize using an enhanced peptide scanning assay
(see STAR Methods). Specificity profiling of TCRa35, TCRa3-0s,
and TCRas.10 revealed that most MAGE-A3 peptide mutations
at positions 1, 3, 4, 5, and 9 were detrimental for TnT-TCRaz_05
and TnT-TCRas.10 activation (Figure 6A). By contrast, several
peptides with mutations at positions 6 and 7, which were mostly
activating in TnT-TCR,3, cells, led to substantially reduced acti-
vation in TnT-TCRa3z.0s and TnT-TCRas.19 cells. Of note, the
presence of valine at peptide position 6, a substitution present
in the titin off-target peptide (ESDPIVAQY), drastically reduced
responses in both TNT-TCRa3.0s and TCRaz.10 (2%—-7% of the
wild-type MAGE-A3 peptide response), which rationalizes the
lack of cross-reactivity of these synthetic TCRs to titin. As a
way of comparison, the same peptide induced a response of
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Figure 6. TCR-Engine variants recognizing the MAGE-A3,¢5_-176 tumor antigen display highly favorable cross-reactivity and alloreactivity
profiles

(A) The cross-reactivity profiles of TnT-TCR43,, TNT-TCRa3-05, and TnT-TCRaz-10 cells were assessed by individual co-cultures with IFN-y pre-treated Colo 205
cells pulsed with single mutant variants (peptide scanning library) of the wild-type MAGE-A3ss-176 Peptide (171 peptides). Heatmaps represent the proportions of
CD69"9" TnT-TCR cells after overnight co-culture, as determined by flow cytometry (n = 1). Data are normalized to the response induced by wild-type peptide
(boxed residues, n = 4). Sequence logos show the relative activity of peptide scanning library members carrying mutations at the same peptide position.

(B) The sequences of peptides mediating 1.5% (TCRaz.05 and TCRasz_1o only), 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%), 90%, and 100% activation
relative to wild-type peptide were utilized to generate motifs to query the UniProtKB database. Dot plots display the number of unique human activating peptides

resulting from these searches.
(C) The distribution of amino acid differences from the target peptide MAGE-A3,65_176 in candidate off-target peptides highlights a predominant prediction of

highly divergent hits.
(D) Venn diagram illustrating the overlap between predicted candidate off-targets for TCRa3, (5% threshold), TCRa3-05 (1.5% threshold), and TCRa3-10 (1.5%

threshold), highlighting 354 peptides shared by all three TCRs.

(E) The cross-reactivity profiles of TNT-TCRa3,, TNT-TCRa3.05, and TnT-TCRas-10 against a peptide library of 354 shared candidate off-targets were assessed by
individual co-cultures with IFN-y pre-treated, peptide-pulsed Colo 205 cells. Heatmaps represent the proportions of CD69"9" TnT-TCR cells after overnight co-
culture, as determined by flow cytometry. Data are normalized to the response induced by the MAGE-A3+65-176 peptide for each TnT-TCR line. Highlighted are
peptides mediating higher than 10% activation in relative to MAGE-A3+6s-176 target peptide in TnT-TCR,3, cells.

(legend continued on next page)
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106% relative to wild-type MAGE-AS3 in TnT-TCR,3, cells (see
Figure 6A), which also led to titin being predicted at the 100%
activation threshold (together with MAGE-A3) when using the
high sensitivity peptide scanning protocol (Figure 5B) The highly
sensitive nature of the assay enabled the generation of motifs at
extremely low thresholds of TnT-TCR activation (i.e., equivalent
to 1.5% activation), thus maximizing the prediction of potential
off-targets. Querying of the UniProtKB database with motifs
derived from peptide scanning data of TnT-TCR,3, was only
possible with a threshold as low as 5% due to a prohibitively
large number of predicted hits when using the ScanProsite
search tool (n = 13,825 unique human hits) (de Castro et al.,
2006). By contrast, motifs derived from TnT-TCRaz.05 and TnT-
TCRa3-10 peptide scanning returned only 25 and 102 human
hits at the same 5% threshold, respectively (Figure 6B). Using
the lowest possible threshold of activation of 1.5%, we obtained
762 and 702 human hits for TCRa3.05 and TCRaz-10, respectively,
still a ~20-fold reduction compared with the number predictions
(13,825) for TCR.3,. The majority of candidate off-targets pre-
dicted in this analysis had five or more amino acid differences
compared with the target peptide MAGE-A3465_176, thus high-
lighting the ability to predict candidate off-targets that are highly
divergent from the intended target (Figure 6C). To experimentally
validate our predictions, we selected 354 candidate off-targets
shared by all three TCRs for screening on Colo205 cells (Fig-
ure 6D; Table S4). In addition to epitopes derived from MAGE-
A6 and titin, TNT-TCR,3, cells responded to additional peptides
(i.e., with higher than 10% activity relative to the MAGE-A316s-176
target), which included the recently reported off-target FAT2, as
well nine additional peptides (ANR16, CD166, COG4, CSPG2,
FAT1, IL7RA, PLD5, RPAB2, and RUSD2). Combined with
MRCKA and the viral peptide AN_HHV8 (see Figure 5), we report
eleven potential TCR,3, Off-targets in total. In contrast, only three
and two off-target peptides in addition to the highly homologous
MAGE-AB16s_17¢ peptide activated TnT-TCRas.gs and TnT-
TCRas-10 cells, respectively (Figure 6E).

In addition to cross-reactivity, alloreactivity of TCRs to other
HLA alleles also poses a concern for safety. Therefore, we
screened for alloreactivity using a panel of human B-LCL lines
harboring the seven most common HLA-A alleles across major
ethnicities (Table S5). CRISPR-edited primary human T cells ex-
pressing TCRaz.05 and TCRas.1o demonstrated robust T cell acti-
vation in response to EJM myeloma cells (HLA-A*0101-positive,
MAGE-A3-positive), A375 melanoma cells (HLA-A*0101-posi-
tive, MAGE-A3-positive), and MAGE-A34gs_176-pulsed 31708
B-LCL cells (HLA-A*0101-positive), but negligible activation in
response to any of the tested B-LCL lines or MAGE-A31gs_176-
pulsed B-LCL-129 cells (HLA-A*0101-negative), indicating that
TCR-Engine variants are not alloreactive to the tested HLA class
| alleles (Figure 6F).

We next determined the potency of TCR-Engine variants in pri-
mary human T cells. Experiments using CRISPR-edited TCR-T

Immunity

cells revealed large and significant improvements in the IFN-y
responses of TCRaz.05 and TCRas.10 against both MAGE-A3-
pulsed Colo 205 cells (Figure 7A) and EJM cells (Figure 7B) relative
to the parental TCRaz.wt. Despite the low frequencies of trans-
genic T cells obtained from genome editing (typically 1%-2%,
see Figure S5E), potent killing of EJM myeloma cells was induced
by TCR-Taz.05 and TCR-Tas.1o Cells (E:T ratio approx. 1:6), with
cytotoxicity comparable with TCR,3, (Figure 7C). Finally, we inves-
tigated the translational potential of TCR-Engine variants for
TCR-T cell therapy. We generated larger numbers of primary hu-
man T cells expressing TCRasz-wt, TCRa3a, TCRa3.05, Or TCRA3-10
by lentiviral transduction (LV TCR-T cells). We first used LV
TCR-T cells to assess cross-reactivity to iPSC-derived beating
cardiomyocytes, which express high levels of titin (Cameron
et al., 2013). Here, only LV TCR-T,3, cells secreted substantial
and significantly higher amounts of IFN-y than the parental
TCRas-wt in the presence of HLA-A1-transfected cardiomyocytes
(Figure 7D). Next, we assessed the ability of LV TCR-T cells to
target EJM myeloma and A375 melanoma cells for T-cell-
mediated killing at multiple effector-to-target ratios. In these ex-
periments, we observed potent killing of target cells by LV
TCR-T cells expressing TCRaz.05s or TCRaz 10, With TCRa3-10
showing marginally higher activity than TCR,3, (Figure 7E). Based
on this observation, we evaluated the antitumor activity in a A375
melanoma xenogeneic tumor model using immunocompromised
NSG mice. In these experiments, a single i.v. infusion of LV
TCR-Tas.10 cells led to significant reductions in the growth of es-
tablished A375 tumors and significantly prolonged survival relative
to mice treated with untransduced T cells or PBS (Figure S7).
Finally, LV TCR-Tas-10 cells showed a substantial and significant
improvement in antitumor activity relative to LV TCR-T cells ex-
pressing the parental TCRas.wr, With similar efficacy to that of
LV TCR-T cells expressing the affinity-enhanced TCR 3, previ-
ously utilized in the clinic (Figure 7F) (Linette et al., 2013). Overall,
our results demonstrate the application of TCR-Engine for the
identification of synthetic TCR variants with favorable therapeutic
properties.

DISCUSSION

Here, we describe the development and application of TCR-
Engine, a method enabling functional engineering and cross-
reactivity profiling of TCRs. A key component of TCR-Engine is
the use of TnT cells, which harbor fully defined genomic changes
that facilitate the display and functional screening of transgenic
TCRs at high-throughput. As such, TnT cells provide important
advantages over alternative TCR engineering platforms that
rely exclusively on affinity-based readouts, especially in light of
the poor correlation that can exist between TCR affinity and
function (Hebeisen et al., 2015; Sibener et al., 2018). Further-
more, TCR reconstitution by CRISPR-Cas9 targeting of the
endogenous TCRp locus offers several advantages over plasmid

(F) The alloreactivity profiles of CRISPR-edited T cells expressing TCRas.0s5, TCRa3-10, Or TCR knockout (KO) was assessed by co-culture with HLA-typed B-LCL
lines expressing the most frequently occurring HLA-A alleles across major ethnicities. Co-cultures with EJM myeloma, A375 melanoma and MAGE-A31gg_176-
pulsed 31708 B-LCL cells are included as positive controls. Co-cultures with MAGE-A34g_176-pulsed B-LCL-129 cells and Colo 205 cells are included as
negative controls. 3 x 10* target cells plus 3 x 10* FACS-enriched CRISPR TCR-T cells (TRBV5-1-positive) or TCR KO T cells (CD3-negative) were added into
each co-culture well (n = 3). Data are displayed as mean + SD. Experiments were performed once.

See also Figure S6.
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Figure 7. TCR-Engine generates candidates for TCR-T cell therapy of MAGE-A3-positive tumors

(A) Activation of CRISPR-edited CD8+ T cells following overnight co-culture with Colo 205 cells pulsed with serially diluted MAGE-A3+6s-176 target peptide (n = 3).
1.25 x 10° T cell transfectants plus 2.5 x 10° Colo 205 cells per well.

(B and C) Activation of CRISPR-edited CD8+ T cells expressing selected TCRa3 variants following overnight co-culture with MAGE-A3-positive EJM myeloma
cells. 2.5 x 10° T cell transfectants plus 1.5 x 10* EJM cells per well. (B) IFN-y secretion, as measured by ELISA of harvested supernatants. (C) T cell-mediated
killing, as assessed by survival of EJM cells after overnight co-culture with edited CD8+ T cells (normalized to TCR KO response).

(D) Activation of untransduced (UT) or lentivirally transduced (LV) TCR-T cells following overnight co-culture with EJM myeloma cells, iCell beating car-
diomyocytes transfected to transiently express HLA-A*0101, untransfected iCell beating cardiomyocytes, or Colo 205 cells, as measured by IFN-y ELISA. 1 x 10°
T cells plus 2 x 10 target cells per well (n = 3).

(E) LV TCR-T cell-mediated killing, as assessed by survival of EJM myeloma cells (left panel) and A375 melanoma cells (right panel) after overnight co-culture with
LV TCR-T cells (n = 3). Target cell survival was assessed by means of flow cytometry and normalized to survival in UT T cell co-cultures at each tested E:T ratio
(5 x 10* target cells plus 5 x 104, 1 x 10%, 2.5 x 10°, or 5 x 10° T cells per well).

(F) The antitumor activity of LV TCR-Tas_10 cells was assessed in a xenogeneic A375 melanoma mouse tumor model. NSG mice were injected s.c. in their left
flanks with 5 x 105 A375luc2 cells on day 0 (n = 6-8), followed by treatment with a single i.v. dose of 1 x 107 UT Tcells or 1 x 107 LV TCR-T T cells on day 23. All
mice were injected periodically with s.c. injections of recombinant human IL-2 (2.75 ug per dose) to promote T cell engraftment (dosing schedule described in
STAR Methods section). Following treatment, mice were monitored for tumor growth (data displayed as mean + SEM). Asterisks indicate significant differences
as determined by one-way (A-C) or two-way (D and F) ANOVA with Bonferroni post hoc test for multiple comparisons. Data in (A)—(E) are displayed as mean + SD;

*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, ns, not significant. Experiments were performed once.

See also Figure S7.

transfection (Wagner et al., 2019) or viral transduction (Chervin
et al., 2008; Karapetyan et al., 2019; Kessels et al., 2000; Mal-
ecek et al.,, 2013; Schmitt et al., 2017; Spindler et al., 2020)
such as homogeneous and physiological expression of TCRs
and occurrence of a single integration event per cell.

Deep sequencing of original libraries and selections is another
important component of the TCR-Engine method as it allows us
to accurately determine the enrichment of specific TCR variants
across selections. In TCR DMS experiments, we identified
several variants that were enriched for antigen binding but not
for antigen-induced signaling, and vice versa, which emphasized
the discordance between TCR binding affinity and activity. For
example, two TCRpyr4 variants had nearly identical signaling ca-
pacity despite one of them displaying undetectable binding to
the MART-1 peptide-MHC dextramer. These results are in
agreement with previous reports of peptide-MHC multimers

failing to detect fully functional TCRs (Rius et al., 2018). Crucially,
DMS of CDR3 regions facilitated the computational design of
combinatorial libraries encompassing a sequence space en-
riched for productive TCR variants. This resulted in a 9-log
reduction in theoretical library size for TCRa3 CDR3p mutagen-
esis (from 2 x 10'*t0 2.6 x 10° library members), which enabled
facile screening in TnT cells.

TnT cells enabled both the engineering and cross-reactivity
profiling of TCRs without the need to reformat transgenes for
cellular display (Border et al., 2019; Karapetyan et al., 2019;
Sanderson et al., 2020) or soluble expression (Gee et al,
2018). By performing mutagenesis of the target MAGE-
A3168-176 Peptide, coupled with a high sensitivity peptide scan-
ning protocol, we predicted and validated known and potential
off-targets for the previous clinical candidate TCR,3,. Despite
its four amino acid difference to MAGE-AS, the titin peptide
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(ESDPIVAQY) alongside the MAGE-A3445_17¢ target were pre-
dicted from the activation threshold for TnT-TCR43,. Further-
more, computationally guided selection of 354 candidate off-
target combinatorial peptides and subsequent screening led to
the identification of three previously reported (i.e., MAGE-AG,
FAT2, and MAGE-B18) and eleven unreported possible off-tar-
gets for TCR,3,, thus demonstrating the sensitivity and applica-
bility of our approach for cross-reactivity screening.

TCR-Engine was able to identify variants that displayed high
specificity for MAGE-AS3, namely TCRaz_05 and TCRaz_10, in as-
says using both TnT-TCR and primary T cells. Functional activa-
tion assays in TnT cells with peptide scanning libraries revealed a
large reduction in the number of predicted off-targets compared
with TCR,3,. Furthermore, screening against a large panel of 354
candidate off-target peptides revealed only three and two poten-
tial off-targets for TCRas.0s (FAT2, PLD5, and CSPG2) and
TCRa3-10 (FAT2 and PLD5), which are shared with TCR,3, and
have not been previously highlighted as a source of toxicity.
Notably, TCR-Engine offers the possibility to initiate additi-
onal engineering campaigns focused on the TCRa chain to re-
move cross-reactivity against such peptides if found to be
problematic.

Finally, we were able to generate compelling proof-of-concept
data on the therapeutic potential of TCR-Engine variants. This
was achieved through a series of preclinical development assays
showing engineered TCRs expressed in primary human T cells:
(1) did not display alloreactivity to B-LCL lines expressing highly
frequent HLA class | alleles, (2) lacked cross-reactivity to beating
cardiomyocytes expressing high levels of titin, (3) demonstrated
potent in vitro tumor cell killing, and (4) showed significant
antitumor activity in a human cell line derived xenograft
mouse model.

Insummary, here, we develop TCR-Engine for high-throughput
engineering and profiling of TCRs on the basis of T cell activation,
a method that should greatly accelerate the characterization and
development of therapeutic TCRs with improved efficacy and
safety profiles.

Limitations of the study

Although we demonstrate that engineering of CDR3 region was
sufficient to generate a promising therapeutic candidate for
TCR-T cell therapy, other parental TCRs may require engineering
of their TCRa chains to further optimize potency and specificity.
This could be particularly important for TCRs recognizing tumor
antigens in which there is no prior knowledge of problematic off-
targets. In this context, stepwise engineering of TCRf followed
by TCRua. (or vice versa) provides an attractive strategy to fine-
tune TCR potency and specificity having gained insights from
the first engineering campaign (e.g., emergence of a previously
unknown off-target).

Our approach closely models not only TCR function but also
validates surface expression on T cells, which is not possible
using other affinity-based platforms such as phage or yeast
display. It nevertheless remains a model platform and differ-
ences exist between CD69/NFAT-GFP expression in TnT cells
and IFN-y secretion in primary human T cells, which we found
overall to be less sensitive for the former. In our study, we were
able to largely eliminate this difference by pre-incubating target
cells with IFN-y to increase HLA class | surface expression.
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However, the use of primary human T cells will remain a
requirement not only for validation purposes but also for formal
preclinical development. Since we can also use our method to
accurately predict TCR cross-reactivity, TCR-Engine provides
a useful tool for the generation of highly de-risked candidates
in preparation for resource intensive preclinical development
(e.g., screening against large panels of primary human cells
and cell lines). In this context, the general applicability of
TCR-Engine will be demonstrated in years to come with
the generation of additional therapeutic candidates from low-
avidity parental TCRs or from TCRs that suffer from safety
liabilities.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE-Cy7-conjugated anti-human CD3e (clone UCHT1) BioLegend RRID:AB_439781

APC-conjugated anti-human CD3e (clone UCHT1) BioLegend RRID:AB_2564151

APC-conjugated anti-human CD4 (clone RPA-T4) BioLegend RRID:AB_2564153

PE-conjugated anti-human CD8a (clone HIT8a) BioLegend RRID:AB_314112

PE-Cy7-conjugated anti-human CD19 (clone HIB19) BiolLegend RRID:AB_314246

APC-conjugated anti-human CD69 (clone FN50) BioLegend RRID:AB_314845

APC-conjugated anti-human Fas (clone DX2) BioLegend RRID:AB_314549

PE-conjugated anti-human TCR o/ (clone IP26) BioLegend RRID:AB_314645

TruStain FcX BioLegend Cat#422301

NY-ESO-1 peptide-MHC dextramer Immudex Cat#WB2696-APC

(SLLMWITQC, HLA-A*0201)

MART-1 peptide-MHC dextramer Immudex Cat#WB2162-APC

(ELAGIGILTV, HLA-A*0201

MAGE-A3 peptide-MHC dextramer Immudex Cat#WA3249-PE

(EVDPIGHLY, HLA-A*0101)

Titin peptide-MHC dextramer (ESDPIVAQY, Immudex Custom-made

HLA-A*0101)

Anti-human CD3e antibody (clone OKT3) BioLegend RRID:AB_11150592

Anti-human CD28 antibody (clone CD28.2) BioLegend RRID:AB_11150591

Biotinylated MAGE-A3 peptide-MHC class | monomers BioLegend Cat#280013

Bacterial and virus strains

E. coli DH5q cells NEB Cat#C2987H

E. coli DH5q cells NEB Cat#C29871

Large Scale Lentivirus Production 2nd Generation Strain

Vigene Biosciences

Custom-made

Biological samples

Human peripheral blood mononuclear cells Stemcell Technologies Cat#70025
Chemicals, peptides, and recombinant proteins

High-glucose DMEM Thermo Fisher Cat#10566016
RPMI-1640 Thermo Fisher Cat#A1049101
ATCC-modified RPMI-1640 Thermo Fisher Cat#11875093
IMDM Thermo Fisher Cat#12440053

Ultra-low 1gG Fetal bovine serum
Penicillin/Streptamycin

Blasticidin

TrypLE

SpCas9

Alt-R HDR enhancer

DAPI viability dye

QuickExtract

TRIZol

RiboLock RNAse inhibitor

Maxima H-minus reverse transcriptase
Custom peptide synthesis
eBioscience Cell Stimulation Cocktail (81 nM PMA,
1.34 uM ionomycin)

soluble PHA

Gibco

Gibco

Sigma Aldrich
Thermo Fisher
IDT

IDT

Thermo Fisher
Lucigen
Invitrogen
Thermo Fisher
Thermo Fisher
Genscript
Thermo Fisher

Invivogen

Cat#16250-078
Cat#15140-122
Cat#15205
Cat#12605010
Cat#1081059
Cat#1081073
Cat#62248
Cat#0905T
Cat#15596018
Cat#EO0381
Cat#EP0751
N/A
Cat#00497093

Cat#inh-phap

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
MHC I-Strep HLA-A*0101; CMV pp50 (VTEHDTLLY) IBA Cat#6-7024-001
recombinant human IFN-y Peprotech Cat#300-02
recombinant human [L-2 Peprotech Cat#200-02
anti-CD3/anti-CD28 tetrameric antibody complexes Stemcell Technologies Cat#10971
Human T Activator Dynabeads Thermo Fisher Cat#11131D
TMB substrate Mabtech Cat#3651-10
Calibrite beads BD Cat#349502
eFluor780 fixable viability dye Thermo Fisher Cat#65-0865-14
TALON metal affinity resin Takara Cat#635502
OptiMEM reduced serum media Thermo Fisher Cat#31985062
ViaFect Transfection Reagent Promega Cat#E4981
recombinant human IL-2, Proleukin Novartis N/A

Critical commercial assays

KAPA HiFi PCR kit with GC buffer Roche Diagnostics Cat#07958846001
KAPA2G Fast ReadyMix kit Sigma Aldrich Cat#KK5102
QIAquick PCR Purification Kit Qiagen Cat#28106

SE Cell Line 4D-Nucleofector X Kit L Lonza Cat#V4XC-1024
SE Cell Line 4D-Nucleofector X Kit S Lonza Cat#V4XC-1032
PureLink RNA Mini kit Invitrogen Cat#12183025
QlAprep Spin Miniprep kit Qiagen Cat#27106
EasySep Human CD8+ T Cell Isolation kit Stemcell Technologies Cat#17953

P3 Primary Cell 4D-Nucleofector X Kit S Lonza Cat#V4XP-3032
Human IFN-y ELISpot Pair BD Cat#551873
96-well ELISpot plates Millipore Cat#MSIPS4W10

Human IFN-y Uncoated ELISA Kit

Thermo Fisher

Cat#88-7316-22

Deposited data

Raw DMS FASTQ data This paper SRA: PRINA869721, https://www.
ncbi.nlm.nih.gov/bioproject/86972
Experimental models: Cell lines
Human: Jurkat E6-1 ATCC RRID:CVCL_0367
Human: A375luc2 ATCC RRID:CVCL_UR32
Human: T2 DSMz RRID:CVCL_2211
Human: EJM DSMz RRID:CVCL_2030
Human: Colo 205 ECACC RRID:CVCL_0218
Human: B-LCL 88 ECACC RRID:CVCL_E416
Human: B-LCL 133 ECACC RRID:CVCL_E347
Human: B-LCL 220 ECACC RRID:CVCL_E382
Human: B-LCL 31708 ECACC RRID:CVCL_E444
Human: B-LCL JS ECACC RRID:CVCL_E718
Human: B-LCL 129 ECACC RRID:CVCL_E344
Human: Expi293 Thermo Fisher Cat#A14527
Human: iCell Cardiomyocytes Fuijifilm CDI Cat#R1224
Experimental models: Organisms/strains
Mouse: Immunodeficient male NOD scid The Jackson Laboratory Strain#:005557
gamma (NOD.Cg-Prkdc°@ [j2rg™i/SzJ)
Oligonucleotides
crBRNA CCR5: tgacatcaattattatacat PMID: 26424571 N/A
crBRNA AAVS1: ggggccactagggacaggat PMID: 23287722 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

crBNA CD4: gcactgaggggctactacca This paper N/A

crRNA TRAC (Jurkat): cagggttctggatatctgt PMID: 28225754 N/A

crRNA Fas: ttggaaggcctgcatcatga This paper N/A

crRNA CDR3B: tcgacctgttcggctaacta This paper N/A

crRNA TRAC (primary T cells): agagtctctca PMID: 31182835 N/A

gctggtaca

crRNA TRBC1/2 (primary T cells): ggagaat PMID: 31182835 N/A

gacgagtggaccc

Alt-R tracrRNA IDT Cat#1072534

Ultramers IDT Custom-made

Recombinant DNA

Plasmid: pX458 Addgene Cat#48138

Plasmid: AAVS1_Puro_Tet3G_ Addgene Cat#92099

3xFLAG_Twin_Strep

Plasmid: pGL4.30 Promega Cat#E8481

Plasmid: pTwist Amp High Copy Twist Bioscience N/A

Plasmid: pTwist_CMV_WPRE Twist Bioscience N/A

Plasmid: pTwist Lenti SFFV Twist Bioscience N/A

Software and algorithms

FlowJo X

GraphPad Prism 9.2.0
R4.1.3

R ggplot2 3.3.6

R ggseqglogo 0.1

R Biostrings 2.64.0

R VennDiagram 1.7.3

Original code

ScanProsite

FlowJo, LLC

GraphPad
R Core Team

https://doi.org/10.1007/
978-0-387-98141-3
https://doi.org/10.1093/
bioinformatics/btx469

https://doi.org/10.18129/
B9.bioc.Biostrings

https://doi.org/10.1186/
1471-2105-12-35

This paper

PMID: 16845026

https://www.flowjo.com/
solutions/flowjo

https://www.graphpad.com/

https://cran.r-project.org/bin/
windows/base/old/4.1.3/

N/A
N/A
N/A
N/A

Github: https://github.com/LSSI-ETH/
Vazquez-Lombardi_2022,

Zenodo: https://doi.org/
10.5281/zenodo.7006793
https://prosite.expasy.org/
scanprosite/

Other

4D-Nucleofector, including LV unit
BD LSRFortessa

Beckman Coulter CytoFLEX

BD FACSAria lll

BD FACSAria Fusion

AID ELRO8 ELISpot reader

Octet instrument

Lonza

BD

Beckman-Coulter

BD

BD

Autoimmun Diagnostika
ForteBio

N/A
N/A
N/A
N/A
N/A
N/A
N/A

RESOURCE AVAILABILITY

Lead contact

Requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sai Reddy (sai.reddy@ethz.ch).
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Materials availability
Reagents generated in this study will be made available on request, but we may require a completed Materials Transfer Agreement.

Data and code availability
® Raw FASTQ files from deep sequencing that support the findings of this study have been uploaded to SRA (NCBI) and are pub-
licly available as of the date of publication, see key resources table.
o Original code for the DMS analysis and peptide scanning processing has been deposited on Github and Zenodo, see key re-
sources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies

NSG mice (NOD.Cg-Prkdcs 112rg"™"™i/SzJ), males 8-12 weeks old, were purchased from the Jackson Laboratory (strain: 005557),
bred in-house at the Department of Biomedicine (University of Basel) pathogen-free facility and provided with standard food and
water without restriction (License: 1007-2H). All mouse experiments were approved by the local ethics committee (Approval
3036, Basel Stadt, Switzerland) and performed in accordance with the Swiss federal regulations.

Cells lines

The Jurkat leukemia E6-1 T cell line (TIB152) and the A375luc?2 cell line (CRL-1619-LUC2) were obtained from the American Type
Culture Collection (ATCC); the T2 hybrid cell line (#ACC598) and the EJM multiple myeloma cell line (#ACC560) were obtained
from the German Collection of Cell Culture and microorganisms (DSMZ); and the Colo 205 colon adenocarcinoma cell line
(#87061208) was obtained from the European Collection of Authenticated Cell Cultures (ECACC). Jurkat cells, engineered TnT cells
and Colo 205 cells were cultured in ATCC-modified RPMI-1640 (Thermo Fisher, #A1049101), T2 cells were cultured in RPMI-1640
(Thermo Fisher, #11875093), EJM cells were cultured in IMDM (Thermo Fisher, #12440053). A375luc2 cells were cultured in high-
glucose DMEM (Thermo Fisher, #10566016) supplemented with 10% FBS and 8 ug mi™ blasticidin (Sigma Aldrich, #15205). All media
other than A375luc2 media were supplemented with 10% FBS, 50 U mI™ penicillin and 50 pug ml™' streptomycin. Detachment of EJM,
Colo 205 and A375luc2 adherent cell lines for passaging was performed using the TrypLE reagent (Thermo Fisher, #12605010). All
cell lines were cultured at 37 °C, 5% CO2 in a humidified atmosphere. Jurkat E6-1 (RRID:CVCL_0367) and Colo 205
(RRID:CVCL_0218) cell lines are male. A375luc2 (RRID:CVCL_UR32) and EJM (RRID:CVCL_2030) cell lines are female. The T2
(RRID:CVCL_2211) is a hyprid cell line and thus of unspecified sex.

B-lymphoblastoid cell lines were purchased from the European Collection for (ECACC) and cultured in ATCC-modified RPMI
(Thermo Fisher, #A1049101) supplemented with 10% FBS, 50 U ml™ penicillin and 50 pg ml™ streptomycin. The B-LCL cell lines
88 (RRID:CVCL_E416), 129 (RRID:CVCL_E344), 133 (RRID:CVCL_E347), 31708 (RRID:CVCL_E444) are female while the cell lines
220 (RRID:CVCL_E382) and JS (RRID:CVCL_E718) are male.

All cell lines were purchased from the vendors specified above, passaged twice, aliquoted and cryopreserved for long term stor-
age. Each aliquot was used for up to 20 passages before discarding. We did not perform authentication of the cell lines.

Primary cell cultures

Human peripheral blood mononuclear cells were purchased from Stemcell Technologies (#70025) and CD8+ T cells isolated using
the EasySep Human CD8+ T Cell Isolation kit (Stemcell Technologies, #17953). Primary human CD8+ T cells were cultured for up to
24 days in ATCC-modified RPMI (Thermo Fisher, #A1049101) supplemented with 10% FBS, 10 mM non-essential amino acids,
50 uM 2-mercaptoethanol, 50 U mlI™" penicillin, 50 pg mi™" streptomycin and freshly added 20 ng mI™* recombinant human IL-2,
(Peprotech, #200-02). According to Stemcell Technologies, donor 1 is Hispanic, male and age 26 while donor 2 is Pacific islander
and male.

METHOD DETAILS

Polymerase chain reaction (PCR)

PCRs for cloning, generation of HDR templates, genotyping of mammalian cells, generation of TCR libraries and generation of am-
plicons for deep sequencing were performed using the KAPA HiFi PCR kit with GC buffer (Roche Diagnostics, #07958846001) and
custom designed primers (Table S6). Annealing temperatures (x) were optimized for each reaction by gradient PCR and cycling con-
ditions were as follows: 95°C for 3 min; 35 cycles of 98°C for 20 s, x°C for 15's, 72°C for 30 s per kb; final extension 72°C for 1 min per
kb. PCRs for genotyping of bacterial colonies after transformation were performed using the KAPA2G Fast ReadyMix kit (Sigma
Aldrich, #KK5102) with custom designed primers and the following cycling conditions: 95°C for 3 min; 35 cycles of 95°C for 15 s,
60°C for 15 s, 72°C for 15 s per kb; final extension 72°C for 1 min per kb.
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Development of TCR-accepting T cells (TnT)

In the first step, we equipped the Jurkat T cell line with constitutive Cas9 and human CD8 expression by CRISPR-Cas9 HDR targeting
the CCRS5 safe harbor locus (Sather et al., 2015). This was performed in order to simplify and increase genome editing efficiency (Ma-
son et al., 2018), and to allow screening of CD8+ T cell-derived TCRs recognizing MHC class I-restricted peptides. In line with this, in
the second step we knocked out the endogenous Jurkat CD4 co-receptor by CRISPR-Cas9 non-homologous end joining (NHEJ). In
the third step, we introduced an NFAT-GFP construct into the AAVS1 safe harbor locus through CRISPR-Cas9 HDR, which provides
a fluorescence reporter of TCR signaling and activation. Notably, our design incorporated a promoter-less mRuby cassette that
acted as a PPP1R12C gene-trap (Hockemeyer et al., 2009) and served to identify successfully edited cells. In the fourth step, we
targeted the endogenous Jurkat TCRa chain for knockout through CRISPR-Cas9 NHEJ, leading to the generation of a cell line
with abolished surface expression of the TCR-CD3 complex. In addition to eliminating the possibility of transgenic TCR chains mis-
pairing with the endogenous Jurkat TCRa chain, this approach allows us to use restoration of CD3 surface expression as a selectable
marker for successful integration of transgenic TCRs (see Figure 2C). In the final step, we knocked out expression of the Fas cell sur-
face death receptor (Fas) by CRISPR-Cas9 NHEJ with the aim of reducing activation-induced cell death (AICD). This resulting cell line
constitutively expresses Cas9, human CD8, and mRuby, harbors an NFAT-GFP reporter of TCR signaling, and lacks expression of
CD4, endogenous TCR and Fas, and thus represents the TnT platform used throughout this study. An overview of all genomic
changes harboured by TnT cells is shown in Figure 1. The sequences of primers utilized for HDR template generation and clone gen-
otyping are listed in Table S6.

We sought to reconstitute TnT cells with transgenic TCRs in a manner that would allow for monoallelic, homogenous and physi-
ological TCR expression. To this end, we used CRISPR-Cas9 HDR to target integration of TCR transgenes to the recombined Jurkat
TCRB locus. First, we confirmed that the Jurkat T cell line expresses a single TCRf chain by performing template-switching RT-PCR
and Sanger sequencing (Figures S1A and S1B). We then designed and validated a gRNA molecule targeting the complementarity-
determining region 3 (CDR3p) of the Jurkat TCRB chain (Figure S1C). Since the CDR3p sequence arises from the allele-independent
recombination of V-, D- and J-genes, it provides a genomic target that is both highly specific and monoallelic. Having identified a
suitable gRNA, we then proceeded to design TCRaB HDR templates for targeted TCR reconstitution in TnT cells. HDR templates
contained sequences encoding TCRa. variable (VJa) and constant (TRAC) domains, a self-processing T2A peptide and a TCRp var-
iable (VDJB) domain, flanked by ~ 900 bp homology arms mapping to the recombined Jurkat TCRp locus (see Figure 2B). During the
extensive characterization of TnT cells reconstituted with TCR1g4 (NY-ESO-1), TCRpmrs (MART-1) or TCRpwmes (MART-1) using our
approach, we confirmed TnT-TCR resistance to AICD (Figure S1G) and physiological down-regulation of surface TCR-CD3 expres-
sion with increasing amounts of presented antigen (Figure STH).

Cloning and generation of HDR templates

DNA for gene-encoding regions and homology regions were generated by gene synthesis (Twist Bioscience) or PCR and introduced
into desired plasmid backbones via restriction cloning (Table S7). The following plasmids were used as backbones: pX458 (Addgene,
#48138), AAVS1_Puro_Tet3G_3xFLAG_Twin_Strep (Addgene, #92099), pGL4.30 (Promega, #E8481) and pTwist Amp High Copy
(Twist Bioscience). Targeted knock-in of Cas9/GFP into the CCR5 locus was performed utilizing circular plasmid DNA as the HDR
template. HDR templates for all other targeted knock-in experiments were provided as linear double-stranded DNA (dsDNA) gener-
ated by PCR. Prior to transfection, PCR products were column-purified using the QIAquick PCR Purification Kit (Qiagen, #28106). For
targeted TCR reconstitution of TnT cells, homology arms flanking the recombined Jurkat TCR VDJ locus were designed and cloned
in pTwist (Twist Bioscience), resulting in pJurTCRB. TCRap cassettes encoding transgenic TCRs were generated by gene synthesis
(Twist Bioscience) and cloned into pJurTCRB using naturally occurring Xbal and Bsal restriction sites present within the homology
arms. Next, HDR templates were generated by PCR using primer pair RVL-127/128 and PCR products purified prior to transfection.
For targeted TCR reconstitution of primary human CD8+ T cells, TCRBa cassettes lacking TRAC exons 2-3 and flanked by homology
arms mapping to TRAC exon 1 (Schober et al., 2019) were designed and cloned in pTwist (Twist Bioscience). HDR templates were
generated by PCR using primer pair RVL-164/165 and PCR products purified prior to transfection.

CRISPR-Cas9 genome editing

Transfection of TnT cells and Jurkat-derived cell lines was performed by electroporation using the 4D-Nucleofector device (Lonza)
and the SE cell line kit (Lonza, #V4XC-1024). The day before transfection, cells were seeded at 2.5x10° cells mI™ and cultured for 24 h.
Prior to transfection, gRNA molecules were assembled by mixing 4 pl of custom Alt-R crRNA (200 uM, IDT) with 4 uL of Alt-R tracrRNA
(200 uM, IDT, #1072534), incubating the mix at 95°C for 5 min and cooling it to room temperature. For transfection of Cas9-negative
cell lines, 2 pL of assembled gRNA molecules were mixed with 2 uL of recombinant SpCas9 (61 uM, IDT, #1081059) and incubated
for > 10 min at room temperature to generate Cas9 RNP complexes. Immediately prior to transfection, cells were washed twice in
PBS and 1x10° cells were re-suspended in 100 pL of SE buffer. 1.5 ug of HDR template and 7 pL of assembled gRNA (or 4 uL of Cas9
RNP complexes) were added to the cell suspension, mixed and transferred into a 1 mL electroporation cuvette. Cells were electro-
porated using program CK116, topped-up with 1 mL of complete media and rested for 10 min prior to transfer into a 12-well plate.
Alt-R HDR enhancer (IDT, #1081073) was added at a 30 uM final concentration and removed after 16 h of culture by centrifugation.
HDR efficiency was assessed by flow cytometry on day 5 post-transfection. For transfections at the 20 uL scale (Lonza, #V4XC-
1032), cell numbers and reagent volumes were reduced 5-fold.
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Flow cytometry and FACS

Flow cytometric analysis of cell lines and primary T cells was performed according to standard protocols. The following antibodies
were purchased from BioLegend and used at 1 ug ml™" in flow cytometry buffer (PBS, 2% FBS, 2 mM EDTA): PE-Cy7-conjugated or
APC-conjugated anti-human CD3e (clone UCHT1, #300420 or #300458), APC-conjugated anti-human CD4 (clone RPA-T4,
#300552), PE-conjugated anti-human CD8a (clone HIT8a, #300908), PE-Cy7-conjugated anti-human CD19 (clone HIB19,
#302216), APC-conjugated anti-human CD69 (clone FN50, #310910), APC-conjugated anti-human Fas (clone DX2, #305611) and
PE-conjugated anti-human TCR «/f (clone IP26, #306707). DAPI viability dye (Thermo Fisher, #62248) was added to antibody cock-
tails at a final concentration of 1 pg mi™. Cells were washed once in flow cytometry buffer prior to staining, stained for 20 min on ice
and washed twice in flow cytometry buffer before analysis using BD LSRFortessa or Beckman-Coulter CytoFLEX flow cytometers.
Blocking of Fc receptors in T2 cells was performed prior to staining using the TruStain FcX reagent (BioLegend, #422301). Staining
with peptide-MHC dextramers was performed for 10 min at room temperature (RT), followed by addition of 2X antibody cocktails (2
ug mlI™" antibodies, 2 ug mI™' DAPI) and incubation for 20 min on ice. The following peptide-MHC dextramers were commercially
obtained from Immudex: NY-ESO-1457.165 (SLLMWITQC, HLA-A*0201, #WB2696-APC); MART-126.35071) (ELAGIGILTV, HLA-
A*0201, #WB2162-APC); MAGE-A316s.176¢ (EVDPIGHLY, HLA-A*0101, #WA3249-PE) and titinss 337-04,345 (ESDPIVAQY, HLA-
A*0101, custom-made, APC-conjugated). Peptide-MHC dextramers were used at a 3.2 nM final concentration (i.e., 1:10 dilution)
for staining, unless indicated otherwise in figure legends. FACS was performed using BD FACSAria lll or BD FACSAria Fusion
instruments. Single-cell sorts were collected in 96-well flat-bottom plates containing conditioned media and clones were cultured
for 2-3 weeks prior to characterization.

Genotyping of cell lines and transfectants

Genomic DNA was extracted from 2x10° cells by resuspension in 100 uL of QuickExtract solution (Lucigen, #0905T), incubation at
65°C for 6 min, vortexing for 15 s and incubation at 98°C for 2 min. 5 puL of genomic DNA extract were then used as templates for 25 pL
PCR reactions. For genotyping by two-step RT-PCR, RNA from 1x10° cells was extracted using the TRIZol reagent (Invitrogen, #
15596018) and column-purified using the PureLink RNA Mini kit (Invitrogen, #12183025). For reverse transcription, 100 pmol of oligo
dT, 10 nmol of each dNTP, 5 uL RNA and sufficient nuclease-free water for a final 14 pL volume were mixed, incubated at 65°C for
5 min and chilled on ice for 5 min. This was followed by addition of 4 uL of 5X RT buffer, 40 units of RiboLock RNAse inhibitor (Thermo
Fisher, #£00381) and 200 units of Maxima H-minus reverse transcriptase (Thermo Fisher, #EP0751) and mixing. In some experi-
ments, 40 pmol of template-switching oligonucleotide (TSO, Table S6) was added for labelling of first-strand cDNA 3’ ends (Picelli
et al., 2014). Reverse transcription was performed at 50°C for 30 min, followed by inactivation at 85°C for 5 min. 5 pl of the resulting
cDNA-containing reverse transcription mixes were then used as templates for 25 uL PCR reactions.

Peptides and peptide pulse

Peptides and peptide libraries were generated by custom peptide synthesis (Genscript), re-suspended at 10 mg ml™' in DMSO and
placed at -80°C for prolonged storage. For peptide pulsing, T2 cells or Colo 205 cells were harvested and washed twice in serum-free
RPMI 1640 (SF-RPMI). Peptides were diluted to 10 ug ml™" in SF-RPMI (or to concentrations indicated in figure legends) and the
solution was used to re-suspend cells at 1x10°8 cells ml™'. Cells were incubated for 90 min at 37°C, 5% CO2, washed once with
SF-RPMI, re-suspended in complete media and added to co-culture wells (see section below).

TnT stimulation and co-culture assays

For clone screening and assessment of AICD, TnT cells and Jurkat-derived cell lines were stimulated overnight with either 10 ug ml™
plate-bound anti-human CD3e antibody (clone OKT3, BioLegend, #317326), 1X eBioscience Cell Stimulation Cocktail (81 nM PMA,
1.34 M ionomycin; Thermo Fisher, #00497093), or 10 ng mL™" soluble PHA (Invivogen, inh-phap). For co-culture experiments, TnT-
TCR cells at ~ 1x10° cells mI™" density were harvested, pelleted by centrifugation and re-suspended in fresh complete media at 1x10°
cellsml™™. 1x10° TnT-TCR cells (100 pL) were seeded in wells of a V-bottom 96-well plate. Antigen-expressing cells (EJM) or peptide-
pulsed cells (T2, Colo 205) were adjusted to 1x10° cells mI™! in complete media and 5x10* cells (50 uL) added to each well. Anti-hu-
man CD28 antibody (clone CD28.2, BioLegend, #302933) was added at a final concentration of 1 pg ml™ for co-stimulation of all
samples (including negative controls) and plates were incubated overnight at 37°C, 5% CO,. The next day, expression of NFAT-
GFP and CD69 in TnT-TCR cells was assessed by flow cytometry. Flow cytometric discrimination between TnT-TCR cells and
Colo 205 cells (or EJM cells) was based on side scatter area (SSC-A) and mRuby expression, while discrimination between TnT-
TCR cells (CD19-negative) and T2 cells (CD19-positive) was based on CD19 expression.

Deep mutational scanning (DMS) library generation

DMS libraries of the CDR3p regions of TCRa3 and TCRpywr4 Were generated by plasmid nicking mutagenesis as described by Wren-
beck and colleagues (Wrenbeck et al., 2016). The protocol relies on the presence of a single BbvCl restriction site for sequential
targeting with Nt.BbvCl and Nb.BbvCl nickases, digestion of wild-type plasmid and plasmid re-synthesis using mutagenic oligonu-
cleotides. A plus-strand BbvCl restriction site was introduced into the pJurTCRB-TCRa3 plasmid by means of PCR and blunt-end
ligation, while the endogenous minus-strand BbvCl site present in the TRBV10-3 gene of pJutTCRB-TCRpyr4 Was targeted. The
order of BbvCl nickase digestion was adjusted for each plasmid so that the plus DNA strand was digested first. Mutagenic oligonu-
cleotides were designed using the QuikChange Primer Design online tool (Agilent) and assessed for the presence of secondary
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structures using the Oligo Evaluator online tool (Sigma-Aldrich) (Table S6). Oligonucleotides showing strong potential for forming
secondary structures were manually modified to reduce this propensity. After nicking mutagenesis, mutated plasmids were trans-
formed into 100 uL of chemically competent E. coli DH50. cells (NEB, #C2987H) and plated on ampicillin (100 pg ml™) LB agar in
Nunc BioAssay dishes (Sigma-Aldrich, #D4803). Serial dilutions of transformed cells were plated separately to quantify bacterial
transformants. Plasmid libraries were purified from bacterial transformants using the QlAprep Spin Miniprep kit (Qiagen, #27106).
HDR templates were generated from plasmid libraries by PCR using primer pair RVL-127/128 and column-purified prior to
transfection.

DMS library screening and selections

DMS library HDR templates and CDR3B gRNA were used to transfect 1x10° TnT cells. In TCRa3 DMS selections, cells with restored
CD8 surface expression and no binding to control titin peptide-MHC dextramer were isolated by FACS on day 8 post-transfection
(SEL 1). Sorted cells were expanded for 13 days and either stained with MAGE-A3 peptide-MHC dextramer or co-cultured overnight
with MAGE-A3-positive EJM cells. Dextramer-positive cells (SEL 2A) and activated CD69"9" cells (SEL 2B) were then isolated by
FACS. In TCRpmrs DMS selections, cells with restored CD3 surface expression and no binding to control NY-ESO-1 peptide-
MHC dextramer were isolated by FACS on day 8 post-transfection (SEL 1). Sorted cells were expanded for 13 days and either stained
with MART-1 peptide-MHC dextramer or co-cultured overnight with MART-1 peptide-pulsed T2 cells. Dextramer-positive cells (SEL
2A) and activated NFAT-GFP-positive cells (SEL 2B) were then isolated by FACS.

Generation of combinatorial TCR,; libraries

Degenerate codons reflecting the combined CDR3 amino acid frequencies observed in TCRa3 DMS binding and signaling selec-
tions (SEL2A+2B) were determined as previously described (Mason et al., 2018). The library resulting from two iterations of our al-
gorithm was modified to include VNB codons at CDR3p positions 4 and 6. For library construction, ssDNA oligonucleotides contain-
ing a 28 nt complementary overlap were designed and purchased as custom ultramers (IDT, Table S6). The forward ultramer encoded
exclusively wild-type TCRa3z codons, while the reverse ultramer contained the reverse complement of both wild-type and library
degenerate codons. 200 pmol of each ultramer were mixed and subjected to single-cycle PCR using the following conditions:
95°C for 3 min, 98°C for 20 s, 70°C for 15 s, 72°C for 10 min. The resulting 270 bp dsDNA product was gel-purified (Zymogen,
#D4002) and 8 ng were utilized as template for a 200 uL PCR reaction using external primers with the following cycling conditions:
95°C for 3 min; 25 cycles of 98°C for 20 s, 62°C for 15 s, 72°C for 15 s; final extension 72°C for 30 s. The PCR product was column-
purified, digested with Kpnl and Bsal restriction enzymes, and re-purified. In parallel, the pJurTCRB-TCRa3 plasmid was digested
with Kpnl and Bsal, de-phoshorylated (CIP, NEB, #M0290) and gel-purified. Digested PCR product (112.5 ng) and plasmid
(750 ng) were ligated in a 75 pl reaction containing 1X T4 PNK buffer, 1 mM ATP and 3 units of T4 DNA ligase for 2 h at RT (all
from NEB). Next, the ligation mix was transformed into 750 pL of chemically competent E. coli DH5¢. cells (NEB, #C29871) and plated
on ampicillin LB agar in Nunc BioAssay dishes. Quantification of bacterial transformants, purification of plasmid library and gener-
ation of HDR templates was performed as described for DMS libraries.

Combinatorial TCR,3 library screening

Combinatorial library HDR templates (20 pg) and CDR3B gRNA (10 nmol) were used to transfect 1x108 TnT cells using the 4D-
Nucleofector LV unit (Lonza, #AAF-1002L). TnT cells with restored CD3 surface expression were bulk sorted (SEL 1) on day 6
post transfection. SEL 1 cells were expanded for 6 days prior to overnight co-culture with MAGE-A3-positive EJM cells followed
by co-staining with MAGE-A3 and titin peptide-MHC dextramers. After co-culture, NFAT-GFP-positive cells displaying positive
MAGE-A3 peptide-MHC binding and negative titin peptide-MHC binding were bulk-sorted (SEL 2) and expanded in culture for
12 days. SEL 2 cells were co-cultured overnight with either peptide MAGE-A3-pulsed (MAGE-AS3) or titin-pulsed Colo 205 cells.
Activated NFAT-GFP-positive cells from MAGE-A3 (SEL 3A) and titin (SEL 3B) co-cultures were bulk-sorted for RNA extraction,
RT-PCR and deep sequencing.

Deep sequencing and analysis of TCR libraries

TCR amplicons for deep sequencing of plasmid libraries were generated by PCR using primer pair RVL-144/154, while TCR ampli-
cons for deep sequencing of TnT-TCR selections were generated by two-step RT-PCR using primer pair RVL-144/145. In both cases,
PCR was limited to 25 cycles. TCR amplicons were column-purified and deep-sequenced using the Amplicon-EZ service (Genewiz),
which includes adaptor/index ligation and paired-end lllumina sequencing (250 cycles) followed by delivery of 50,000 assembled
reads per sample with unique sequence identification and abundance analysis. For DMS plasmid libraries and selections, unique
sequences with less than ten sequencing reads were excluded from enrichment analysis, as every library member had sequencing
reads above this threshold. Sequence enrichment of unique DMS variants was determined by dividing their observed frequencies in
SEL 1 (TCR-CD83 expression), SEL 2A (binding) and SEL 2B (signaling) over their plasmid DMS library frequencies, and heatmaps
were generated using the GraphPad Prism software. For the TCRa3 combinatorial plasmid library and selections, unique clone fre-
quency data was filtered to remove clones containing insertions, deletions or mutations outside CDR3. Filtered data was used to
generate sequence logos weighted on amino acid frequencies at specific CDR3p positions using R packages ggseglogo (Wagih,
2017) and ggplot2. The frequencies of specific TCRa3 variants across selections were identified by merging unique clone datasets
using a custom Python script. Sequence enrichment of unique TCRa3 combinatorial variants was determined by dividing their
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observed frequencies in SEL 2 (MAGE-A3-induced activation and binding), SEL 3A (MAGE-A3-induced activation) and SEL 3B (titin-
induced activation) over their SEL 1 (TCR-CD3 expression) frequencies.

Peptide scanning and off-target validation

A peptide scanning library of the target MAGE-A3465.176 EVDPIGHLY peptide was designed and generated by custom peptide syn-
thesis (Genscript). Each library member (n = 171) was individually pulsed at a 50 ug ml™' concentration on Colo 205 cells for co-culture
with TnT-TCR cells (n = 171 co-cultures). Co-cultures with MAGE-A3-pulsed (n = 3), titin-pulsed (n = 3), CMV-pulsed (n = 6) peptides
and unpulsed (n = 6) Colo 205 cells were included as controls. After overnight co-culture, TnT-TCR activation was assessed by NFAT-
GFP and CD69 expression by means of flow cytometry. The mean background activation observed in CMV peptide controls (i.e.,
VTEHDTLLY peptide pulse) was subtracted from all samples and their responses normalized to the mean MAGE-A3 response. In
the improved sensitivity protocol, Colo 205 were treated overnight with 200 ng mL-1 recombinant human IFN-y (Peprotech, 300-
02) prior to peptide pulsing. Normalized data was used to generate heatmaps (GraphPad Prism), weighted sequence logos (ggseq-
plot, ggplot2 in R) and peptide sequence motifs of allowed substitutions at discrete activation thresholds (Bioconductor package
Biostrings in R). Peptide sequence motifs were then used to query the UniProtKB database (including splice variants) with the
ScanProsite online tool. The output of these searches was processed using the Biostrings package in order to compute the number
of unique peptide hits. Unique peptide hits shared between TCR,3a, TCRas-.05 and TCRa3.10 Were identified computationally (Bio-
conductor package Biostrings, and VennDiagram in R), with resulting 354 candidate off-targets synthesized (Genscript) for screening
using peptide-pulsed Colo 205 (IFN-y pre-treated) as target cells and TnT-TCR cells as effectors.

Primary T cell reconstitution with transgenic TCRs
For generation of CRISPR TCR-T cells, T cells were activated with anti-CD3/anti-CD28 tetrameric antibody complexes (Stemcell
Technologies, #10971) on days 1 and 13 of culture and expanded every 3-4 days. Transfection of primary T cells with Cas9 RNP
complexes and TCRBa HDR templates was performed 3-4 days following activation using the 4D-Nucleofector and a 20 uL format
P3 Primary Cell kit (Lonza, V4XP-3032). Briefly, 1x10° primary CD8+ T cells were transfected with 1 ug of HDR template, 1 ul of TRAC
Cas9 RNP complex and 1 pl of TRBC1/2 Cas9 RNP complex using the EO115 electroporation program (Cas9 RNP complexes =
50 uM gRNA, 30.5 uM recombinant SpCas9). For RT-PCR validation of TCR reconstitution, RNA was extracted from 1x10°8
T cells, quantified using a Nanodrop instrument, and 40 ng RNA used as input for reverse transcription. 2 uL of reverse transcription
mixes were then utilized as templates for 25 uL. PCR reactions.

For generation of lentivirally-transduced TCR-T cells, spinoculation with lentiviral particles packaging a TCRa-P2A-TCRB-T2A-
GFP cassette (Vigene Biosciences) was performed on pan-human T cells at 24 hours post-activation with Human T Activator Dyna-
beads (Thermo Fisher, 11131D) following a previously described protocol (Prommersberger et al., 2020).

Co-culture of primary T cells and IFN-y ELISpot

IFN-y ELISpot assays were performed using the Human IFN-y ELISpot Pair (BD, #551873), 96-well ELISpot plates (Millipore,
#MSIPS4W10), Avidin-HRP (Biolegend, #405103) and precipitating TMB substrate (Mabtech, #3651-10). Wells were activated
with 15%(v/v) ethanol for 30 s, washed twice with PBS and coated with 5 ng mi™ capture antibody (in PBS) at 4°C overnight (or
up to a week). On the day of co-culture (i.e, day 5 post-transfection), wells were washed twice with PBS and blocked with primary
T cell media lacking IL-2 (RP10-TC) for > 2 h at 37°C. In parallel, TCR-reconstituted primary CD8+ T cells were rested in the absence
IL-2 for 6 h. After resting, T cells were washed and re-suspended in fresh RP10-TC media. A 100 uL volume of cell suspensions
containing 5x10* to 4x10° T cells was then transferred into blocked ELISpot wells, as specified in figure legends. Next, 1.5x10* an-
tigen-expressing (EJM) or peptide-pulsed (Colo 205) cells were added into wells in a 50 uL volume of RP10-TC media. Anti-CD28
monoclonal antibody was added into every well at a 1 ug ml™" final concentration and plates were incubated for 20 h at 37°C, 5%
CO:.,. Following co-culture, cells were removed, and wells washed three times with wash buffer (0.01%(v/v) Tween 20 in PBS). Detec-
tion antibody was then added at 2 ng mI™ in dilution buffer (0.5%(v/v) BSA in PBS) followed by 2 h incubation at RT. After incubation,
wells were washed three times with wash buffer and 1:2000 avidin-HRP (in dilution buffer) added for 45 min at RT. Wells were washed
three times with wash buffer and once in PBS, followed by development with precipitating TMB substrate for 3-10 min at RT.
Development was stopped by washing with deionized water and plates were dried for > 24 h in the dark prior to analysis using an
AID ELRO8 ELISpot reader (Autoimmun Diagnostika).

Primary T cell cytotoxicity assay

TCR-reconstituted primary CD8+ T cells were washed and re-suspended in fresh RP10-TC media. A 100 pL volume of cell suspen-
sions containing 1.25x10° T cells was then transferred into wells of a sterile U-bottom 96-well plate. Next, 1.5x10* EJM cells (MAGE-
A3-positive, HLA-A*0101-positive) were added into wells in a 50 pL volume of RP10-TC media. Anti-CD28 monoclonal antibody (1 ng
ml™") and recombinant human IL-2 (20 ng mI™") were added into every well and cells were incubated for 20 h at 37°C, 5% CO2. After
co-culture, supernatants were harvested by centrifugation and IFN-y concentration determined by ELISA (Thermo Fisher, #88-7316-
22) following manufacturer’s instructions. The T cell-mediated cytotoxicity was determined by assessing EJM cell survival after co-
culture. Briefly, 2x10* Calibrite™ beads (BD, #349502) were added to every sample, followed by washing once in PBS. Samples were
resuspended ina 1 pl mI™ dilution of eFluor780 fixable viability dye (in PBS, Thermo Fisher, #65-0865-14) and incubated for 20 min on
ice. Cells were washed twice in flow cytometry buffer, Fcy receptors were blocked for 10 min on ice (TruStain FcX, Biolegend, #
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422302), and samples were stained with anti-human CD8 and anti-human CD138 fluorescently labeled monoclonal antibodies for a
further 20 min on ice. Samples were washed in flow cytometry buffer and analyzed by flow cytometry. The number of surviving EJM
cells (eFluor780-negative, CD8-negative, CD138-positive) in each sample was calculated from the total number of acquired beads.
Percentage EJM survival across samples was normalized to the mean number of live EJM cells observed in samples containing TCR
KO T cells, which was then transformed into percentage cytotoxicity. For T cell cytotoxicity assays using lentivirally-transduced
TCR-T cells as effectors, 5x10* EJM myeloma cells or 5x10* A375 melanoma cells were seeded in wells of a U-bottom 96-well plate
and co-cultured with different amounts of effector T cells in a final 150 uL volume (see figure legends). Following overnight co-culture,
EJM (target-specific marker: CD138) and A375 (target-specific marker: HLA-A2) cell survival was assessed by flow cytometry as
described above, with normalization relative to control co-cultures with untransduced T cells.

B-LCL alloreactivity assay

CRISPR TCR-T cells were generated as described above and subjected to FACS enrichment in order to obtain pure populations of
T cells expressing transgenic A3 TCRs (TRBV5-1-positive) as well as pure populations of negative control TCR knockout T cells (CD3-
negative). Following FACS enrichment, 3x104 CRISPR TCR-T cells were co-cultured overnight with 3x10* B-LCL cells or appropriate
positive controls in complete T cell media supplemented with 20 ng ml™" IL-2 and 1 ug ml™' anti-CD28 monoclonal antibody. After co-
culture, supernatants were harvested for assessment of IFN-y secretion by means of ELISA following the manufacturer’s instructions
(Thermo Fisher, #88-7316-22).

TCR affinity measurements

TCRs were re-formatted for soluble expression as recently described (Froning et al., 2020). Briefly, TRAV and TRBV regions were
genetically fused to stabilized constant domains containing the following mutations: T1501, A190T, S139F (in TRAC), and E134K,
H139R, D155P, S170D (in TRBC1). An additional interchain disulphide bond was introduced by adding two further mutations (i.e.,
T166C in TRAC and S173C in TRBC1) (Boulter et al., 2003). Constant regions were truncated at positions C231 (TRAC) and C247
(TRBC1), thus retaining the native disulphide bond. A murine IGKV signal peptide (MVFTPQILGLMLFWISASRG) was used to drive
secretion of both TCR chains from separate plasmids, and an N-terminal 8xHis tag was added to the TCRa. chain construct to allow
for purification. Designed TCR cassettes were generated by gene synthesis and cloned into the mammalian expression vector
pTwist_CMV_WPRE (Twist Biosciences). Suspension-adapted HEK293 cells (Expi293, Thermo Fisher) were co-transfected with
TCRa and TCRp plasmids and secreted soluble TCRs were purified from culture supernatants using the TALON metal affinity resin
(Takara, #635502) as described previously (Vazquez-Lombardi et al., 2018). Biolayer interferometry (BLI) measurements were per-
formed using the Octet instrument (ForteBio). Biotinylated MAGE-A3 peptide-MHC class | monomers (Biolegend, #280013) were
loaded onto streptavidin biosensors at 10 pg ml™ for 600 s. Binding curves were obtained using soluble TCRs diluted serially in a
2-fold fashion with 120 s association and 300 s dissociation times. Scatchard plots were generated using the Prism GraphPad
software.

TCR-T cell co-culture with beating cardiomyocytes

Cryopreserved cardiomyocytes differentiated from induced pluripotent stem cells (iPSC) were obtained commercially, thawed
and cultured as per manufacturer’s instructions (Fujifiim CDI, R1224) in 96-well flat-bottom plates pre-coated with 0.1% (v/v)
gelatin at 2x10* cells per well. Beating activity was confirmed visually using an inverted light microscope as early as 4 days
post-thawing. On day 7 post-thawing, beating cardiomyocytes were transfected by lipofection using the ViaFect reagent (Prom-
ega, E4981) and a custom designed pTwist_CMV_WPRE mammalian expression plasmid encoding an HLA-A*0101-P2A-BFP
gene cassette (Twist Biosciences). Briefly, 8 ug of plasmid DNA were diluted in 800 puL of OptiMEM | reduced serum media
(Thermo Fisher, 31985062), sterile-filtered and complexed with 16 pL ViaFect reagent (i.e., a 1:2 DNA:lipofection reagent ratio)
for 20 min at RT. Each well was then transfected with a volume corresponding to 7.5 ng of plasmid following manufacturer’s
instructions (Fujifilm CDI, Application Protocol AP-CMCVIA160719). Transfection efficiency was measured in test wells at 48
hours post-transfection by flow cytometry detection of BFP expression. Co-cultures with LV TCR-T cells were performed at
72 hours post-transfection by addition of 1x10° LV TCR-T cells into each well (E:T ratio 5:1) in complete T cell media supple-
mented with 20 ng ml-1 recombinant human IL-2 and 1 ug ml™" anti-CD28 monoclonal antibody. Culture supernatants were
harvested following overnight co-culture for assessment of IFN-y secretion by means of ELISA following manufacturer’s instruc-
tions (Thermo Fisher, #88-7316-22).

Xenogeneic A375 melanoma mouse tumor model

Immunodeficient male NOD scid gamma (NSG) mice at 6 weeks of age were inoculated subcutaneously (s.c.) with 5x10° A375luc2
cells (ATCC, CRL-1619-LUC2) in 200 pL of PBS in their left flanks. Mice were injected intravenously with vehicle (PBS), 1x10” untrans-
duced T cells or 1x10” LV TCR T cells (injection volume = 200 uL) on days 23-27 as indicated in the figure legends. All mice received
s.c. injections of 2.75 ng recombinant human IL-2 (Proleukin ™, Novartis) on the day of T cell injection, the subsequent two days, and
on a biweekly basis for the first three weeks of the experiment, as previously described (Jespersen et al., 2017). Following inoculation,
tumor volume was monitored every 2-3 days using calipers (tumor volume = length x width?/2) and mice were euthanized if showing
considerable weight loss (> 20% of initial body weight), displaying obvious signs of systemic illness or if tumors grew larger than
1500 mm?,
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data are displayed as mean+SEM or mean+SD as indicated in the figure legends, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns =
not significant). Statistical analyses included one-way and two-way analysis of variance with Bonferroni post hoc test for multiple
comparisons. EC50 values were derived from non-linear least squares fits. Linear regression analysis was added to enrichment scat-
ter plots. Mouse survival was displayed using Kaplan-Meier plots and compared by the log-rank (Mantel-Cox) test. Data were
analyzed using the Prism software (GraphPad).
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