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INTRODUCTION: The T cell receptor (TCR) con-
trols T cell antigen specificity and helps de-
termine response sensitivity upon recognizing
peptide–major histocompatibility complexes
(pMHCs). In immunotherapy, TCRs that react
with tumor antigens are used in adoptive cell
therapy (ACT) to eradicate tumors, butmost en-
dogenous tumor-specific TCRs elicit weak func-
tional responses. To overcome this limitation,
tumor-reactiveTCRshave beenaffinitymatured
to enhance their killing potency. However, high-
affinity TCRs can exhibit off-target toxicity
in clinical trials, which suggests that new ap-
proaches are needed. Engineering TCRs to
display high potency toward tumor targets
while retaining low physiological affinities
could potentially enhance the efficacy of T cell
therapies without increasing the risk of off-target
side effects. Catch bonds prolong the bond life-

time between proteins under increasing applied
force, triggering TCR activation upon pMHC
engagement. However, whether catch bonds
can be engineered to enhance TCR potency and
whether such TCRs would preserve their natural
specificities and affinities is not known.

RATIONALE: We hypothesized that an alterna-
tive strategy to affinity maturation was needed
to endow clinically useful TCRs with high po-
tency yet low affinity [i.e., three-dimensional
(3D) binding affinity (KD) of ~5 to 50 mM]. We
therefore devised an engineering strategy called
catch bond fishing that relies on a functional
selection to recruit catch bonds between poorly
reactive TCRs and pMHCs. We surmised that
new catch bonds could be acquired bymutating
certain TCR residues into small libraries com-
posed of charged or polar amino acids followed

by, paradoxically, screening for high-potency,
low-affinity TCR variants.

RESULTS: We first applied this engineering
strategy to anHIVpeptide–specific humanTCR
(TCR55), which binds the human lymphocyte
antigen B35 (HLA-B35)–HIV complex with a
physiological 3D binding affinity but fails to
activate downstream signaling because of an
apparent lack of catch bond formation on cells,
as measured by biomembrane force probe
(BFP). Our functional selection isolated CD69-
high and pMHC tetramer staining–low T cells,
thereby enriching for catch bond–engineered
TCRs that trigger in a low-affinity regime.
Single amino acid positions on TCR55 a and b
chains were catch bond hotspots, and several
amino acid substitutions at those sites resulted
in potent signaling despite retaining physio-
logical 3D binding affinities. These signaling-
active TCR mutants had acquired catch bonds
based on a BFP assay on cells, and those longer
bond lifetimes correlated with signal strength.
We next applied this catch bond engineering

strategy to a melanoma antigen MAGE-A3–
specific TCR. An affinity-matured version of
this TCR, TCR-A3A, which has previously been
used in clinical trials, resulted in patient deaths
as a result of off-target toxicity elicited by
HLA-A2 presenting a peptide from the cardio-
vascular tissue–derived TITIN molecule. We
isolated several high-potency, low-affinity var-
iants of the parental TCR that could facilitate
the killing of MAGE-A3–positive cancer cell
lines with physiological affinities (KD ~ 10
to 50 mM). Furthermore, the catch bond–
engineered TCR variants did not appreciably
cross-react with TITIN peptide–pulsed cells.
We used a yeast-displayed HLA-A1 peptide
library to screen for cross-reactivity of the
catch bond–engineered TCR variants. We found
negligible cross-reactivity for predicted human
self-antigens compared with their affinity-
matured TCR-A3A counterparts.

CONCLUSION:We have shown that catch bond
acquisition between TCRs and pMHCs is an
engineerableparameter that candirectly enhance
TCR sensitivity while marginally affecting the
3D binding affinity. Furthermore, TCR sensitiv-
ity can be precisely fine-tuned by different levels
of peak bond lifetime. Catch bond engineering
of clinically useful, tumor-reactive TCRs is a
viable alternative to affinity maturation for
generating high-potency, low-affinity TCRs
with reduced likelihoods of off-target toxic-
ity for immunotherapy.▪
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TCR catch bond engineering. An engineered TCR (left, red), with enriched catch bonds depicted as lightning bolts
between pMHCand TCR, could trigger stronger T cell signaling comparedwith the signaling-off wild-type TCR (right, blue).IM
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Adoptive cell therapy using engineered T cell receptors (TCRs) is a promising approach for targeting cancer
antigens, but tumor-reactive TCRs are often weakly responsive to their target ligands, peptide–major
histocompatibility complexes (pMHCs). Affinity-matured TCRs can enhance the efficacy of TCR–T cell
therapy but can also cross-react with off-target antigens, resulting in organ immunopathology. We
developed an alternative strategy to isolate TCR mutants that exhibited high activation signals coupled
with low-affinity pMHC binding through the acquisition of catch bonds. Engineered analogs of a tumor
antigen MAGE-A3–specific TCR maintained physiological affinities while exhibiting enhanced target killing
potency and undetectable cross-reactivity, compared with a high-affinity clinically tested TCR that
exhibited lethal cross-reactivity with a cardiac antigen. Catch bond engineering is a biophysically based
strategy to tune high-sensitivity TCRs for T cell therapy with reduced potential for adverse cross-reactivity.

T
cellsmediatemany important aspects of
cellular immunity, including the elimi-
nation of cells expressing cancer-related
self-antigens. T cells express clonotypic
T cell receptors (TCRs) that interact

with specific peptides that are bound to and
presented on the cell surface by major histo-
compatibility complex (MHC)molecules, known
as pMHCs. Recognition of pMHCs by the TCR
leads to activation of downstream signaling
and effector functions in T cells, including
cytokine secretion and target cell killing. The
molecular and structural parameters that deter-
mine TCR sensitivity in response to pMHCs
have been extensively studied but remain in-
completely defined (1). TCR activation potency
is often correlated with pMHC binding affin-
ity, and TCR affinity maturation can result in
TCRs with enhanced responsiveness to pMHC
targets. However, the three-dimensional (3D)
binding affinity generally fails to predict sen-
sitivity, which suggests that additional mech-
anisms modulate TCR-pMHC interactions that
result in functional intracellular signaling (2–4).

Mechanical force has recently been shown
to play a key role as a biophysical determinant
of TCR triggering and signaling (5–7), with the
TCR transforming cellular shear forces into
biochemical signals when binding to agonist
pMHC (5–8). Single-molecule force measure-
ments on cells have shown that there is
extended bond lifetime during productive
antigenic pMHC-TCR interactions, referred to
as catch bonds (6, 9, 10). There is a close cor-
relation between the detection of catch bonds
with a given TCR on a T cell and the agonist
potency of a particular pMHC (6). Nonstimu-
latory pMHC ligands have also been identified
that do not exhibit catch bonds but bind TCRs
with solution affinities characteristic of many
agonist TCR-pMHC interactions (6). Mutants
of these nonstimulatory pMHC ligands that
show agonist activity were found to have
acquired catch bonds with the TCR, but they
do not have substantially higher 3D affinities
(11). Thus, in the environment of the T cell
membrane, the presence or absence of catch
bonds can act as a switch for TCR signaling
and is not coupled to pMHC binding affinity
(11). We aimed to take advantage of this cellular
TCR triggering mechanism to address the limi-
tations of current clinical TCRs used for cancer
immunotherapy.
Adoptive T cell transfer [known as adoptive

cell therapy (ACT)] with engineered T cells
(TCR-T) [or chimeric antigen receptor (CAR)–
T] is currently being used for cancer treatment
(12, 13). In this regimen, T cells are transduced
with a tumor antigen–specific TCR or CAR,
respectively, and then, after in vitro expansion
of cell number, are administered into cancer
patients (14). One advantage of TCR-T ACT
over CAR-T is the natural sensitivity of TCRs

to very low antigen densities on tumors.
However, a drawback is that many tumor
antigen–specific TCRs have low affinity for
tumor-associated pMHCs that only weakly
activate the TCR-T cells they bind to. To over-
come this problem, a common strategy is to
increase the affinity of the TCR for the tumor
pMHC (15). However, in some cases, affinity-
matured TCRs have shown substantial off-target
toxicities (14, 16, 17). In fact, an affinity-matured
TCR recognizingMAGE-A3, a promising tumor
antigen, showed lethal off-target cross-reactivity
with a cardiac peptide from the TITIN protein.
High-affinity TCRs likely have a higher pro-
pensity to engage off-target pMHC ligands,
so alternative approaches that bypass affinity
maturation will be valuable for improving ACT
with TCR-T cells. Here, we report an alternative
TCR engineering strategy, which we call catch
bond fishing, that harnesses a biophysical
parametermediatingmany adhesive cell surface
protein-protein interactions.

Results
Design of catch bond fishing libraries

Our previous studies showed that TCR55 does
not produce measurable T cell activation al-
though it binds to an HIV peptide (Pol448-456)
presented by the human lymphocyte antigen
(HLA)–B35 MHC molecule with physiological
affinities. This TCR-pMHC interaction does
not form catch bonds during the binding event
(11). However, HIV peptide mutants isolated
fromHLA-B35 yeast pMHC libraries, such as
pep20, gained the capacity to form catch bonds
with TCR55 and potently activated T cells
bearing this receptor while maintaining com-
parable affinity to the nonstimulatory parent
pMHC (Fig. 1, A and B, and figs. S1 and S2) (11).
We then investigated whether, in a reciprocal
manner, a functional screen could isolate
mutants of TCR55 that acquire catch bond
capacity and enable functional T cell responses
evoked by the nonstimulatory HIV peptide.
Although the source of catch bonds in force-

dependent triggering has been attributed to
multiple structural elements of the TCR (18),
we focused our library design on the TCR-
pMHC interface. Our TCR library design was
guidedby thebiophysical characteristics of catch
bonds, which are mediated by the transient
formation of hydrogen bonds or salt bridges
encountered during the TCR-pMHC shearing
step that precedes disengagement. This leads
to extended bond lifetimes thatmanifest as a
transient resistive force before unbinding
(19). Thus, our strategy was to lightly mutate
the complementarity determining region (CDR)
residues of TCR55 to encode polar or charged
amino acids that would act as fishhooks (bait)
to probe for H bonding and/or salt bridging
residues (prey) on the pMHC binding surface
during disengagement. We chose TCR CDR
residue positions for the libraries that were
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too distant from the pMHC to form direct
contacts in the bound state to mitigate se-
lecting for affinity-matured TCRs.
On the basis of the structure of the TCR55-

HIV-B35 complex (11), three residues on the
TCR55 a chain and four residues on the TCR55
b chain were selected for the library positions
(Fig. 1C). Our library consisted of mainly
charged andpolar residues including glutamine,
glutamate, asparagine, aspartate, arginine, ly-
sine, serine, andhistidine to increase the chances
of forming adventitious polar interactions.
The three randomized residues on the TCR55
a chain were combined as one library with a

diversity of 1728 muteins (Va library), and the
four randomized residues on TCR55 b chain
were combined as a second library with diver-
sity of 20,736 muteins (Vb library). Full-length
TCR55 libraries were synthesized and cloned
into a lentiviral backbone vector. Lentivirus
libraries were constructed and used to infect
the SKW3 T cell line at low multiplicity of
infection (MOI), and TCR libraries were ex-
pressed on the surface of T cells. The Va li-
brary was paired with the wild-type (WT)
TCR55 b chain, and the Vb library was paired
with theWTTCR55 a chain in the transduced
SKW3 cells. The librarieswere stimulatedwith

10 mM HIV peptides and sorted for pMHC
tetramer staining–low (no higher than the
pMHC tetramer staining of WT TCR55) to-
gether with costaining for activation antigen
CD69-high [top 5% population based on anti-
CD69 mean fluorescence intensity (MFI)]
populations to enrich for low-affinity, high-
potency TCR mutants (Fig. 1D).

Single–amino acid substitutions in TCR55
trigger activation through catch bond formation

We carried out three rounds of fluorescence-
activated cell sorting (FACS) selections on the
TCR55a CDR library (diversity: 1728) and en-
riched a population with a tetramer-low, CD69-
high staining phenotype (Fig. 2A and fig. S3,
A and B). Approximately 100 single-cell clones
were recovered and individually tested for ac-
tivation by theHIV(Pol) peptide. The two clones
(clone 8 and clone 17) that showed the most-
potent responses to this pMHC ligand (fig. S3C)
encoded identical TCRmutations on theTCR55
a chain—S28G and A98H. To directly examine
whether the identified mutations conferred in-
creased potency, SKW3 T cells were transduced
with the TCR55a–S28G A98H and WT TCR55
b chain and stimulated by B35-associated HIV
peptide (fig. S3D). To deconvolutewhichmuta-
tion was responsible for the activation, we
tested the mutations individually (fig. S3, D
and E) and found that the single mutation of
alanine to histidine in the TCR55a CDR3 was
sufficient to endow the nonresponsive TCR55
with the ability to be activated upon exposure
to the B35-HIV pMHC (Fig. 2B and fig. S4).
The 3D affinity of TCR55a-A98H binding

to the B35-HIV pMHC was measured by sur-
face plasmon resonance (SPR) as KD (3D bind-
ing affinity) = 5.9 mM, which is approximately
threefold lower than the WT TCR55 bind-
ing to B35-HIV (KD = 17 mM) but is still in
the physiological affinity range for TCR-pMHC
interactions and is higher than that mea-
sured for the binding of TCR589 to B35-HIV
(KD = 4 mM), a receptor-ligand pair with agonist
qualities (Fig. 2Cand fig. S3F) (11). Biomembrane
force probe (BFP) experiments were conducted
to determine whether TCR55a-A98H forms
catch bondswith B35-HIV. The nonresponsive
WT TCR55 showed progressively shorter bond
lifetime with increasing force, which is con-
sistent with slip bond formation. By contrast,
application of force increased bond lifetime
between TCR55a-A98H and B35-HIV, indicat-
ing catch bond formation (Fig. 2D). Analysis of
the previously published structure of TCR55
bound to B35-HIV (11) suggests that the resi-
dues Q65 and T69 on the B35MHCheavy chain
molecule might form bonds with H98 on
TCR55a (fig. S3G). Q65 or T69 was mutated to
alanine, and only the Q65Amutation substan-
tially abrogated the activation of TCR55a-
A98H, which suggests that the triggering
catch bondmay involve an interaction between
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Fig. 1. The design of catch bond fishing libraries and selection strategy. (A) TCR55-transduced SKW3
T cells were stimulated by KG-1 cells pulsed with titrated HIV or Pep20 peptides for 14 hours. Anti-CD69
staining was performed on the SKW3 T cells and analyzed by flow cytometry. (B) TCR55-transduced SKW3
T cells were stimulated by KG-1 cells pulsed with titrated HIV or Pep20 peptides for 15 min. Anti–phospho-
ERK staining was performed on the SKW3 T cells and analyzed by flow cytometry. (C) The design of
TCR55 libraries. Each library has three or four residues selected to be randomized. The side chains of the
residues selected for mutation on TCR55 are shown as sticks in the figure. (D) Workflow of catch bond
engineering of TCR. [(A) and (B)] Data are representative of three independent experiments. Data are shown
as means ± SDs of technical triplicates. APC, antigen-presenting cell; SAv, streptavidin; PE, phycoerythrin.
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B35-Q65 and TCR55a-A98H (fig. S3H). BFP
showed thatB35-Q65A–HIVformedcatchbonds
with TCR55a-A98H but exhibited shorter peak
bond lifetimes than the B35-HIV–TCR55a-A98H
interaction (fig. S3I).

Calibrating TCR55 signaling strength by
bond lifetime

The acquisition of T cell activation by B35-
HIV(Pol) coincident with catch bond formation
by a single-point mutant of TCR55 provided an
opportunity to investigate structure-function
relationships between amino acid substitu-
tions and activation strength. We mutated
the TCR55a-A98 to 12 different amino acids to
investigate how residue identity at this posi-
tion affected the strength of TCR signaling. In
addition to histidine, mutations to aspartate,
glutamate, phenylalanine, glutamine, and tyro-
sine also enabled TCR55 signaling through B35-
HIV(Pol) engagement for lymphocyte activation,
albeit to different extents (Fig. 2E). By contrast,
mutations to cysteine, lysine, asparagine, argi-
nine, serine, threonine, and tryptophan did not
activate TCR55 (fig. S5A). Therefore, only select
polar, aromatic, and charged amino acids re-
placing residue TCR55a-A98 enabled effective
signaling in response to B35-HIV. To inves-
tigate whether there was a correlation between
signaling capacity and binding strength, we
measured the 3D affinity by SPR for each of
the different TCR55a-A98 mutants binding
to B35-HIV pMHC. Most mutants have a 3D
affinity in a narrow range between KD = 3 mM
and KD = 20 mM (fig. S6 and table S1). Neither
the maximum CD69 MFI [coefficient of deter-
mination (R2) = 0.1893] nor themedian effective
concentration (EC50) (R

2 = 0.02855) of stimula-
tory mutants was correlated to the SPR affinity
of stimulatory mutants, which suggests that
3D affinity could not explain the gain of func-
tion exhibited by the stimulatory mutants
(Fig. 2F and fig. S5B). TCR55a-A98W (KD =
6.5 mM), a variant that exhibited higher affinity
than WT-TCR55 (KD = 19 mM), did not enable
TCR-dependent activation in response to B35-
HIV(Pol). Furthermore, the most ligand-sensitive
of the TCR mutants, TCR55a-A98H (KD =
5.9 mM), did not have the highest affinity (Fig.
2F and table S1). Based on BFP measurements
for two B35-HIV responsive mutants—TCR55a-
A98E and TCR55a-A98Q (Fig. 2G)—we found
that the maximal effect (Emax) was correlated
with the peak bond lifetime (R2 = 0.996) rather
than affinity (Fig. 2H). Thus, the strength of the
catch bonds is a key parameter for the discrim-
ination between agonist and nonagonist TCR-
pMHC interactions.
We carried out a parallel screen on the

TCR55b CDR library (diversity: 20,736) and
identified a TCR55 variant, clone 36, that ex-
hibited a high level of T cell activation by B35-
HIV(Pol) (fig. S7, A and B). Clone 36 contained
twomutations: a CDR1mutation, TCR55b-N28Q,
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Fig. 2. A hotspot on the TCR can tune TCR signaling strength. (A) B35-HIV tetramer staining and anti-CD69
staining of cells transduced with library clones in each round of selection. The gate is based on the staining
of WT TCR55. (B) A stimulatory clone, TCR55a-A98H, was selected from the library and was stimulated by
KG-1 cells pulsed with titrated HIV peptides for 14 hours. Anti-CD69 staining was performed on the transduced
SKW3 T cells and analyzed by flow cytometry. (C) SPR experiments of TCR55a-A98H protein binding to B35-HIV.
Biotinylated B35-HIV monomer was immobilized on the streptavidin chip, and the TCR55a-A98H protein was
flowed through the chip. (D) BFP experiments to measure bond lifetime force curves for TCR55a-A98H or
TCR55 WT binding to B35-HIV. (E) TCR55a-A98 was mutated to D, E, F, Q, Y, and H and used to transduce SKW3
T cells with WT TCR55b. The transfectants were stimulated by KG-1 cells pulsed with titrated HIV peptides
for 14 hours. Anti-CD69 staining was performed on the transduced SKW3 T cells and analyzed by flow cytometry.
(F) Mean value of maximal anti-CD69 MFI versus 3D binding affinity KD of TCR55a-A98 mutants transfectants.
The linear correlation analysis was performed for stimulatory mutants and TCR55 WT. (G) BFP experiments
to measure bond lifetime force curves for TCR55a-A98H, TCR55a-A98E, or TCR55a-A98Q T cell transfectants
binding to B35-HIV. (H) Mean value of maximal anti-CD69 MFI versus peak bond lifetime of TCR55a-A98 mutants
transfectants. [(B) and (E)] Data are representative of three independent experiments. Data are shown as
means ± SDs of technical triplicates. [(D) and (G)] Data are shown as means ± SEMs of 500+ individual bond
lifetimes per force curve. Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys;
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val;
W, Trp; and Y, Tyr.
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and a CDR2 mutation, TCR55b-A50D. We iden-
tified the isolated TCR55b-A50Dmutation as
necessary and sufficient to enable T cell ac-
tivation by B35-HIV (fig. S7C). Replacing the
TCR55b-A50 position with alternative amino
acids showed that aspartate, glutamate, phenyl-
alanine, histidine, asparagine, glutamine, ser-
ine, threonine, and tyrosine supported TCR55
mutant responses to B35-HIV to different
degrees, whereas cysteine, lysine, arginine,
and tryptophan did not support effective sig-
naling (fig. S7, D and E). The SPR 3D affinities
of TCR55b-A50 mutants exhibited a range
of KD = 2 to 20 mM, similar to those of the
TCR55a mutants and falling within the natural
physiological range of TCR affinities (fig. S7,
F and G; fig. S8; and table S2). There was a
better correlation between maximal CD69 MFI
versus KD (R2 = 0.7558) among the TCR55b-
A50 mutants than among the TCR55a-A98
mutants (fig. S9A). However, the EC50 was not
correlated with the 3D affinity (R2 = 0.3543)
(fig. S9B), which again suggests that affinity
alone was not sufficient to explain the gain of
function with these mutant TCRs. BFP experi-
ments with the TCR55b-A50E, TCR55b-A50D,
TCR55b-A50H, and TCR55b-A50T mutants
(fig. S9C) again showed that peak bond life-
time correlated with Emax for TCR55b-A50
mutants stimulated by the B35-HIV pMHC
ligand (R2 = 0.8644) (fig. S9D). Analysis of the
crystal structure of the TCR55-HIV-B35 com-
plex (11) shows that residues T69 and Q72 on
the B35-HIV pMHC potentially mediate the
formation of newhydrogenbondswithTCR55b-
A50E (fig. S9E). K562 cells transducedwith B35-
T69A prevented the activation of T cells bearing
TCR55b-A50E, whereas the B35-Q72A muta-
tion had no effect (fig. S9F). Consistent with
these results, BFP measurements showed that
B35-T69A–HIV only formed slip bonds with
TCR55b-A50E (fig. S9G).

Signaling landscape of catch
bond–engineered TCR

To assess how the catch bond–engineered
TCR55 mutants affect intracellular signaling
in T cells in response to B35-HIV pMHC ligand,
we used a live cell imaging reporter system to
measure the activation dynamics of the extra-
cellular signal–regulated kinase (ERK), p38,
and NFAT2 signaling pathways (fig. S10, A to
E). In this system, translocation of fluores-
cent reporter molecules can be visualized in
real time and quantified on a single-cell basis.
Upon engagement with HIV peptide–pulsed
B35-expressing antigen-presenting cells, re-
porter Jurkat T cells expressing the catch
bond–engineered TCR variants displayed
enhanced pathway activation when com-
pared with the nonresponding parent TCR55,
using the signaling-responsive TCR589 as a
positive control (Fig. 3, A to C). Although both
TCR55a-A98H and TCR55b-A50E mutants

were able to activate the ERK and p38 signal-
ing pathways for a similar duration at the
population level, substantial differences in
NFAT2 activation dynamics were observed
(Fig. 3C). These results were quantified by
single-cell area under the curve (AUC) analysis
(Fig. 3, D to F, and tables S3 and S4), which
demonstrated significant differences in both
ERK and NFAT2 signaling responses for all
the tested TCR variants. Because of the sub-
stantially lower signal-to-noise ratio of the
p38–kinase translocation reporter (KTR), we
observed more-subtle p38 signaling differences
that follow the same hierarchy of mean AUC
distribution compared with ERK or NFAT2
activation (Fig. 3, D to G). We find a strong
correlation betweenmean ERK (R2 = 0.9370)
or NFAT2 (R2 = 0.9415) AUC distribution and
peak bond lifetime, which further supports
the idea that catch bond strength plays a crit-
ical role in TCR-ligand engagements that result
in functional intracellular signaling. (Fig. 3H).

Applied force activation of TCR at physiological
pMHC density

To investigate the triggering of catch bond–
engineered TCR55 at extremely low but physio-
logically relevant levels of pMHC (HIV–HLA-B35),
we used the BATTLES (biomechanically-assisted
T cell triggering for large-scale exogenous-
pMHC screening) technique (20). The BATTLES
technique uses temperature-sensitive polymer
beads coated with pMHC proteins displayed
at physiological densities (3 to 4.5 pMHCs per
cell) to apply ramping forces (estimated maxi-
mum magnitude = 20 to 27.5 pN/s) to T cells
interacting with bead surfaces (Fig. 3I) (21).
Upon activation of force, we monitored Ca2+

signaling (which is correlated with initial T cell
triggering) for >1000 SKW3 T cells transduced
with engineered TCR55s containing either
TCR55a-A98H, TCR55a-A98E, TCR55a-A98Q,
TCR55b-A50E, TCR55b-A50H, TCR55b-A50D,
or TCR55b-A50T substitutions interacting with
HIV peptides (Fig. 3J). Although some T cells
exhibited sustained increases in cellular Ca2+

flux (fig. S10F, top and middle rows), most
cells showed decreasing fluorescence inten-
sities and resulted in negative accumulated
signals, indicating no triggering (fig. S10F,
bottom row). This is consistent with prior
literature showing that only a small fraction
of T cells is activated at low pMHC densities,
even with optimal force (21). All tested sub-
stitutions except TCR55b-A50T yielded higher
integrated per-cell Ca2+ signals as compared
withWT,with themagnitude of the integrated
signal showing a strong correlation with mea-
sured peak bond lifetimes (Fig. 3K). These
results, using force-induced activation of sin-
gle T cells, provide evidence that engineered
TCRs can drive efficient activation under the
low-density pMHC conditions encountered
in vivo.

Application of TCR catch bond engineering to
TCR–T cell therapy
Catch bond engineering has implications for
ACTwith TCR–T cells becausemanyWT tumor-
reactive TCRs have low-affinity binding to
tumor pMHC and low sensitivity to signaling
in response to relevant tumor-associated anti-
gens, which results in inefficient tumor killing
(22–24). The melanoma antigen MAGE-A3–
specific TCR (WT) was chosen for catch bond
engineering. The antigen is HLA-A1 restricted
with a reported KD = 500 mM to the WT TCR
(16, 25). This TCR shows extremely poor T cell
activation in response to the tumor antigen
MAGE-A3,whereas anaffinity-maturedmutant
of the WT MAGE-A3 TCR, A3A TCR, mediates
greatly enhanced T cell activation by the same
ligand (Fig. 4A). However, in clinical trials for
melanoma, the A3A TCR was found to cross-
react with HLA-A1–presented TITIN peptide,
which is expressed mainly in cardiovascular
tissue, leading to a high level of cardiotoxicity
(Fig. 4A) (16, 17). We explored whether we
could use catch bond engineering to improve
the sensitivity of the poorly responsive parental
WT TCR to the MAGE-A3 ligand while main-
taining low affinity to avoid cross-reactivity
with TITIN.
We did not have a crystal structure of the

low-affinity WT TCR complex with HLA-A1–
MAGE-A3, but a structure of the affinity-matured
version of the TCR with the HLA-A1–MAGE-
A3 complexwas available (25).We thusmodeled
the WT TCR binding to HLA-A1–MAGE-A3 and
designed a library on the TCR a chain (Fig. 4B).
Following the design strategy for TCR55, the
residues chosen for the library (CDR1a positions
28 and 30 and CDR2a positions 52 and 54)
fall within the CDR loops and are relatively
close to the pMHC but do not directly con-
tact the pMHC (Fig. 4B). The SKW3 T cell
line was transduced with the library at low
MOI, and CD69-high, tetramer-low clones were
selected as described earlier (Fig. 4C and fig.
S11A). After three rounds of selection, 96 single-
cell clones were selected from the enriched
population and tested for TCR-dependent activa-
tion. We isolated 13 distinct mutant-transduced
SKW3 clones that showed enhanced responsive-
ness to the MAGE-A3 peptide at a concentra-
tion unable to trigger T cells expressing the
parentalWTTCR (Fig. 4, D and E, and table S5).
By comparing the Emax of the TCR mutants, we
defined eight clones as high-sensitivitymutants
compared with the A3A TCR (Fig. 4D and fig.
S11B) and five clones as intermediate-sensitivity
mutants (Fig. 4E).WemeasuredKD for six high-
sensitivity mutants and two intermediate-
potencymutants binding toHLA-A1–MAGE-A3.
The affinities ranged from KD = 10 to 50 mM,
substantially lower affinities than that of A3A
(KD = 1.24 mM) (fig. S12 and table S6). We did
not observe a correlation between Emax versus
3D affinity (R2 = 0.3718) (Fig. 4F) but observed
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a weak correlation between EC50 and affinity
(R2 = 0.5998) (fig. S11C). We tested whether the
eight high-sensitivity mutants showed cross-
reactive functional responses to the TITIN
peptide. The A3A-transduced SKW3 cells were
strongly activated by the TITIN pMHC ligand
(Fig. 4G). Four mutants (20a-18, 20a-new 12,
94a-14, and 94a-30) exhibited no cross-reactivity
with the TITIN peptide, whereas the remaining
four displayed very weak activation by TITIN
only at high peptide concentrations (Fig. 4G).
We also measured the binding affinity of

all catch bond–engineered TCR mutants to
HLA-A1–TITIN, and they had very low or

unmeasurable 3D binding affinities (KD >
100 mM), whereas the A3A affinity for TITIN
was KD = 7.7 mM (table S7 and fig. S13). BFP
experiments were performed for WT TCR,
A3A TCR, and TCR mutants 94a-14 and 20a-
18, and all formed catch bonds with HLA-A1–
MAGE-A3, with the mutant 94a-14 having a
higher peak bond lifetime than A3A and WT
TCR (Fig. 4H). The peak bond lifetimes of WT,
A3A, 94a-14, and 20a-18 TCR were well cor-
related to the maximal CD69 MFI measured
in Fig. 4D (R2 = 0.9781) (Fig. 4I). A force of
~10 pN for a CD8-TCR-agonist has been dem-
onstrated to promote optimal effector signaling

(6, 8–10). At ~10 pN of force, 94a-14 TCR has
a significantly higher peak bond lifetime than
bothWT and A3A TCRs (Fig. 4J). BFP experi-
ments for 94a-14 or 20a-18 TCR with HLA-A1–
TITIN indicate that only slip bond formation
was observed for both TCRs (fig. S14A), con-
sistent with the loss of TITIN cross-reactivity
by 94a-14 and 20a-18 TCRs.
To test whether theMAGE-A3 TCRmutants

could efficiently kill HLA-A1–MAGE-A3+ tumor
cells, human primary T cells were transduced
with the WT, A3A, and TCR mutants and
cocultured with the HLA-A1–MAGE-A3+ mel-
anoma cell line A375 (Fig. 5, A to E) or the
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Fig. 3. Signaling landscape of
catch bond–engineered TCRs.
(A) ERK activation dynamics
induced by B35-HIV engagement
with the indicated TCR55 variant
or TCR589, measured by ERK-
KTR-mScarlet cytoplasmic/
nuclear (C/N) intensity ratio over
imaging time. (B) p38 activation
dynamics measured by p38-KTR-
mScarlet cytoplasmic/nuclear
intensity ratio over imaging time.
(C) NFAT2 activation dynamics
measured by GFP1-11-NFAT2
nuclear/cytoplasmic intensity
ratio over imaging time. (D) AUC
distribution of single-cell
ERK activation dynamics. (E) AUC
distribution of single-cell
p38 activation dynamics. (F) AUC
distribution of single-cell NFAT2
activation dynamics. (G) Radar
summary plot with normalized
mean AUC values to illustrate the
signaling landscape of TCR55 var-
iant or TCR589 in response to
B35-HIV engagement. (H) Mean
ERK, p38, and NFAT2 AUC distri-
butions versus peak bond lifetime
measurements. (I) Schematic
illustration of bead–T cell interac-
tion in BATTLES. (J) Calcium flux
signaling strength of different
TCR55 mutant transfectants. Indi-
vidual cell signals are shown as
circular markers, and lines repre-
sent the mean values. (K) The
correlation between calcium
flux signaling strength and peak
bond lifetime of different TCR55
mutant transfectants. Errors
represent standard errors of the
mean. [(A) to (F) and (I)] Data
are representative of two
independent experiments. *P <
0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001.
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HLA-A1–MAGE-A3+ colon cancer cell line
HCT-116 (Fig. 5, F to J, and fig. S15). In re-
sponse to A375 cells, the engineered TCRs
94a-14 and 20a-18 were superior in target
killing compared with the WT TCR and were
at least comparable to—and in some cases
superior to—A3A in target stimulated effec-

tor activity depending on the metric ana-
lyzed [interferon-g (IFN-g), tumor necrosis
factor (TNF), or degranulation] (Fig. 5, A to
E). Similar trends were seen in response to
HCT-116 cells, which express lower levels of the
MAGE-A3 antigen (Fig. 5, F to J). Themutants
20a-5 and 27a-5 were also tested in human

primary T cells and showed a high level of
cytotoxicity against A375 melanoma cells (fig.
S11, D to H) and HCT-116 colon cancer cells
(fig. S11, I to M).
To examine whether TCR clones 94a-14 and

20a-18 exhibitedcross-reactivity toTITIN,primary
human T cells transduced with the respective
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Fig. 4. Catch bond engineering
of MAGE-A3–specific TCRs.
(A) The WT TCR or A3A TCR
chains were transduced in SKW3
T cells. The transfectants were
stimulated by HLA-A1+ 293T cells
pulsed with titrated MAGE-A3
peptide or TITIN peptide. Anti-
CD69 staining was performed on
the T cells and analyzed by flow
cytometry. (B) The design of the
MAGE-A3 TCR Va library. The
library has four residues picked to
be randomized. The side chains of
the selected residues on the TCR
are shown as sticks in the figure.
(C) Three rounds of selection
of the MAGE-A3 TCR Va library on
tetramer staining–low and anti-
CD69 staining–high gate. The gate
is based on the staining of MAGE-
A3 WT TCR. (D) The eight high-
potency MAGE-A3 TCR mutants
were transduced into SKW3
T cells. The transfectants were
stimulated by HLA-A1+ 293T cells
pulsed with titrated MAGE-A3
peptide. Anti-CD69 staining was
performed on the T cells and
analyzed by flow cytometry.
(E) The five intermediate-potency
MAGE-A3 TCR mutants were
transduced into SKW3 T cells. The
transfectants were stimulated by
HLA-A1+ 293T cells pulsed with
titrated MAGE-A3 peptide. Anti-
CD69 staining was performed on
the T cells and analyzed by flow
cytometry. (F) The correlation
between mean value of maximal
anti-CD69 MFI and 3D affinity of
selected MAGE-A3 TCR mutants
binding to HLA-A1–MAGE-A3.
(G) The eight high-potency
MAGE-A3 TCR mutants were
transduced in SKW3 T cells. The
transfectants were stimulated by
HLA-A1+ 293T cells pulsed with
titrated TITIN peptide. Anti-CD69
staining was performed on the
T cells and analyzed by flow
cytometry. (H) BFP experiments to measure bond lifetime force curves for WT, A3A, 94a-14, or 20a-18 TCR binding to HLA-A1–MAGE-A3. Data are shown as
means ± SEMs of 500+ individual bond lifetimes per force curve. (I) Mean value of maximal anti-CD69 MFI versus peak bond lifetime of MAGE-A3 TCR mutants
transfectants. (J) Multiple measurements of bond lifetime at 10 pN for WT, A3A, 94a-14, and 20a-18 TCR. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001. [(A), (D), (E), and (G)] Data are representative of three independent experiments. Data are shown as means ± SDs of technical triplicates.
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TCRs were cocultured with MAGE-A3 or TITIN
peptide–pulsedantigen-presenting cells. Although
20a-18 or 94a-14 showed enhanced cytotoxicity,
degranulation, and cytokine secretion (Fig. 5, K
to M) after coculturing with MAGE-A3–pulsed
cells, none of these TCR clones responded to

the presented TITIN peptide (Fig. 5, N to P).
Similarly, the 20a-5 and 27a-5 clones medi-
ated potent cytotoxic responses to MAGE-A3
(fig. S11, N to P) but only minimal cross-
reactivity to TITIN at high concentrations of
peptide (fig. S11, Q to S).

Profiling the cross-reactivity of engineered
MAGE-A3 TCRs
Although the engineered TCRs lacked substan-
tial reactivity with the TITIN peptide, we asked
whether the engineeredTCRshadacquirednew,
other off-target peptide reactivities.We turned
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Fig. 5. Cytotoxicity and specificity of engineered MAGE-A3–specific TCR.
(A and B) Killing of A375 melanoma cell line by different MAGE-A3–specific
TCR transduced human primary T cells. (C to E) IFN-g, TNF, and cytotoxic
granule release (CD107a staining) by different MAGE-A3–specific TCR
transduced human primary T cells, induced by the A375 melanoma cell line.
(F and G) Killing of HCT-116 colon cancer cell line by different MAGE-A3–
specific TCR transduced human primary T cells. (H to J) IFN-g, TNF, and
cytotoxic granule release (CD107a staining) by different MAGE-A3–specific
TCR transduced human primary T cells, induced by the HCT-116 colon cancer

cell line. (K to M) Cytotoxic granule release (CD107a staining), TNF, and IFN-g
by different MAGE-A3–specific TCR transduced human primary T cells,
induced by HLA-A1+ 293T cells pulsed with a titration of MAGE-3 peptide.
(N to P) Cytotoxic granule release (CD107a staining), TNF, and IFN-g by
different MAGE-A3–specific TCR transduced human primary T cells, induced
by HLA-A1+ 293T cells pulsed with a titration of TITIN peptide. [(A) to (P)]
Data are representative of three independent experiments. Data are shown as
means ± SDs of technical duplicates. ns, not significant; *P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001.
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to a yeast-display pMHC library system orig-
inally used to characterize the cross-reactivity
of TCRs (26, 27) and to uncover the specific-
ities of TCRs derived from tumor-resident
T cells (28). We first generated an HLA-A*01
9–amino acid peptide library to survey the
cross-reactive landscape of the WT, affinity-
maturedA3Aand three catch bond–engineered
MAGE-A3 TCR variants (Fig. 6A). The library
was designedbased onpeptide sequences known
to bind HLA-A*01, fixing anchor residues in
positions P3 to aspartate and glutamate and
P9 to tyrosine to ensure proper presentation
of the peptides in the HLA groove. All remain-
ing positions allowed flexibility to all 20 amino
acids for a library diversity of 1.8 × 108.
Weperformed selections following established

methods with soluble, recombinant forms of
the WT MAGE-A3 TCR, A3A, 94a-14, 20a-18,
or 94a-30. Although the WT TCR failed to
enrich any yeast clones, presumably because of
its very low 3D binding affinity (KD > 500 mM)
forMAGE-A3 (16), the high-affinity A3A and the
engineered mutants strongly enriched popula-
tions of yeast clones (Fig. 6B). The selected
library pools were sequenced to isolate indi-
vidual sequences. The selected peptides showed
strong convergence at the N-terminal end for
all the TCR variants, with a lack of C-terminal
specificity, as previously described for A3A
(29) (Fig. 6C). Aside from the fixed anchor
residues, P1 GLU, P4 PRO, and P5 ISO showed
strong conservation and notably exist in both
MAGE-A3 and TITIN peptides. The three
catch bond–engineered TCR variants showed
very similar sequence preferences, indicating
that the specificities of the TCRs were mini-
mally changed by catch bond engineering. The
deep sequencing data were used to make off-
target predictions using previously devel-
oped statistical methods (tables S8 to S11).
For the A3A TCR, both TITIN and MAGE-A3
were top-ranked predictions, ranking as 1 and
7 respectively (table S8). However, for the three
catch bond–engineered TCRs, TITIN was not
predicted in the top 35 peptides, whereas the
MAGE-A3 peptide was predicted to bind to all
three catch bond–engineered TCRs—ranking
as first for TCR 94a-14 (table S9), ranking as
second for TCR 20a-18 (table S10), and ranking
as 34th for TCR 94a-30 (table S11).
We tested the top 20 putative off-target

predictions for the A3A TCR and catch bond–
engineered TCRs with T cell activation assays.
The top 20 predicted peptides for each TCR
were synthesized and used for screening each
TCR (60 peptides in total after removing repet-
itive peptides, listed in table S12). For the A3A
TCR, we found that, in addition to MAGE-A3
and TITIN, it was also activated by two pre-
viously discovered epitopes, MAGE-A6 and
FAT2 (30) (Fig. 6, D and E). For the three catch
bond–engineered TCRs (94a-14, 20a-18, and
94a-30), only the MAGE-A3 peptide activated

the T cells over baseline (Fig. 6, D and E). For
the WT TCR, none of the peptides substan-
tially stimulated the T cells compared with
the dimethyl sulfoxide (DMSO) control (fig.
S16A). The collective results of these cross-
reactivity profiling experiments show that
the screen could identify both known on- and
off-target specificities for the high-affinity A3A
TCR and that catch bond engineering did not
introduce off-target specificities correspond-
ing to known sequences in the human pro-
teome. Althoughwe cannot formally rule out
the possibility that different types of cross-
reactivity screens could identify off-target
specificities that we did not find, the yeast-
display pMHC screen represents a stringent
test that shows the absence of unanticipated
human antigen cross-reactivity while clearly
identifying the source of cardiac toxicity seen
with the A3A TCR.

Discussion

In environments where cell-cell interactions
are subject to shear stresses, mechanical force
plays an important role in signal transduction
by a variety of receptor-ligand systems. Catch
bonds have been observed as a natural signal-
potentiating mechanism in various low-affinity
cell surface adhesion systems, such as those
involving cadherins; selectins; Notch; and, more
recently, the TCR (31–33). Effective TCR signal-
ing upon T cell engagement with an agonist
pMHC ligand on an antigen-presenting cell
involves the formation of catch bonds that extend
receptor-ligand interaction lifetime upon ap-
plication of a pulling force (5, 6, 8–10, 27, 28).
The presence or absence of catch bonding resi-
dues in peptide antigens can decouple TCR
triggering from conventional measurements
of pMHC binding strength (11). In this work,
by screening for mutant TCRs with a com-
bination of modest solution affinity but high
sensitivity to ligand-induced signaling,we show
that TCRs with increased catch bond forma-
tion, asmeasured by BFP on T cells, dominate
among the effective mutant TCRs isolated.
These newly acquired catch bonds have not
obviously predisposed the TCRs to increased
human antigen cross-reactivity, as evident from
screening pMHC libraries. This suggests that
although a slow off rate, per se, can enable
effective TCR signaling upon pMHC binding
(34, 35), catch bonds can play a deterministic
role for antigen-responsive TCRs expressed on
T cells. The degree to which catch bonds are
contributed to by cellular factors such asmem-
brane fluidity remains unknown (36).
The ease with which we identified such

TCRs in the screen suggests that catch bonds
may play a substantial role in the overall
operational TCR repertoire and helps explain
the existing discrepancies in the literature be-
tween measured solution binding affinities
for specific pMHCs and the capacity of those

pMHCs to show agonist properties in terms
of T cell activation (2). The motility of T lym-
phocytes when scanning for ligand on antigen-
presenting or target cells, along with the activity
of cellular filipodia (37), provide tugging or shear
forces that would favor prolongation of TCR-
ligand interactions by catch bond formation
to enable effective phosphatase exclusion as
compared with intrinsic slow–off-rate binding
that could be disrupted by such forces. This
finding has direct implications for the emerg-
ing field of TCR-T therapy (12, 13, 38, 39),
where the inherently weak self-tumor reac-
tivity of TCRs presents limitations to clinical
activity.
Our selection strategy was critical to the

successful isolation of ligand-sensitive yet low-
affinity clones for several reasons. First, we
focused our libraries on polar and charged
residues that can maximize the likelihood of
mutant substitutions engaging in adventi-
tious polar interactions during TCR-pMHC
disengagement. Second, we designed the libra-
ries to focus on residues that were not in direct
contact with the pMHC so that the selection
did not simply isolate high-affinity (especially
slow–off-rate) TCRs. We chose residues that
were in the second shell, as it were, of TCR
CDR residues—in close proximity to the pMHC
surface but too distant to form direct inter-
actions in the ground state complex. These
residues would be ideally positioned to act as
hooks during shearing of the TCR-pMHC
interface. Third, our functional selection strat-
egy directly isolated signaling active (CD69-
high) but low-affinity (tetramer-low) clones.
Although the 3D SPR KD of the isolated clones
does trend to slightly higher affinities than
those of the theWTTCRs, the affinities remain
firmly in the physiological regime, and KD

does not correlate with activity, validating the
screening principles.
For our proof-of-concept studies, we used

the TCR55-B35-HIV system because of the
physiological binding affinity (KD = 17 mM) of
this TCR with the B35-HIV pMHC and the
undetectable TCR activation after ligand binding
(11, 40). All the stimulatory single-site TCR
mutants had affinitieswithin the physiological
regime (KD ~ 2 mM to 20 mM), comparable to
the WT TCR55, and showed different degrees
of bond lifetime extension that correlatedwith
activation strength. These results show that
catch bond–engineered TCRs can be tuned for
sensitivity through scanning different amino
acid substitutions at hotspot positions. Such
tunability allows for careful curation of clones
with the desired balance of activation versus
affinity. We emphasize that TCR signaling can
be affected by both TCR affinity maturation
and catch bond engineering. There was a weak
positive correlation between the TCR mutants’
sensitivity and affinity. However, catch bond en-
gineering enables potency enhancement while

Zhao et al., Science 376, eabl5282 (2022) 8 April 2022 8 of 14

RESEARCH | RESEARCH ARTICLE
D

ow
nloaded from

 https://w
w

w
.science.org on February 06, 2024



maintaining physiologic affinity, reducing the
predisposition toward off-target cross-reactivity
compared with affinity-matured TCRs.
Although the safety of engineered T cell

therapy will ultimately depend on the degree
of preferential expression of the target tumor
antigen versus healthy tissue, the strategy of
catch bond engineering to maintain physio-
logical affinity yet strong agonist signaling
responses may help to reduce the chance of
unwanted cross-reactivity with other pMHCs
for clinically directed TCRs. Enhancing the ef-

ficacy of clinical TCRs has generally involved
affinity maturation (15, 17, 41, 42). However,
some affinity-matured TCRs have displayed
off-target toxicity (17, 43). The extreme peptide
selectivity of catch bond–engineered TCRs may
even be helpful in mitigating on-target–off-
tumor reactivities—for example, by enhancing
therapeutic indices based on relative expres-
sion levels of unmutated self-tumor antigens,
or neoantigens, with very close sequence sim-
ilarity to a self-antigen expressed in healthy
versus cancerous tissues (43). Given the relative

ease with which we isolated suchmutants and
the simplicity of the screen, this lends itself
well to a general approach in the TCR-T clini-
cal development pipeline without requiring
specialized structural insights.

Materials and methods
Cell lines

SKW3 T cells (DSMZ) were cultured in RPMI-
1640+GluMax (Thermo Fisher Scientific) com-
plemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich), 10 mM HEPES, and 50 U/mL
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Fig. 6. Cross-reactivity
screening of MAGE-A3 TCR var-
iants with pMHC libraries.
(A) Design of the single-chain HLA-
A*01 yeast-display peptide library.
The DNA peptide library design
shows an NNK codon library for all
positions except anchor positions
P3 (GAK) and P9 (TAY) to
maximize peptides displayed by
HLA-A*01. The single-chain trimer
construct is N-terminal to the Myc
tag fused to Aga2 for expression
on yeast. (B) Increasing myc tag
expression on yeast over rounds
of selection represents enrich-
ment of peptide HLA-A*01 and
positive selection of the library.
(C) Heatmap of round 4 selected
peptides showing peptide position
by amino acid accounting for
the number of reads detected
per peptide. Boxed amino acids
represent the MAGE-A3 peptide
EVDPIGHLY. Dark blue represents
a more enriched amino acid in
that position. (D) MAGE-A3
(red dot), TITIN (blue dot), DMSO
(black dot), and 60 predicted
peptides (MAGE-A6, cyan dot;
FAT2, orange dot) were used to
pulse 293T–HLA-A1 cells to stim-
ulate SKW3 T cells expressing
different TCRs for 14 hours.
Anti-CD69-APC staining was
performed and analyzed on flow
cytometry. (E) 293T–HLA-A1 cells
were pulsed with titrated MAGE-
A3, TITIN, MAGE-A6, or FAT2
peptides to stimulate SKW3
T cells expressing MAGE-A3 TCR
variants for 14 hours. Anti-CD69-
APC staining was performed
and analyzed on flow cytometry.
(D) Data are representative of
two independent experiments.
(E) Data are representative
of two independent experiments.
Data are shown as means ± SDs
of technical duplicates.
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Pen-Strep (Thermo Fisher Scientific) at 37°C
and 5% CO2.
LentiX cells and 293T cells were cultured

in DMEM (Thermo Fisher Scientific) supple-
mented with 10% FBS, 2 mM L-Glutamine,
10mMHEPES, and 50U/mLPen-Strep (Thermo
Fisher Scientific) at 37°C and 5% CO2.
KG-1 cells (ATCC) were cultured in IMDM

(Thermo Fisher Scientific) supplemented with
10% FBS and 50 U/mL Pen-Strep (Thermo
Fisher Scientific) at 37°C and 5% CO2.
SF9 cells were cultured in SF900-III media

(Thermo Fisher) supplemented with 10% FBS
and 10 mg/mL gentamicin sulfate (Thermo
Fisher) at 27°C and atmospheric CO2.
Hi5 cells were grown in insect cell culture

medium (Expression Systems) supplemented
with 10 mg/mL gentamicin sulfate (Thermo
Fisher) at 27°C and atmospheric CO2.
Jurkat cell lines were cultured in RPMI

1640 supplemented with 10% FBS, 2 mM
L-Glutamine, 50 U/mL Penicillin, 50 mg/mL
Streptomycin, and 50 mM b-mercaptoethanol
at 37°C and 5% CO2.

Packaging of lentivirus

HEK293T-derived LentiX cells were seed in
6-well plate at a density of 3 × 105 cells/mL
(2 mL in total). On the next day, for each well
of cells, 750 ng plasmid of interest, 500 ng
psPAX, 260 ng pMD2.G were mixed with
4.5 mL Fugene transfection reagent (Promega)
in 100 mL Opti-MEM and rested for 20 min.
Fresh cRPMImedia were added to each well.
Then, the DNA/Fugene mixture was added
to each well. Optionally, 12 hours after the
transfection, the supernatant of eachwell was
replaced with 2 mL fresh cRPMI. 48 hours
after the transfection, the supernatant was
ready to infect 106 cells.

Cloning of TCR library

The double-stranded DNA (dsDNA) of the
TCR library was synthesized commercially
by GeneArt technology (Thermo Fisher Scien-
tific) andwas cloned into pHR lentiviral vector
by HiFi assembly (New England Biolabs).
Specifically, 20 ng dsDNA of TCR library, 100 ng
linearized pHR vector, and 10 mL HiFi assembly
mastermix were mixed and incubated at 50°C
for 1 hour (eight replicates). 10 mL assembly
product was analyzed on agarose gel to check
the success of assembly. The remaining as-
sembly product was purified by polymerase
chain reaction (PCR) product clean up kit
(Qiagen) and eluted in 30 mL water. The electro-
competent cells MegaX DH10B T1R Electro-
comp Cells (Thermo Fisher Scientific) was
defrosted on ice for 30min. Then, 50 mLMegaX
cells were mixed with 5 mL (>100 ng) HiFi
assembly product. The tube was tapped three
times and incubated on ice for 30 min. The
bacteria-DNA mix was then transferred to
chilled electroporation cuvette. The electro-

poration was conducted at 2.0 kV, 200Ω, 25 mF.
The cells were immediately recovered in 1000 mL
SOC media. The competent cells culture was
then recovered at 37°C, 225 rpm for 1 hour.
After the recovery, 10 mL and 1000 mL cell
culture was plated on the square bioassay dish
(Corning) and cultured at 37°C overnight. The
square bioassay dish plated with 10 mL culture
was used for calculating the colony forming
unit (cfu). All the colonies were scraped from
the square bioassay dish and the plasmids
were extracted by maxiprep (Qiagen).

TCR library display by T cells

Lentivirus of the TCR library was packaged
by the method above. Lentivirus of TCR55 Va
library was titrated and coinfected SKW3
T cells with WT TCR55b lentivirus. Lentivirus
of TCR55 Vb library was titrated and coinfected
SKW3 T cells with WT TCR55a lentivirus.
Lentivirus of MAGE library was titrated and
coinfected SKW3 T cells with WT MAGE-A3
TCRb lentivirus. 48 hours after the infection,
the percentage of TCR-positive population
was determined by anti-CD3 (clone OKT3,
BioLegend) staining and analyzed by flow
cytometry. The titration of lentivirus that
led to 20% infection efficiency was used to
infect 100 to 200million SKW3 T cells to have
a low MOI. TCR-positive cells were sorted
(Sony SH800S) and used for further sorting
selection.

TCR library selection

Ten million KG-1 cells were labeled with car-
boxyfluorescein diacetate succinimidyl ester
(CFSE) according to manufacturer’s protocol
(ThermoFisher Scientific). TheKG-1 cells were
then pulsedwith 10 mMHIV peptide for 3 hours
at 37°C, 5% CO2. The KG-1 cells were resus-
pended at 5 × 105 cells/mL and aliquoted into
96-well plate at 200 mL per well. The KG-1 cells
were washed once to remove excess peptides.
The library of 10 million T cells were resus-
pended at 5 × 105 cells/mL and aliquoted into
the 96-well plate with KG-1 cells at 200 mL per
well. After 14-hour activation, the cells were
stained with anti-CD69-APC (clone FN50,
BioLegend) and B35-HIV-PE tetramer (the
method of making pMHC tetramer is described
below) on ice for 30 min. Cells were sorted to
select tetramer staining–low (comparable to
TCR55WTTcell’s tetramer staining), anti-CD69
staining–high (top 5% in terms of anti-CD69
MFI) population. Cells were sorted into FBS to
maintain cell health. Sorted cellswere cultured in
cRPMI. It took 2 weeks to grow enough cells
to continue the next round of selection. After
three to five rounds of selection, single-cell
clones were obtained by diluting cells to 2.5 cells/
mL and aliquoting 200 mL cell dilution to each
well of 96-well U-bottom plate (Corning). It
took 2 to 4 weeks to grow enough number of
cells from single-cell clone. Each single-cell

clone was tested by TCR55 signaling assay
described below.

Sequencing of TCR mutants

Single-cell clones of SKW3 T cells with ex-
pected phenotype were used to extract genomic
DNA according to the manufacturer’s protocol.
The TCR mutant DNA fragment was cloned
by PCR and ligated into the pHR vector. The
product of ligation was used to transform
competent Escherichia coli cells and 30 single
colonies was picked for sequencing the TCR
mutants. More than one TCR sequence might
be found in each single-cell clone (each T cell
might still be transduced with more than one
lentiviral particle at the beginning), and each
TCR sequence should be tested individually
by transducing SKW3 T cells for further TCR
activation signaling assay.

TCR55 signaling assay

Peptide was dissolved and titrated in DMSO.
KG-1 cells were labeled with CFSE and then
resuspended at 5 × 105 cells/mL. 200 mL KG-
1 cells were aliquoted to each well of 96-well
U-bottom plate. KG-1 cells were pulsed with
titrated peptides for 3 hours at 37°C, 5% CO2.
After that, KG-1 cells were washed once to
remove excess peptides. SKW3 T cell trans-
fectants were resuspended at 5 × 105 cells/mL
and 200 mL T cells were added to each well
with peptide-pulsed KG-1 cells. The stimu-
lation was performed at 37°C, 5% CO2 for
14 hours. After the stimulation, the cells were
stained with anti-CD69-APC and anti-abTCR-
BV421 (clone IP26, BioLegend) on ice for 30min
and analyzed by CytoFLEX flow cytometer
(Beckman). For phosphor-ERK staining, the
stimulation was performed for only 15 min
at 37°C, 5% CO2. After the stimulation, the
cells were immediately fixed with 4% PFA
and shake for 15 min. The cells were then
washed with PBS (0.5% BSA) and permeabi-
lized in ice cold methanol for 30 min on ice.
The cells were then washed with PBS (0.5%
BSA) two times and stained with 1:50 dilution
of anti-pERK1/2 (clone 197G2, Cell Signaling
Technology) for 1 hour at room temperature
with shaking. The cells were washed once and
analyzed by CytoFLEX.

MAGE-A3–specific TCR signaling assay

MAGE-A3 (EVDPIGHLY) or TITIN (ESDPI-
VAQY) peptide (80% purity, Elim peptide) was
dissolved and titrated in DMSO. HLA-A1–
P2A–EGFP lentiviral vectorwasused to transfect
HEK293T cells and green fluorescent protein
(GFP)–positive cells were sorted and used as
antigen-presenting cells (293T-A1). The 293T-
A1 cells were resuspended at 5 × 105 cells/mL
and pulsed with titrated peptide for 3 hours
at 37°C, 5% CO2. 200 mL KG-1 cells were ali-
quoted to each well of 96-well U-bottom plate.
After the pulsing, the 293T-A1 cells werewashed
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once to remove excess peptides. MAGE-A3–
specific TCR mutants-transduced SKW3 cells
were resuspended at 5 × 105 cells/mL and 200 mL
T cells were added to each well with peptide-
pulsed 293T-A1 cells. The stimulation was
performed at 37°C, 5% CO2 for 14 hours. After
the stimulation, the cells were stained with
anti-CD69-APC and anti-Vb5.1-BV421 (clone
LC4, ThermoFisher Scientific) on ice for 30 min
and analyzed by CytoFLEX flow cytometer
(Beckman).

Transduction of human primary T cells with TCR

Humanwhole blood from healthy anonymous
volunteer donors was purchased from Stan-
ford Blook Bank under the approved protocol
of APB-2749-KG1018. 6-well plate was coated
with 2mL of 2.5 mg/mL anti-CD3 (OKT3 clone)
overnight. The next day, human peripheral
blood mononuclear cells (PBMCs) were added
to the plate with 5 mg/mL anti-CD28 and cul-
tured at 37°C, 5% CO2 for 3 days. 4 million
LentiX cells were seed in 10-cm dish and
transfected with lentiviral vector of MAGE-
A3–specific TCR a chain or b chain. The len-
tivirus was made as described above. In total,
40mLofTCRviruswere concentrated to 500 mL
using 100-kDa cutoff filter. 5millionpreactivated
human PBMCs were resuspended in 500 mL
media and mixed with 500 mL concentrated
TCR virus and 5 mg/mLPolybrene and 100U/mL
human IL-2. The virus-cells mixture was pro-
cessed with spin infection under 2800 rpm,
32°C for 2 hours.

Killing assay of tumor cells

Twenty thousand A375 or HCT-116 cells were
seed in eachwell of 96-well plate. 60,000MAGE-
A3–specific TCR-transduced human primary
cells were added to each well with tumor cells
and cocultured for 24 hours. The plate was
washed in EDTA-free buffer and stained with
7-AAD (ThermoFisher Scientific) and Annexin
V-APC (BioLegend) for 10 min. The plate was
analyzed by CytoFLEX.

Cytotoxicity, cytokine, and granule
release assays

Two hundred thousand tumor cells or peptide-
pulsed 293T-A1 cells were seeded in each
well of 96-well plate overnight. The next day,
200,000 MAGE-A3–specific TCR-transduced
human primary cells were mixed with 1:100
anti-CD107a-PE (clone H4A3, BioLegend) and
1:1000 brefeldin A, and then added to each
well. Coculture was done for 6 hours at 37°C,
5% CO2. After 6 hours, the plate was stained
with anti-CD8-BV421 (clone RPA-T8, BD Bio-
sciences), anti-Vb5.1-APC. Then the plate
was fixed with IC fixation and permeabilized
by permeabilization buffer. The plate was
further stained with anti–IFN-g–BV605
(clone B27, BioLegend) and anti-TNF-PE-
Cy7 cloneMAb11, BioLegend) on ice for 30min.

The plate was then washed and analyzed by
CytoFLEX.

Production of MHC and b-2-microglobulin
inclusion body

The protein of B35 MHC heavy chain and
human b-2-microglobulin weremade in E. coli
as inclusion body. Specifically, B35MHCheavy
chain or human b-2-microglobulin was cloned
into pET28a vector and transformed into BL21
(DE3) E. coli strain. Single colony was picked
and resuspended in 10 mL LB media con-
taining 50 mg/mL kanamycin and shake at
250 rpm, 37°C for 12 to 16hours. Then the 10mL
culture was added into 1 L LBmedia containing
50 mg/mLkanamycin and shake at 250 rpm, 37°C
for ~3 hours until the optical density (OD) =
0.5 to 0.6. Isopropyl-b-D-thiogalactopyrano-
side (IPTG) was added into the culture at final
concentration of 1 mMand continued to shake
for another 3 hours. The bacteria culture was
spin down at 6000 rpm for 20 min. The bac-
teria pellet was resuspended in 50 mL buf-
fer 1 [50 mM Tris-HCl, pH 8.0, 100 mM NaCl,
1 mM dithiothreitol (DTT), 5% Triton X-100,
1 mM EDTA, 0.2 mM phenylmethylsulfonyl
fluoride (PMSF)]. Then the bacteria were
sonicated under the program of 2 min soni-
cation plus 2min of rest. The sonication program
was repeated four times continuously. After that,
bacteria were spin 7500 rpm for 15 min. It was
repeated two more times to resuspend the
bacteria pellet in buffer 1 and do the sonica-
tion. The bacteria pellet was then resuspended
in 50 mL buffer 2 (50 mM Tris-HCl, pH 8.0,
100mMNaCl, 1 mMEDTA). Then the bacteria
were sonicated under the program of 2 min
sonication plus 2 min rest. The sonication
program was repeated four times continuously.
After that, bacteria were spin 7500 rpm for
15 min. It was repeated one more time to
resuspend the bacteria pellet in buffer 2 and
do the sonication. The inclusion body was
pelleted and solubilized in 25mL buffer (8M
urea, 50 mM Tris-HCl pH 8.0, 10 mM EDTA,
10 mM DTT).

Refolding of pMHC

Refolding buffer was prepared as 100 mM
Tris-HCl pH 8, 400 mM arginine, 5 M urea,
0.5 mM oxidized glutathione, 5 mM reduced
glutathione, 2 mM EDTA. 30 mg peptide was
dissolved in DMSO and added to each liter of
refolding buffer. For each liter of refolding
buffer, 30 mg MHC heavy chain inclusion
body and 30 mg human b-2-microglobulin
inclusion body were mixed in a syringe and
added into each liter of refolding buffer drop
by drop. Then, the refold buffer/protein were
poured into dialysis tubing (Spectrum Labs)
and dialyzed into 10 L 10 mMTris pH 8.0. The
10 L 10 mM Tris pH 8.0 buffer was changed
every 12 hours and repeated four times in total.
Then, the protein was purified by using weak

anion exchange resin (DEAE Cellulose, Santa
Cruz Biotechnologies). Specifically, DEAE-
Cellulose was equilibrated with 10 mM Tris-
HCl, pH 8.0 in a column. Then the dialyzed
refolded protein solution flowed through the
cellulose column drop by drop and repeated
the flowing one more time. The refolded
protein was eluted in 30 mL 10 mM Tris-HCl,
pH 8.0 plus 0.5MNaCl. The proteinwas buffer
exchanged into 10 mM Tris-HCl, pH 8.0 and
concentrated to 500 mL and biotinylated over-
night. Biotinylated refolded protein was
analyzed by size exclusion chromatography
(Superdex 200, GE Healthcare) and ion ex-
change (MonoQ,GEHealthcare)onAKTAPurifier
(GE Healthcare).

pMHC tetramer

For staining each 10 million cells, 20 mg
biotinylated pMHC protein and 30 mg
streptavidin-PE (Thermo Fisher Scientific)
were aliquoted. 20% of total amount of
streptavidin-PE were added into biotinylated
pMHC each time at an interval time of 1 hour
and repeated five times. During the interval
time, the tetramer was incubated on ice. The
pMHC tetramer was stored at 4°C overnight
before using.

Production of TCR protein by Expi293

The TCR protein used for SPR was produced
in Expi293 cells (Thermo Fisher Scientific).
Specifically, TCR a chainwas cloned into pD649
vector with basic zipper, and TCR b chain was
cloned into pD649 vector with acid zipper. 15 mg
TCR a chain constructs and 15 mg TCR b chain
constructs were transfected into 75 million
Expi293 cells according to the manufacturer’s
protocol. Four days after the transfection, the
cell culture was spin down at 400 g for 5 min
and the supernatant was saved. A onefold
volume of PBS was added to the supernatant
and final concentration of 20 mM Tris-HCl
pH 8.0 buffer was added. 2 mL nickel-NTAwas
added to the supernatant and the solutionwas
rotated overnight at 4°C. Then, the solution
was flowed through a column to collect the
Ni-NTA and bounded protein. 1× HBS pH 7.2
containing 10mM imidazole was used towash
the Ni-NTA and protein once, and the protein
was eluted by 1×HBS pH 7.2 containing 300mM
imidazole. The protein was concentrated in a
30-kDa filter (Millipore) and buffer exchanged in
1× HBS pH 7.2. The protein was purified by size-
exclusion chromatography using Superdex200
column on AKTAPurifier (GE Healthcare). The
purified protein was collected from the accord-
ing fraction based on the size and run on SDS–
polyacrylamide gel electrophoresis (SDS-PAGE)
to check the size and 1:1 stoichiometry.

Production of TCR protein by insect cells

The TCR a chain was cloned into pAcGP67a
vector with basic zipper, and the TCR b chain
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was cloned into pAcGP67a vector with acid
zipper. 2 mL baculovirus linear DNA and 2 mg
TCR constructs were mixed with 100 mL Opti-
MEM (Thermo Fisher Scientific) and 6.6 mL
Fugene (Promega), and rest for 15 min. The
mixture was added into 2 million SF9 cells
and wait for 6 to 7 days. The cell culture was
spin down at 2000 rpm for 8 min. The super-
natant was saved as P0 virus. The P1 virus
was made by adding 25 mL P0 virus to 25 mL
SF9 cells at 2 million cells/mL. 25 mL media
was added to the culture after 24 hours. Six
to 7 days later, the P1 virus was collected by
spinning down the cell culture at 2000 rpm
for 8 min and saving the supernatant. The P1
virus of TCR a chain and TCR b chain was
used and titrated to coinfect 2 million Hi5
cells to determine the optimal amount of P1
virus used to get the highest amount of 1:1
expression. Usually, 1 to 4 mL P1 virus for
each chain was used for 1 L Hi5 cells (2 million
cells/mL). Optimal amount of P1 virus of TCR
a chain and TCR b chain was added to Hi5
cells. 72 hours after the coinfection, the cell
culture was spin down at 1500 rpm for 15 min.
The supernatant was collected, and for each
liter of supernatant, 100 mL 1 M Tris pH
8.0, 1 mL 1 M NiCl2, and 1 mL 5 M CaCl2
was added and stirred for 30 min. After that,
the solution was spin down at 6000 rpm for
15 min. The supernatant was collected and
3 mL Ni-NTA was added to each liter of the
solution. The solution was stirred for 5 hours
or overnight. Then, the solution was filtered
through Buchner funnel and the Ni-NTA was
transferred to a filter column. The protein-
bound Ni-NTA was washed with 500 mL 1×
HBS pH 7.2 containing 20 mM imidazole.
Then, the protein was eluted with 15 mL 1×
HBS pH 7.2 containing 300 mM imidazole.
The protein was concentrated in a 30-kDa
filter and washed once with 1xHBS pH 7.2.
The protein was purified by size-exclusion
chromatography using Superdex200 column
on AKTAPurifier (GE Healthcare). The puri-
fied protein was collected from the according
fraction based on the size and run on SDS-PAGE
to check the size and 1:1 stoichiometry.

SPR

The affinity of TCR binding to the specific
pMHC was measured by SPR on Biacore T100
(GE Healthcare). The refolded pMHC protein
was biotinylated and immobilized on strepta-
vidin chip (GE Healthcare). The TCR protein
was treated with 3C protease to remove the
basic/acid zipper. The pMHC protein was im-
mobilized until a 100-200 RU increase, and
the titrated TCR protein was flowed through
the flow cell at 25°C. The affinity of the steady
state was determined by the Biacore software.
No surface regeneration was required because
the sample completely returned to the base-
line after the dissociation.

BFP assay
The BFP force clamp assay has previously been
described in detail (6, 44, 45). In brief, a T cell
of interest were aspirated onto a piezo driven
micropipette controlled by Labview (National
Instrument) programs. An opposing micro-
pipette as an aspirated RBC biotinylated with
EZ-link NHS-PEG-Biotin (Thermo Fisher
Scientific). At the apex of this RBC was a
streptavidin-maleimide (Sigma-Aldrich) bound
glass bead coated with the pMHCs of interest
[HLA B35–HIV(Pol448-456), B35-Pep20, A1-MAGE-
A3 or A1-TITIN]. This RBC:bead complex served
as a force probe sensor. Each T cell was repe-
titively brought into contact, held and then
retracted to the distance controlled by the
piezo actuator. The retraction and hold phase
generated a force on the TCR:MHC bond,
which could be altered, based on the distance
the T cell was retracted. The position of the
edge of the bead was tracked by the high-
resolution camera (1600 frames per second)
with <3 nm displacement precision. The
camera then recorded the time it took for
the T cell to disengage the glass bead, which
can visually be seen by the RBC retracting
and the bead returning to its starting posi-
tion.Multiple repeated cycles (known as force-
clamp cycles) could be carried at a single force
to generate an average bond lifetime be-
tween the TCR and peptide:MHC complex.
Varying the level of force and recording
lifetimes allowed for the determination of
the average bond lifetime and the type of
bond formation.

Molecular cloning of TCR signaling
reporter plasmids

LCAG-HBG and LEG11-NFAT2 lentiviral ex-
pression plasmids were created by Gibson
Assembly cloning based on a split-GFP system
described previously (46, 47). EF1a-ERK-KTR-
mScarlet or EF1a-p38-KTR-mScarlet lentiviral
expression vector was generated by Gibson
Assembly cloning based on an ERK-KTR-Clover
or a p38-KTR-mCerulean3 plasmid from the
Markus Covert laboratory (Addgene no. 59150
or no. 59155) (48).

Jurkat ERK and p38-NFAT2 reporter cell lines

To create a live cell nuclearmarker with GFP1-
10 expression, Jurkat cell line was transduced
with the LCAG-HBG lentiviral expression
vector. Stable H2B-tBFP+ Jurkat cells were
isolated by FACS and transduced with the
LE-EKS lentiviral expression vector. Stable
ERK-KTR-mScarlet+ Jurkat cells were then
isolated by FACS to create the ERK reporter
cell line. To create the p38-NFAT2 reporter cell
line, H2B-tBFP+ Jurkat cells were transduced
with the LE-38KS and the LEG11-NFAT2
lentiviral expression vectors. Stable p38-KTR-
mScarlet+ and GFP1-11-NFAT2+ Jurkat cells
were isolated by FACS.

Live cell confocal microscopy
Live cell fluorescence time-lapse imaging data
were collected using a Leica SP8 microscope
with a 63× NA 1.4 oil objective (Biological
Imaging Section, Research Technologies
Branch, NIAID). Glass-bottom 8-well imaging
chambers were coated with poly-D-lysine over-
night at 4°C and washed twice with PBS. Cells
were imaged in a heated 37°C environment
with 5% CO2. Imaging data were processed by
Imaris Cell module, customized Batch analysis,
and TranslocQ pipelines.

BATTLES

To produce thermo-responsive smart beads
(~47 mm in diameter), we generated a mixture
of N-isopropylacrylamide (NIAPM, 9.2% w/v),
poly(ethylene glycol) diacrylate (PEGDA,
MW = 700, 2.8437% v/v), lanthanide nano-
phosphors, sodium acrylate (1M, 5.5% v/v) and
lithium phenyl-2,4,6-trimethylbenzoylphosphi-
nate (LAP, 39.2 mg/mL, 2.5% v/v). We then in-
jected this mixture and a fluorinated HFE7500
oil suspension with 2% ionic Krytox 157 FSH
surfactant and 0.05% v/v acrylic acid into a
microfluidic droplet generator to produce
water-in-oil droplets that were subsequently
polymerized into solid beads under flood UV
light (IntelliRay, UV0338) at 100% amplitude
(17.78 cm away from the lamp, power = ~50 to
60 mW/cm2) for 2 min (49). After polymeriza-
tion, carboxylated smart beads were washed
with 2 mL dimethylformamide for 20 s; 2 mL
dichloromethane for 10 s; and 2 mLmethanol
for 20 s before being resuspended in 1 mL
PBST buffer. To coat smart beads with strepta-
vidin, we preactivated ~200,000 beads with
1%w/v the N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC) in
400 mL 0.1 M MES buffer (pH = 4.5) sup-
plemented with 0.01% (v/v) Tween-20 for
3.5 hours at RT on an end-over-end rotator
(10 rpm). The beads were spined down, washed
with 1 mL 0.1 M borate buffer (pH = 8.5)
supplemented with 0.01% (v/v) Tween-20
and subsequently resuspended in 400 mL of
the same buffer. We then added 16 mL of
streptavidin solution (dissolved in 1× PBS at
1 mg/mL) into the mixture and rotated the
mixture overnight at 4°C. The next day, we
quenched the conjugation reaction by adding
10 mL of 0.25 M ethanolamine in 0.1 M borate
buffer (pH = 8.5) to the mixture and rotating
for 30 min at 4°C. The final product was
washed three times with PBST buffer, resus-
pended in 200 mL of the same buffer and
stored at 4°C for further use. pMHC function-
alized smart beads were generated by mixing
0.5 mL of 10 nM biotin-pMHCs with ~20,000
streptavidin smart beads in 50 mL PBST buffer.
A PDMSmicrowell array (1440wells) was then
used to colocalized the pMHC coated beads and
the calcium dye (Cal-250, 2mM) stained T cells.
To exert mechanical load on bead-associated
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T cells, the chip was heated to and main-
tained at 37°C for 1 min and then cooled to
and kept at 34°C for 2 min. Immediately
after cooling, we acquired a total of 150 Ca2+

fluorescence images at 4-s intervals. Integrated
Ca2+ signals for single T cells were analyzed by
ImageJ and a custom-written MATLAB code.

Yeast-display HLA-A1 peptide library

The yeast-display HLA-A1 peptide library was
generated similarly to previously described
protocol (11, 27, 28). To express the HLA-A1
peptide, a single-chain format of peptide library,
b-2-microglobulin (b2M) and A1 heavy chain
connected by linkers was fused N-terminal to
Aga2. The A1 heavy chain contains a Y84A
mutation to allow an opening at the termi-
nal of MHC groove and a linker can connect
the peptide with b2M. For the peptide library,
P3 and P9 were set as anchoring residues with
limited diversity: P3 as asparate or glutamate,
P9 as tyrosine only. For other positions of
peptide library, NNK codon was used to allow
all 20 amino acids. The peptide library was
synthesized as short nucleotide primers which
were amplified via PCR to generate the single
chain of pMHC-Aga2 inserts. To generate yeast-
display HLA-A1 peptide library, competent
EBY-100 yeast cells were electroporated with
pMHC-Aga2 library inserts and linear pYAL
vector. The pMHC-Aga2 library inserts were
ligated to pYAL vector inside yeast cells via
homologous recombination. By plating the initial
yeast library at 1:10,000, 1:1,000, 1:100, and 1:10,
the library size was calculated to have 1.8 × 108

functional diversity. The yeast librarywas grown
in SDCAA pH 4.5 media. The yeast library was
then induced to express the pMHC library
protein by growing in SGCAA pH 4.5 media.

Selection of yeast-displayed HLA-A1
peptide library

Yeast-display HLA-A1 peptide library was
selected with streptavidin-coated magnetic
beads coated with biotinylated TCR proteins.
The number of yeast cells used for each round
of selection should be 10 times as high as
the diversity of the last selection step (round
1 should use yeast cells number of 10 times
of naïve library diversity). The yeast library
was first incubated with 250 mL streptavidin
magnetic beads in 10 mL PBE buffer (PBS
+0.5% FBS+1 mM EDTA) and rotated at 4°C
for 1 hour to do negative selection and remove
unspecific binding to streptavidin magnetic
beads. After incubation, the yeast-beadsmixture
was passed through an LS column (Miltenyi)
and washed with PBE buffer three times, and
all the flow-through was collected. Streptavi-
din magnetic beads coated with TCR protein
was prepared by mixing 400 nM biotinylated
TCRmonomer with 250 mL streptavidin beads
in 4.7 mL PBE buffer for 15 min at 4°C. The
flow-through was incubated with TCR-beads

for 3 hours at 4°C on a rotator. The yeast cells
were washed and pelleted down at 5000 g
for 1 min. The yeast cells were resuspended
in 5 mL PBE buffer and passed through an LS
column and washed with PBE buffer three
times. The flow-through was discarded. The
cells in the column were eluted by 5 mL PBE
buffer andpelleteddown.Thepelletwaswashed
one time with SDCAA media and resuspend
again in 3 mL SDCAAmedia to grow overnight.
When the OD is >2, yeast cells were induced
in SGCAA for 2 to 3 days before the next round
of selection. The yeast library was stained with
specific TCR tetramer and anti-Myc antibody
after each round of selection. The TCR tetra-
mer was prepared at the final concentra-
tion of 400 nM by mixing TCR monomer and
streptavidin-A647 at the ratio of 5:1. 100,000 yeast
cells were stained with TCR tetramer and 2 mL
anti-c-Myc-488 antibody (9402S, Cell Signal-
ing) in 200 mL buffer. FACS plots were gated
based on the yeast cells induced by SGCAA
and stained with streptavidin-A647. Further
rounds of selection were repeated with 10 ×
108 yeast with only a modification done to
the negative and positive selection using only
50 mL of streptavidin-coated beads with or
without TCR in 500 mL of PBE.

Deep sequencing

Yeast DNA was extracted by Zymoprep II Kit
(Zymo Research) for each round of selection
from 50 million yeast cells. Barcoding PCR
was first done for each DNA sample. The
barcoding primes were designed as: Forward
barcoding primer 5′ CTACACGACGCTCTTCC-
GATCTNNNNNNNN6 nucleotide barcode of
your choice beginning of your sequence Tm
(annealing) = 60 3′; Reverse barcoding primer
5′ end of your sequence Tm annealing =
60NNNNNNNNAGATCGGAAGAGCGGTT-
CAGCAGGAAT 3′. The barcoding PCR product
was run on agarose gel and gel purified. Illumina
PCR was then done by using the barcoding
PCR product as template and specific Illumina
PCR primers: Illumina F 5′AATGATACGGC-
GACCACACGAGTCTACACTCTTTCCCTACAC-
GACGCTCTTCCGA 3′; Illumina R (order the
reverse complement)- 5′GAAGAGCGGTTCAG-
CAGGAATGCCGAGACCGATCTCGTATGCCGT-
CTTCTGCTTG3′. The PCRproductwas purified
by gel extraction. The Illumina PCR product
was quantified by nanodrop. The amount of
each Illumina PCR product and water needed
to obtain 40 mL 8 nM solution was calculated,
aliquoted, and mixed together. We used the
Illumina V2 2x300 cycle kit following the
manufacturer’s protocol for a low-diversity
library.

Analysis of deep sequencing data and prediction
of WT peptides from yeast selection

The sequencing results were first paired by
PANDASEQ. The paired sequences were then

imported into Geneious software to parse
barcodes for each round of selection. Pep-
tides were trimmed from the sequences and
frequencies of amino acids were counted by
custom Perl scripts used prior (27, 28, 50). To
predict WT peptides for each TCR, a posi-
tional frequency matrix was determined based
on peptides from round 3 selection. To score
9–amino acid peptides in the human proteome
data, unique peptides counted more than 10
were used to generate position weight matrices
(PWM). Each PWM from individual TCR selec-
tions were then used to predicted WT peptides
from human proteome. The Homo sapiens
proteome used was from UniProtKB (Proteome
ID UP000005640; June 2020 update). Python
was used for algorithm for weighted posi-
tional frequency matrix and ranking a refer-
ence proteome (28).

Screening of predicted WT peptides

The top 20 predicted WT peptides for TCR
A3A, 94a-14, 20a-18, and 94a-30 were syn-
thesized, and there were 59 different pep-
tides all together after removing repetitive
peptides. Because MAGE-A12 was shown to
be cross-reactive in a previous study (43), the
HLA-A1–restricted MAGE-A12 peptide was also
synthesized and tested. In total, 60 differentWT
peptides were used to screen activity of different
TCRs. Briefly, 100,000 293-A1 cells were pulsed
with different WT peptides in each well of
96-well plate for 3 hours at 37°C, 5% CO2. The
293-A1 cells were thenwashedwith completed
RPMI to remove excess peptides. 100,000 SKW3
cells expressing different TCRs were added to
each well and cocultured for 14 hours at 37°C,
5% CO2. Anti-CD69-APC and anti-TCR-BV421
staining of cells were done on ice and analyzed
on flow cytometer. To do dose response of
MAGE-A3, TITIN, MAGE-A6, and FAT2 pep-
tides, 100,000 HLA-A1 cells were pulsed with
titrated peptides in each well of 96-well plate
for 3 hours at 37°C, 5% CO2. The 293-A1 cells
were then washed one time with completed
RPMI to remove excess peptides. 100,000 SKW3
cells expressing different TCRs were added to
each well and cocultured for 14 hours at 37°C,
5% CO2. Anti-CD69-APC and anti-TCR-BV421
staining of cells were done on ice and analyzed
on flow cytometer.
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