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The recognition of intracellular antigens by CD8* T cells through
T cell receptors (TCRs) is central for adaptive immunity against
infections and cancer. However, the identification of TCRs

from patient material remains complex. We present a rapid

de novo minibinder (miBd) design platform leveraging state-of-
the-art generative models to engineer miBds targeting the
cancer-associated peptide-bound major histocompatibility
complex (pMHC) SLLMWITQC/HLA-A*02:01 (NY-ESO-1).
Incorporating in silico cross-panning enabled computational
prescreening of specificity, and molecular dynamics simulations
allowed for improved predictability of invitro success. We
identified a high-affinity NY-ESO-1 binder and confirmed its
structure using cryo—electron microscopy, which, when
incorporated in a chimeric antigen receptor, induced killing of
NY-ESO-1* melanoma cells. We further designed and validated
binders to a neoantigen pMHC complex, RVTDESILSY/
HLA-A*01:01, with unknown structure, demonstrating the
potential for precision immunotherapy.

T cells are immune cells capable of responding to intracellular antigens
such as those derived from infections or cancerous mutations. CD8"*
T cells recognize antigens through their T cell receptor (TCR), which
binds peptides presented by major histocompatibility complex class I
(pMHC-I) on all nucleated cells. MHC-I molecules, encoded by human
leukocyte antigen (HLA) genes, adopt a globular structure composed
of three extracellular domains, o, 2, and a3, and a f2-microglobulin
(B2m) subunit. The al and a2 domains form a peptide-binding groove
accommodating short peptides (typically nine to 11 amino acids) an-
chored at distinct positions, mostly second and C-terminal residues,
and displays them for recognition by TCRs ().

Cancer cells display antigens on pMHC-I that can be recognized by
tumor-reactive T cells. TCRs isolated from such T cells have been tested
in the clinical setting, with several clinical trials revealing durable re-
sponses in patients across several cancer indications (7). One such tumor-
associated antigen, NY-ESO-1, contains a T cell epitope SLLMWITQC
[NY-ESO-1"5"1] presented in the context of HLA-A*02:01 (2). NY-ESO-1,
also known as cancer/testis antigen 1B (CTAG1B), is expressed in a wide
range of tumors, including melanoma, lung, ovarian, and breast cancers,
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but not in normal tissues (except for the testis). It is structurally well
characterized, and its broad, cancer-specific expression pattern makes
it an attractive cancer immunotherapy target.

The identification of TCRs for therapeutic use is driven by the selec-
tion of relevant T cell populations from patients (3, 4) or through expan-
sion of T cell populations from the naive repertoire toward a given
antigen (5). These approaches are laborious, technically challenging,
and potentially limited or biased by the TCR repertoire in the donors
used for selection. TCRs are inherently cross-reactive to confer wider
protection against diseases, so most of them cross-react to several pep-
tides (6). However, predicting the behavior and potential cross-reactivity
of such TCRs to pMHCs present on healthy tissue, when applied in hosts
other than the donors they are selected from, remains a challenge (7, 8).

To circumvent the challenges of TCR identification and to facilitate
the clinical application of immunotherapies based on pMHC-I recogni-
tion, strong interest has emerged in developing alternative strategies
to target infected or malignant cells presenting intracellular proteins
on the pMHC-I complex. TCR-like molecules, which include TCR-like
antibodies, TCR-bispecific engagers, and single-chain TCRs (I), are
promising approaches. Such TCR-like molecules can be incorporated
into chimeric antigen receptors (CARs) to induce T cell-mediated cy-
totoxicity toward a cell expressing a given pMHC-I target (9). TCR-like
antibodies are currently found in either immune or synthetic libraries
screened by display or other technologies. This process can take months
to years and often yields very low success rates. Although some success
has been reported, these approaches often struggle to generate anti-
bodies that bind pMHC-I with high affinity. Hybridoma technology is
limited by low throughput and labor-intensive protocols, and it skews
toward the targeted HLA isoform rather than the peptide specificity
(10). Phage display panning is faster and more cost-effective than hy-
bridoma technology, but the libraries still rely on large, naive antibody
repertoires (11). Alternative methods have been explored in silico and
in vitro (12, 13), but these are limited by a lack of knowledge about the
specificity of individual TCRs and the pMHC-I complex to which they
bind (8). Furthermore, establishing the specificity of high-affinity bind-
ers by exploration of cross-reactive binding presents a substantial
challenge for current in vitro approaches (14).

Structural models such as TCRen (I5) and DeepAIR (16) have predicted
TCR-pMHC interaction with improved accuracy. However, advances in
generative protein design provide additional opportunities for the in
silico development of alternative TCR-like pMHC-I binders. Denoising
diffusion models, in particular, have optimized machine learning-guided
protein design because of their ability to generate protein-binder back-
bones that are optimized toward their target through stepwise diffusion.
This has led to substantial improvements in experimental success rates.

Among various de novo protein design approaches, RFdiffusion is
considered one of the most promising tools due to its impressive aver-
age success rate of 10% of designed binders presenting ultrahigh target
affinity (<10 nM) (17). The design pipeline consists of three indepen-
dently trained models: (i) the diffusion model, which de novo gener-
ates a highly accurate scaffold, followed by (ii) ProteinMPNN (18), and
finally (iii) AlphaFold2 (AF2), which can predict and evaluate a protein
structure by its sequence (19). For the evaluation and down-selection
of minibinder (miBd) designs, the AF2 interface predicted aligned
error (iPAE) with a value <10 A and a predicted local distance difference
test (pLLDT) >90, as suggested by Bennett et al. (20), is widely applied
(17, 21, 22). Here, we describe the power of these tools for rapidly de-
veloping de novo miBds to pMHCs that can facilitate T cell-mediated
cytotoxicity toward cancer cells.

Results

Design and in silico cross-panning of NY-ESO-1 miBds

We sought to design miBds against SLLMWITQC/HLA-A*02:01 using
a published crystal structure (Protein Data Bank ID 2BNR) (23) as
input to RFdiffusion. To guide the binder interaction toward the
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surface-accessible residues of the
peptide and not just the MHC-I back-
bone, we specified the residues L3,
M4, W5, and T7 with upward-facing
side chains as contact points for the
RFdiffusion de novo design. Initially,
we generated amino acid backbones
for the miBds through RFdiffusion-
denoising trajectories and inter-
preted sequences using ProteinMPNN
(Fig. 1A). These sequence designs
were evaluated by AF2 and filtered
based on an iPAE <12 A. To diversify
the panel of designs, only miBds orig-
inating from different backbones
were chosen. Next, the preselected
miBds were sequence diversified by
resubmission to ProteinMPNN (100
sequences per candidate), resulting
in a final set of 44 miBds surpassing
an iPAE of 7 A and a pLDDT of 92.
We found that most of the miBds
consisted of tightly packed bun-
dles of four o helices orientated al-
most exclusively parallel to the
peptide (fig. S1, A to G).

To drive in silico design further
toward specific recognition of the
peptide, we leveraged AF2 to generate
binding scores (iPAE and pLLDDT) for
all 44 miBds against a panel of sin-
gle and double mutants of the wild-
type peptide SLLMWITQC (Fig. 1B).
The peptide variants presented on
HLA-A*02:01 were modeled using
AF3 and chosen to evaluate whether
a minimal change of one or two key
positions with exposed residues
(mainly M4, W5, or T7) could disrupt
the binding interaction between the
miBds and the pMHC (24). Thus, we
included peptide substitutions with a
subtle change of the local physical-
chemical properties, e.g., M4A and
W5Y, as well as substantial changes
of the local physical properties, by
introducing negatively charged res-
idues in position 4 (e.g., M4E and
M4D). Furthermore, a variant pep-
tide, identified in a human pro-
teome search and predicted to have
a strong affinity to the HLA-A*02:01,
was added to the panel (fig. S2A)
(25, 26). Finally, applying the iPAE
cutoff (<10 A) to define a potential
binding interaction between miBd
and a variant pMHC, we ranked the
miBds by the number of such unde-
sired binding events and proceeded

with the 44 top candidates for in vitro assessment.

Molecular dynamics identification of false positives and off-target

binding likelihood

Protein design guided by machine learning can result in a high rate
of false positives when predicted binders fail during experimental
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Fig. 1. Design of miBds against NY-ESO-1%716% presented on pMHC and down-selection with conformational diversity
estimators from MD simulations. (A) Pipeline for the identification of miBds for the SLLMWITQC/HLA-A*02:01 pMHC
complex using the crystal structure (PDB accession code 2BNR) as input, with specifications indicated. We generated 5500
backbone structures of the miBd (45 s each on an Nvidia A100 GPU with 40 GB). Next, the backbone structures were subjected
to a combination of sequence interpretation using ProteinMPNN (four sequences per backbone) and AF2 structure prediction
based on the sequence input for each miBd design (backbone with sequence) that took 20 s and 1.5 min, respectively. (B) Heatmap
showing iPAE scores in Angstrom (A) predicted using AF2 as the parameter for potential binding interaction of the 44 miBds
selected for invitro characterization toward the original SLLMWITQC peptide and 10 selected variant peptides. Numbers in
each square represent the iPAE for the given complex, and red squares mark the target SLLMWITQC peptide (horizontal) and
the NY-B04 miBd (vertical). (C) Characterization of dominant salt-bridge and hydrogen-bond interactions involved in
stabilizing NY1-B0O4 with the target pMHC SLLMWITQC/HLA-A*02:01. (D) Magnification highlighting the salt-bridge and
hydrogen-bond interactions of NY1-BO4 (cyan) with HLA-A*02:01 (gray) (top) and the interactions of the peptide (orange)
SLLMWITQC with NY1-B0O4 (bottom). (E) MD simulations based on down-selection using criteria such as fluctuations in
electrostatic and van der Waals interactions combined with an interface-residue-B-factor analysis as estimators for
conformational flexibility in the binding interface identify miBd NY1-BO4 (cyan) as the most promising miBd-pMHC complex.
For each miBd, 4 x 500 ns were calculated, with an average performance on a GPU of 200 ns/day.

testing. Thus, identifying properties and features that can decrease
the false-positive rate is crucial. Protein-protein binding is determined
by an interplay of enthalpy and entropy, so considering both compo-
nents is critical when characterizing and predicting protein-protein
interfaces. To define the protein-protein interfaces for residue-wise
flexibility (B-factor), electrostatic, and van der Waals interaction
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energy fluctuations, we considered the salt-bridge and hydrogen-bond
interactions for the miBd-pMHC complexes that occur at a rate of
>10% throughout the simulations (Fig. 1C). The AF2-predicted complex
highlighted salt-bridge and hydrogen-bond interactions of the NY1-BO4
miBd with HLA-A*02:01 and the SLLMWITQC peptide (Fig. 1D).
Residues El11, E96, T133, R139, and E140 of NY1-B04 formed long-
lasting interactions with HLA-A*02:01, and residues Y107, E115, and
Q119 interacted with the peptide. The radar plot based on flexibility
and/or conformational entropy features showed that NY1-B04 had the
lowest conformational diversity in the binding interface and the low-
est interaction energy fluctuations, representing the most promising
miBd-pMHC complex within the dataset (Fig. 1E). Therefore, we hy-
pothesized that NY1-B04 was the most likely to bind the target pMHC,
and we proceeded to test all 44 miBds to explore this prediction.

binding pose and angle of approach of NY1-B04 to the pMHC (overall
C-alpha root mean square deviation (RMSD): 1.8 A, peptide Ca-RMSD:
0.92 A). Figure 2F shows a magnified image of the binding interface,
highlighting the critical interacting residues of NY1-B04 with the pep-
tide and emphasizing the importance of residues 1, 4, 5, 7, and 8 of the
peptide in stabilizing the complex.

IMPAC-T cell-mediated cytotoxicity toward cancer cells

To evaluate the functional potential of NY1-B04 as a cancer-targeting
molecule and not just as a target-binding molecule, we investigated
whether the NY1-B0O4 miBd could facilitate the in vitro Killing of
cells presenting SLLMWITQC/HLA-A*02:01 complexes on their sur-
face when incorporated into a CAR. We generated primary human
T cells expressing an NY1-B04-CD8a hinge-CD28-CD3( CAR called

In vitro selection and specificity
screening of SLLMWITQC/
HLA-A*02:01 miBds
To validate binding and specificity
toward pMHC-I experimentally, syn-
thetic genes encoding all 44 miBd
designs targeting SLLMWITQC/
HLA-A*02:01 (data S1) were cloned
into a lentiviral CD28-CD3({ CAR
vector for expression on the cell
surface (Fig. 2A). Using a mam-
malian surface display system
based on miBd-CAR-transduced
Jurkat cells, we evaluated the ca-
pacity of the miBd library to bind to
SLLMWITQC/HLA-A*02:01 tetra-
mers (Fig. 2B and fig. S3A). From
this library, we identified one can-
didate, NY1-B04, that was >2 log,FC
enriched when comparing sorted
cells with cells before sorting (Fig. 2,
B and C, and data S2). NY1-B0O4
PMHC-binding characteristics aligned
with the molecular dynamics (MD)
predictions to deselect false-positive
binders. NY1-B04 was individually
cloned, and binding of SLLMWITQC/
HLA-A*02:01 tetramers was con-
firmed in CD3 knockout (KO) Jurkat
cells (Fig. 2D and fig. S3A). We
further measured the binding af-
finity using biolayer interferome-
try and obtained a low nanomolar
dissociation constant (K3 = 6.92 nM
with an SD of 0.7 nM) (Fig. 2E).
To confirm the AF2-predicted bind-
ing pose of NY1-B04 to SLLMWITQC/
HLA-A*02:01, we determined a cryo-
electron microscopy (cryo-EM) struc-
ture of the complex (Fig. 2F and figs.
S4. and S5). We obtained a 3.8-A-
resolution structure for the ~60-kDa
complex (figs. S4 and S5, A to E),
and found the same interacting
residues in the binding interface as
predicted by AF2 and MD simula-
tions (Fig. 1, C to E, and fig. S5E).
The overlay of the cryo-EM struc-
ture with the AF2 model (fig. S4)
revealed an overall highly similar
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Fig. 2. Experimental selection and characterization of miBds. (A) Mammalian surface display workflow. (B and C) A library of
44 de novo-generated miBds (NY1) was lentivirally transduced into CD3 KO Jurkat cells. Cells were stained with SLLMWITQC/
HLA-A*02:01 tetramers[using phycoerythrin (PE) and allophycocyanin (APC), double-positive cells were sorted, and the
integrated miBds were sequenced. Data are representative of three screens (N = 3). (B) Flow plots showing the sorted cells gated
on singlet/live/CD3™/GFP* cells (fig. S3A) and (C) log,FC of miBds in the sorted tetramer™ cells compared with the cells before
sorting for the identification of NY1-BO4 miBd targeting SLLMWITQC/HLA-A*02:01 (fig. S3A). Each dot represents a miBd in the
library. miBds for which it was not possible to determine the log,FC were excluded from the plot. Log,FC = 2 is marked with a
dotted line. (D) NY1-BO4 binding to SLLMWITQC/HLA-A*02:01 was confirmed by a single tetramer—APC stain gated on singlet/
live/CD3™/GFP* cells (as shown in fig. S3A). Data are representative of two stains (N = 2). (E) Affinity measurement of NY1-B04
with biolayer interferometry showing the association and dissociation of pMHC SLLMWITQC/HLA-A*02:01. Each shade of blue
represents a concentration of the pMHC at a twofold serial dilution starting from 1 uM (lightest blue curve). 6xHis-tagged
NY1-B0O4 was captured on HIS1K biosensor tips. Binding data were fitted globally using 1:1 model. The dissociation constant was
determined to be 6.9 nM (SD of 0.7 nM). (F) Cryo-EM map (3.8-A resolution) and structure model of NY1-B04 in complex with
SLLMWITQC/HLA-A*02:01 (PDB accession code 9NNF) confirm the predicted binding mode from AF2 (fig. S3A). The NY1-BO4 is
shown in cyan, the peptide is shown in orange, and the MHC molecule is shown in gray. The magnification of the binding interface
highlights the interactions of NY1-B04 with the peptide.
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“immune-targeting minibinder for pMHC activated cytotoxic T”
(IMPAC-T) cells by lentiviral transduction (Fig. 3, A and B). Sub-
sequently, we evaluated the capacity of these cells to kill NY-ESO-1*
HLA-A*02:01" A375 melanoma cells modified to express mCherry.
After 24 hours of exposure to NY1-B04 IMPAC-T cells, A375 cell death

was higher in IMPAC-T conditions
compared with the nontrans-
duced controls (Fig. 3, C and D, and
movies S1 and S2). This provides
proof of principle that de novo-
designed miBds have the potential
to be used in cell-based therapies.

Evaluation of cross-reactivity

of NY1-B04

To investigate the cross-reactivity
profile of NY1-B04, we stained the
NY1-B04 IMPAC-T cells with a vari-
ety of pMHC tetramers. We assessed
the ability of NY1-B04 to bind the
peptide-HLA-A*02:01 variants tested
during the in silico cross-panning
(Fig. 3, E and F, and figs. S3A and
S6A). NY1-B04 interacted with the
single mutants (mutants marked in
bold) SLLAWITQC (M4A), SLLMYITQC
(W5Y), and SLLMWITQV (C9V), of
which M4A and C9V were ranked
with a low iPAE (<10 A). Furthermore,
NY1-B04 also bound SLLEHITQC
to some extent but did not bind
SLLEWITQC (Fig. 4, E and F).
Structurally, the negatively charged
M4E mutation disrupts binding,
and the histidine in W5H could
partially stabilize through a hy-
drogen bond (fig. S7A). Overall, we
identified complete abrogation of
NY1-B04 binding when introduc-
ing polar, negatively charged amino
acids (aspartic acid and glutamic
acid) in position 4. These data in-
dicate that the in silico cross-
panning was capable of correctly
predicting binding for eight of 10
tested variants (accuracy N =10 =
8/10) (fig. S7B).

To further investigate how sub-
tle electrostatic changes, such as in
alanine and glycine, and positively
charged side chains, such as in ar-
ginine, affected the binding interac-
tions, we performed single -amino
acid substitution scans both in vitro
and in silico. In vitro, we found that
alanine and glycine substitutions on
three of nine positions (positions
L2, M4, and T7) decreased pMHC
binding, whereas substitution with
arginine disrupted or decreased
binding in seven of nine positions
(positions 1 to 7) (Fig. 3, G and H,
and fig. S6B). The in silico binding
predictions revealed that the binary
categorization based on iPAE values
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led in 19 of 27 cases to the correct identification of binding and non-
binding (accuracyy—q; = 19/27) (fig. S7C). Structurally, the NY1-B04 en-
closes position M4 and W5 in a combined hydrophobic pocket (M93, A97,
A100, F123, 1127, and A130) (fig. S7A). This entails the repulsion of polar
residues, especially charged residues such as M4E, M4D, M4R, and W5R.
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Fig. 3. IMPAC-T cell-mediated cytotoxicity against NY-ESO-1* A375 cancer cells. (A) Overview of the de novo IMPAC-T cell
concept with miBds fused extracellularly to intracellular signaling domains. (B) Construct design of the NY1-B04-IMPAC construct
with a CD8 leader, miBd, CD8a hinge region, and CD28/CD3¢ intracellular signaling domains. (C) Phase contrast images overlaid
with mCherry fluorescence showing the mCherry* A375 cancer cells after 24 hours of incubation of untransduced (UTD) primary
T cells (left) or primary NY1-BO4-IMPAC-T cells (right). Scale bar, 100 um. (D) Cell death of mCherry* A375 cancer cells was
monitored and quantified over a period of ~2 days using Incucyte live-cell imaging, with the red fluorescence area normalized to
the DO area as a measure of confluency. The assay was set up with 0.5:1 and 1:1 effector-to-target ratios. (E) Cross-reactivity
screening of NY1-BO4 expressed in CD3 KO Jurkat cells against variant peptides showing representative plots of three examples
of nonbinding and binding peptides after double staining with SLLMWITQC/HLA-A*02:01 tetramers conjugated to APC and
variant tetramers conjugated to PE. Cells were gated on singlet/live/CD3™/GFP* cells, as shown in fig. S3. (F) Bar plot showing
representative geometric mean fluorescence intensity (gMFI) of single-stained variant tetramer stains. Mutations are shown in
red, and the wild-type (WT) tetramer gMFl is indicated with a dotted line. (G and H) Representative histograms (G) and gMFI plot
(H) of single substitution scanning data with alanine (A), glycine (G), and arginine (R) in primary T cells transduced with
NY1-BO4. In (H), gMFl is shown at each amino acid position of the peptide, with the dotted line indicating the gMFI of the WT
peptide. (1) iPAE values for A, G, and R single—amino acid substitutions predicted with AF2 initial guess based on AF3 structure
prediction of the pMHC. The y axis is inverted, given that a low iPAE value indicates predicted binding to match the data shown in
(H). Data shown in (G) and (H) are gated on singlet/live/CD3*/CD8*/GFP* cells, as shown in fig. S6B. Data in (D) are means + SD
(N = 3 technical replicates) representative of two independent experiments (N = 2), and data in (E) and (F) are representative
gMFls of two experiments (N = 2). *#+*P < 0.0001 in (D) as evaluated by a Wilcoxon matched-pairs signed rank test comparing
the area confluence of each time point between UTD and NY1-BO4-IMPAC-T samples (0.5:1 and 1:1 are compared separately).
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fig. S3A).

Sequencing of the sorted popula-
tion identified two distinct miBds
(SILSY1-B11 and SILSY1-G05), con-
stituting a success rate of ~2% (Fig. 4,
C and D; fig. S3A; and data S2).
This demonstrated the possibility
of applying our design pipeline in
the context of personalized cancer
therapy for neoantigens for which
'_"_' KN experimental structures are not
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However, this is extremely time

3 and resource intensive, and the
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Fig. 4. Proof of concept of applying the design pipeline to neoantigens. (A) The structure of the neoantigen RVTDESILSY
in complex with HLA-A*01:01 was predicted using AF2 and miBds designed following the previously described pipeline. (B) A
library of 95 predicted miBds (SILSY1) was lentivirally transduced in CD3 KO Jurkat cells, and the cells were stained with
RVTDESILSY/HLA-A*#01:01 tetramers (PE and APC). Double-positive populations were sorted, and the integrated miBds were
sequenced. (C) Log,FC of miBds in the sorted population (tetramer*) compared with the cells before sorting (library) for the
identification of two miBds targeting RVTDESILSY/HLA-A*01:01. Each dot represents a miBd in the library. miBds for which it
was not possible to determine the log,FC were excluded from the plot. Log,FC = 2 is marked with a dotted line. (D) Flow plots
of RVTDESILSY/HLA-A*01:01 tetramer—PE-stained CD3 KO Jurkat cells expressing each of the four highest-scoring miBds
from (B) and (C). Flow plots in (B) and (D) show cells gated on singlet/live/CD3™/GFP* cells, as shown in fig. S3A. Data in (B)
and (C) are representative data from two screens (N = 2), and data in (D) is from an experiment performed once.

Further, position L2 seems to determine the binding pose of the peptide
in the MHC, which could be crucial for the interaction of E96 in NY1-BO4
toward the backbone at position M4 (fig. S7A).

Extending the miBd discovery pipeline to neoantigens
A potential hurdle for broader application of machine learning-guided de-
sign of pMHC-I miBds is that crystal structures of pMHC-I rarely are
available. Therefore, we sought to further test the limits of our ap-
proach by targeting the neoantigen RVTDESILSY derived from the muta-
tion AKAP9P'L jdentified in metastatic melanoma, presented on
HLA-A*01:01. The RVTDESILSY/HLA-A*01:01 complex was previously
demonstrated as subject for T cell recognition in both blood and tumor-
infiltrating lymphocyte infusion product in a patient with melanoma
(27). On the basis of structure predictions, the neoantigen resulted in
a targetable protruding leucine in the MHC-I groove (27). Because no
experimental structure existed, we modeled the pMHC-I complex using
AF2. Upon selecting the most confident structure based on AF2
(pLDDT of 95.7), we designed miBds using our pipeline (Fig. 4A).
We selected 96 miBds (data S1), introduced them for surface ex-
pression as a pool in CD3 KO Jurkat cells, and evaluated their binding
to RVTDESILSY/HLA-A*01:01 tetramers in vitro. We found that the
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quired specificity, which may either
prevent treatment or provide a risk
of fatal side effects (28). Thus, there
has been a need to develop approaches
to overcoming these challenges and
unlocking the potential of targeted
T cell therapy. We leveraged leading-
edge protein design approaches to
generatively design SLLMWITQC/
HLA-A*02:01 pMHC-I miBds de novo.
We modified current design pipe-
lines (17, 21, 22) to design pMHC-I
miBds while screening for specific-
ity in silico with the aim of reduc-
ing the risk of off-target pMHC-I binding. We demonstrated that these
rapid (<10 s per miBd-target complex) computational predictions
largely correlated with in vitro specificity screening results, substan-
tiating the potential that this approach has in de-risking T-cell therapy.
Although further improvement in the current predictors and possibly
a combination of several orthogonal metrics are needed, our results
show the potential benefit of computational off-target binding screens.
We propose that by using a mammalian surface display in a CAR
construct when identifying binders, miBds that would not bind the
target when presented in a CAR were deselected in the pooled in vitro
screen. We further found that the miBds we designed facilitated
target cell killing when using the miBd as the recognition element
in a CAR format to generate IMPAC-T cells. This indicates that a key
next step is the in vivo validation of CARs incorporating machine
learning-guided pMHC miBds that can direct T cells toward the
PMHC-I antigen of interest and activate engagement, signaling, and,
consequently, cytotoxicity toward pMHC-I-expressing target cells.
Machine learning-guided design holds great promise for a rapid
therapeutic discovery pipeline to target both shared cancer antigens,
such as NY-ESO-1, and patient-specific pMHC targets, such as neoanti-
gens (32). The timelines for identifying an miBd for both SLLMWITQC/
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HLA-A*02:01, where the crystal structure is available, and for RVTDESILSY/
HLA-A*01:01, where no prior pMHC-I structure was described, were
both ~4 to 6 weeks. Given the success for both known crystallized and
structurally predicted targets, we suggest that the pipeline we present
here could be broadly applicable to the generation of miBds to other
peptides and HLAs.

Another strength of this approach is that specific miBds were identi-
fied with a relatively high success rate (1:50), which we demonstrated
could be increased by using MD approaches. We found that consider-
ing flexibility in the binding interface accelerated the identification of
potential binders, and a direct comparison of the binding interfaces
was facilitated by the high similarity of the interaction sites among
these potential binders. Thus, considering interface flexibility and
dynamics can substantially reduce the false-positive rate and further
expedite the identification of the most promising miBd-pMHC-I com-
plex. A limitation of applying de novo proteins in vivo is the risk that
they could induce an immune response that could include endogenous
TCR-driven immunogenicity against IMPAC-T cells and antidrug an-
tibodies against de novo proteins. Because of their small size, miBds
are unlikely to raise substantially larger immunogenicity than animal-
derived antibodies, nonetheless, thorough in vitro specificity testing
and well-structured in vivo studies evaluating and mitigating this risk
will be needed.

Beyond cancer applications, the versatility of miBds makes them
promising for targeting viral antigens presented on infected cells.
This could be transformative for diseases such as HIV and hepatitis
C, where broad-spectrum targeting remains challenging because of
high mutation rates. Additionally, miBds could be used to block au-
toimmune TCR-pMHC interactions, as proposed for TCR-like anti-
bodies (33), expanding their therapeutic scope. Further, the findings
shown here suggest the use of pMHC-binding miBds as carriers of
payloads or pMHC-targeting bispecific T cell engagers. Given the
previous success of generatively designed miBds in vivo (21), these
findings are likely to not only advance the field of cancer immunotherapy
by introducing a rapid and precise method for de novo pMHC target-
ing but also pave the way for targeted patient-centric and personal-
ized therapies.
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