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Abstract

Wilms tumor 1 (WT1) is an intracellular tumor-associated antigen that remains inac-
cessible to antibodies. Recently, T-cell receptor (TCR) mimic antibodies (TCRm-Abs),
which recognize peptides loaded on human leukocyte antigen (HLA) with higher
specificity and affinity than TCR, have been developed as a new antibody class
that can target intracellular antigens. To expand the therapeutic targets in tumors
with WT1, we developed TCRm-Abs targeting a novel HLA-A*02:01-restricted pep-
tide, WT1C (ALLPAVPSL), and validated their specificity using multiple techniques.
Screening of these antibodies by ELISA with a panel of peptide/HLA complexes and
by glycine scanning of peptide-pulsed T2 cells identified one specific clone, #25-8.
Despite the low risk for eliciting broad cross-reactivity of this TCRm-Ab, analysis of
a panel of cell lines, in conjunction with exogenous expression of either or both the
HLA-A*02:01 and WT1 genes in Hela cells, revealed that #25-8 reacts with WT1C
but also with unknown peptides in the context of HLA-A*02:01. This potentially
dangerous cross-reactivity was confirmed through analysis using chimeric antigen
receptor T-cells carrying the single-chain variable fragment of #25-8, which targets
WT1-negative HelLa/AO2 cells. To determine the cross-reactive profiles of #25-8,
we applied the PresentER antigen presentation platform with the #25-8-recognition
motif, which enables the identification of potential off-target peptides expressed in
the human proteome. Our results demonstrate the potential of TCRm-Abs to target a
variety of peptides in the context of HLA but also depict the need for systematic vali-
dation to identify the cross-reactive peptides for the prediction of off-target toxicity

in future clinical translation.
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1 | INTRODUCTION

Wilms tumor 1 (WT1) is a promising cancer therapeutic target that is
aberrantly expressed in myeloid and lymphoid leukemia and several
solid tumors, but its expression is limited in normal adult tissues.1?
Because WT1 is an intracellular tumor-associated antigen that is in-
accessible to conventional antibodies, T-cell recognition of peptides
loaded on major histocompatibility complex/human leukocyte anti-
gen (HLA) has been the basis for WT1-targeted therapy.® To date, a
limited number of immunodominant peptides preferentially targeted
by T-cells of multiple individuals, such as RMFPNAPYL for HLA-A*02
and CYTWNQMNL for HLA-A*24, have been used for clinical appli-
cation as vaccines.*> However, they have shown limited therapeutic
efficacy.® To enhance antitumor efficacy, adoptive immunotherapy
with T-cells genetically modified to express an antigen-specific T-cell
receptor (TCR) has been developed. However, the clinical applica-
tion of TCR-engineered T-cells remains in its infancy.”®

A T-cell receptor mimic antibody (TCRm-Ab) can recognize epi-
topes comprising both the peptide and the HLA molecule, similar to
the recognition of such complexes by the TCR on T-cells.”*? Thus, it
can target intracellular or extracellular antigens presented on HLA.
TCRm-Abs targeting the two WT1-derived immunodominant pep-
tides have been developed and used as targeting agents of chimeric
antigen receptor-engineered (CAR) T-cells or bispecific T-cell en-
gager (BiTE) antibodies.*** In the search for TCR epitopes of WT1,
WT1C (ALLPAVPSL) showed a high binding score for HLA-A*02:01
but elicited low frequencies of T-cells in individuals.*®” This result
suggests that WT1C can be processed from WT1 and presented on
HLA-A*02, but its cognate TCR are eliminated during the course
of negative selection of thymocytes in nonresponding individuals.
Because a TCRm-Ab can target any peptides loaded on HLA regard-
less of their immunogenicity against T-cells, WT1C may represent a
promising target for TCRm-Ab development.182°

One of the major concerns with T-cell-based therapeutics is
cross-reactivity against structurally related or unrelated peptides
loaded on HLA on normal tissues, which has been documented in
multiple clinical trials using TCR gene-modified T-cells.?*?? For ex-
ample, a clinical trial of T-cells genetically modified to express an
affinity-enhanced MAGE-specific TCR resulted in lethal adverse ef-
fects due to cross-reactivity with titin peptide partly homologous
to MAGE sequences, highlighting a major challenge for the devel-
opment of safe T-cell-based therapeutics.23 To date, strategies for
selecting TCRm-Abs have included a binding assay using a panel of
cell lines and peptide-pulsed T2 cells. However, their ability to val-
idate TCRm-Ab specificity and detect off-target toxicity has been
limited. Recently, novel technologies have emerged that enable
the prediction of the cross-recognition potential of TCRm-Abs. A
detailed biochemical evaluation of a well-characterized TCRm-Ab,
ESK1, by crystallographic studies explained the mechanism of its
recognition of other peptides that share sequence similarity with the
target peptide.?* Gejman et al?>2° developed the PresentER antigen
presentation platform to identify the precise peptide epitope recog-
nized by a TCRm-Ab and TCR. These results demonstrate the nature
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of TCRm-Abs, as well as TCR, having cross-reactivity with nontarget
peptides. Thus, it is crucial to identify the cross-reactive peptides
and to address the tissue expressing the parental proteins for the
prediction of off-target toxicity in future clinical translation.

We recently reported a FACS-based strategy combined with
a single-cell immunoglobulin heavy chain variable (VH) and light
chain variable (VL) gene cloning method for efficient development
of TCRm-Abs targeting a Survivin 2B-derived peptide loaded on
HLA-A*24.%7 By using this approach, we generated antibody clones
recognizing WT1C loaded on HLA-A*02:01 (WT1C/HLA-A*02). In
screening these clones by their affinity and ability to bind key amino
acid residues within the target peptide by T2 cells, one specific
clone, #25-8, was selected as a candidate TCRm-Ab. Analysis of a
small panel of cell lines revealed that #25-8 binding was restricted to
the HLA-A*02" and WT1* cancer cell line THP1. However, a consid-
erable level of off-target binding was found on JY cells that express
HLA-A*02 but not WT1.

In investigating the extent of off-target toxicity, we found that
forced expression of a given HLA in a tumor cell line not expressing
both the HLA and a target protein in combination with interferon
gamma (IFN-y) treatment can be an efficient alternative approach
to screening of a panel of tumor cell lines whose HLA expression
is downregulated. Exogenous expression of either or both the HLA-
A*02:01 and WT1 genes in HLA-A*02:01" WT1 Hela cells revealed
that this antibody reacts with WT1C but also with unknown peptides
in the context of HLA-A*02:01. The observed off-target reactivity
was reflected in the cytotoxicity of T-cells expressing CAR carry-
ing the single-chain variable fragment (ScFv) of #25-8. Screening of
#25-8 cross-reactive peptides by the PresentER antigen presenta-
tion platform with the #25-8-recognition motif allowed us to iden-
tify candidate peptides derived from the human proteome.

These results showed the potential of TCRm-Abs to target a va-
riety of peptides in the context of HLA but also depicted the need
for systematic validation to characterize the cross-reactivity and
specificity of TCRm-Ab.

2 | MATERIALS AND METHODS
2.1 | Generation of T-cell receptor mimic antibodies

Isolation of TCRm-specific plasma cells (PC) was performed as
previously described, with slight modifications.?” Mouse spleno-
cytes (1 x 107/mL) were suspended in 1 mL of PBS and stained
with PE-labeled WT1C/HLA*AO2-tetramer (WT1C/HLA*AQ2)
(0.1 pg/mL), APC-labeled tyrosinase/HLA*AQO2-tetramer (tyrosi-
nase/HLA*A02) (0.25 pg/mL), and DyLight 488-labeled antibody
against mouse IgG (anti-IgG) at 4°C for 30 minutes with gentle
agitation. After washing with PBS, the cells were suspended in
3 mL of PBS containing ER-tracker (0.25 umol/L) and subsequently
analyzed by FACS. Single-cell sorting was performed using a JSAN
Cell Sorter equipped with an automatic cell deposition unit (Bay

Bioscience). Molecular cloning of the immunoglobulin genes from
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single cells and recombinant antibody expression were performed
as previously described.?®?’ Antibodies were produced via the
Expi293 cell culture system and purified with protein G column

chromatography.

2.2 | Detection of the peptide/human leukocyte
antigen complex on target cells by FACS

The ability of the TCRm-Ab to bind to cells was assessed by FACS
according to a previously described method.?’ Briefly, cells were la-
beled with 1 pg/mL #25-8 for 30-60 minutes at 4°C and then stained
with a goat anti-mouse 1gG (H + L) DyLight 650 antibody (Thermo
Fisher Scientific) for 30 minutes at 4°C. JY cells were treated with
ice-cold citric acid buffer (pH 3.2) for 90 seconds and were im-
mediately suspended in IMDM in the presence of 1.5 mg/mL p2-
microglobulin and 1 pg/mL peptide. After incubation for 2 hours at
4°C, cells were stained with #25-8 and BB7.2 anti-HLA-A*02 mono-
clonal antibodies. FACS data were collected on a JSAN Cell Sorter or
FACS Melody (BD Biosciences) and analyzed with FlowJo software

(BD Biosciences).

2.3 | Invitro T-cell-dependent cellular
cytotoxicity assay

T-cells were prepared as previously described.?” The CAR was con-
structed using CD19 or the #25-8 scFv, which was fused at the
C-terminus directly to the CD8 hinge and transmembrane domain
and the intracellular portions of the 3rd generation CAR incorporat-
ing the cytoplasmic domains of 4-1BB, CD28, and CD3¢. Each CAR
construct was subcloned into the pLVSIN-EF1a Pur vector, and lenti-
viral particles were prepared as previously described.?” T-cells stably
expressing the CD19 CAR or #25-8 CAR were generated by infec-
tion with the lentiviral particles. The transduction efficiency was ap-
proximately 45%. The CAR T-cells were mixed with either HeLa/A24,
Hela/A02, or HeLa/AO2/WT cells that stably expressed luciferase
atan E:T ratio of 10:1 (1 x 10%:1 x 10% in 96-well plates and cultured
in GT-T551 culture medium that contained 10% FBS and 2.5 ng/mL
IL2 for 8-12 hours. Bioluminescence was measured as previously de-
scribed.?” The assay measures lytic activity by calculating the num-
ber of viable luciferase-positive cells. The 100% viability reference
point (maximal RLU) was determined by plating target Hela cells (T).
The percent cell viability was calculated from the data using the fol-
lowing equation: % cell viability = 100 x (E + T)/(maximal RLU).

2.4 | PresentER

A DNA fragment encoding a signal peptide from mouse mammary
tumor virus envelope protein followed by the WT1C peptide was
synthesized in accordance with data reported by Gejiman et al.?’

The DNA fragment was subcloned into the Xbal/BamH] sites of the

pLVSIN vector to generate the PresentER-WT1C plasmid. This plas-
mid was digested with Sfil to remove the DNA fragment encoding the
WT1C peptide and used as the PresentER cassette. A library of DNA
fragments encoding #25-8 cross-reactivity motifs, (A/V)LXX(S/A)
VPX(L/V), was synthesized by PCR with primers (binding motif and
PresentER AS2). The amplified DNA fragments were digested with
Sfil, gel purified, and inserted into the PresentER cassette. Theligation
products were electroporated into competent cells, approximately
1 x 10° colonies were harvested from agar plates, and plasmids were
extracted. A lentiviral minigene library was produced by transfecting
the plasmids and ViraPower Packaging Mix (Takara Bio) into 293FT
cells with Lipofectamine 3000 (Thermo Fisher Scientific). T2 cells
(1 x 10° were transduced with the lentiviral minigene library with
a multiplicity of infection of 2 and were selected with 0.5 pg/mL
puromycin for 5 days to establish the 1st-round T2 cell library. This
protocol enables the 9-mer peptide to be transported into the en-
doplasmic reticulum, loaded on HLA, and expressed on the T2 cell
surface. The minigene sequences integrated into genomic DNA of
the 1st-round T2 cell library (2.5 x 10° cells) were recovered by PCR
with primers (P7 barcode 1 and P5) and used as input minigenes.
The 1st-round T2 cell library (2.5 x 10° cells) was stained with #25-
8, and positively stained cells (#25-8 M&") were sorted. The sorting
gate was set at the mean fluorescent intensity of the stained T2 cells
expressing PresentER-WT1C as a control. The minigene sequences
recovered from the sorted cells by PCR with primers (PresentER
S and PresentER AS) were digested with Sfil and inserted into the
PresentER cassette, and the 2nd-round T2 cell library was produced
as described above. #25-8 &M cells were sorted from the 2nd-round
T2 cell library, and the minigene sequences recovered by PCR with
primers (P7 barcode 2 and P5) were used as the 2nd minigene. PCR
was performed using PrimeSTAR HS DNA polymerase (Takara Bio)
with 25 cycles of denaturation (95°C, 30 seconds), annealing (60°C,
20 seconds), and extension (72°C, 20 seconds). PCR products were
subsequently purified, and nucleotide sequencing was performed on

an lllumina MiSeq sequencer. The PCR primers are listed in Table S1.

2.5 | Bioinformatics and data analysis

Sequences encoding 9-mer peptides were extracted from Illumina
sequencing reads, and enrichment values (EV) were calculated as
EV = Abundance of each 9-mer peptide in the 2nd minigene/abun-
dance of each 9-mer peptidein the input minigene. The sequence logo
was generated using the Weblogo algorithm (https://weblogo.berke
ley.edu/logo.cgi) to generate the #25-8 binding motif. Prediction of
peptide binding to HLA-A*02 was performed with NetMHCpan 4.1
(http://www.cbs.dtu.dk/services/NetMHCpan/). Statistically sig-
nificant differences between groups were determined by ANOVA
followed by Tukey’s multiple comparison test or Dunnett’s test by
using JMP Pro14 software (SAS Institute). A peptide search against
the human proteome was performed using protein-protein BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Materials and other methods are presented in Appendix S1.


https://weblogo.berkeley.edu/logo.cgi
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http://www.cbs.dtu.dk/services/NetMHCpan/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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3 | RESULTS

3.1 | Selection of monoclonal antibodies recognizing
WT1C/HLA-A*02:01

For the production of TCRm-Abs targeting WT1C/HLA-A*02, we im-
munized mice with the WT1C/HLA-A*02 monomer as an antigen.
To isolate WT1C/HLA-A*02-specific PC, splenocytes taken from the
mice were stained with anti-1gG, ER-tracker, tyrosinase/HLA-A*02,
and WT1C/HLA-A*02; the WT1C/HLA-A*02-specific PC gated as
anti-1gG Medum ER-tracker H&", tyrosinase/HLA-A*02 'Y and WT1C/
HLA-A*02 "&" (R3 gate) were single-sorted by FACS (Figure 1A).
Antibodies were expressed by transfecting cognate pairs of heavy
and light chain genes into 293FT cells and were assayed by ELISA
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with a panel of peptide/HLA molecules. As shown in Figure 1B, 25
out of 67 antibodies were WT1C/HLA-A*02 binders, among which
16 binders specifically reacted with WT1C but not with 11 irrelevant
peptides, demonstrating the high efficiency of FACS subtraction with
tyrosinase/HLA-A*02 for the removal of PC expressing nonspecific
antibodies. DNA sequencing of these clones revealed that the anti-
bodies were divided into four phylogenetic clusters (Figure 1C). We
selected four antibodies from each cluster: #25-8, #26-23, and #26-
22 readily bound to WT1C pulsed-T2 cells but not to HIV-pulsed
cells, except for #201-14 (Figure 1D). The antibody binding affinity
and kinetics were determined by surface plasmon resonance: the
highest equilibrium dissociation constant (K) was found for #26-
22 (5 nmol/L), followed by #25-8 and #201-14 (11 and 18 nmol/L),
while #26-22 had the lowest (38 nmol/L; Figure 2A). To map key
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FIGURE 1 Development of monoclonal antibodies against WT1C/HLA-A*02. A, FACS gating strategy for the isolation of WT1C/HLA-
A*02-specific plasma cells (PC). Splenocytes were stained with anti-1gG, ER-tracker, tyrosinase/HLA-A*02, and WT1C/HLA-A*02 antibodies.
Plots (I-VI) represent the sequential gating strategy. (I) FSC vs SSC with gate R1 represents lymphocytes. (Il) Cells nonspecifically binding

to the HLA tetramer were subtracted. (Ill) The anti-IgG Low ER-Tracker "8" fraction was defined as PC. (IV) The WT1C/H LA-A*02-specific
PC were defined as anti-IgG MeU™ ER-Tracker "'&" Tyrosinase/HLA-A*02 '°, and WT1C/HLA-A*02 Hie" (R3 gate). A total of 50 000 events
were recorded. B, Binding specificity of antibodies by ELISA with a panel of peptide/HLA-A*02 monomers. A colored heat map shows the
relative immunoreactivity of each antibody clone against the WT1C/HLA-A*02 monomer compared to that against irrelevant peptide/
HLA-A*02 monomers. A: WT1C, B: Survivin, C: Tyrosinase, D: HCV NS3, E: HIV pol, F: Mart-1, G: HTLV-1 Tax, H: WT1126-134, |: Her2/neu,
J: PR1, K: HPV16 E7, and L: MUCL. Signal intensities are color coded as follows: light green (<0%), green (>0%-25%), yellow (>25-50), orange
(>50%-75%), and red (>75%). Values are represented as the means of two replicates. C, Phylogenetic analysis of heavy chain variable (VH)
and light chain variable (VL) amino acid sequences of WT1C/HLA-A*02-specific antibody clones. D, FACS analysis of antibody clones by T2
cells pulsed with peptides. T2 cells pulsed with either WT1C or HIV were stained with the indicated antibody. The binding ability of each

antibody was evaluated by the mean fluorescent intensity of stained T2 cells. Representative data from two independent experiments are
shown.
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amino acid residues involved in the antibody interaction, each resi-
due on WT1C was replaced with glycine (except the canonical anchor
residues at positions 2 and 9), and antibody binding was assessed on
T2 cells. As shown in Figure 2B, the four antibodies possessed differ-
ent molecular recognition patterns, among which #25-8 and #26-22
showed the widest epitope coverage. Because TCRm-Abs possess
the ability to recognize epitopes that share sequence homology
with the chosen 9-mer amino acid sequences, potential off-target
peptides with similar sequences to WT1C carrying anchor residue
motifs for HLA-A*02 were searched using the BLAST program. Six
peptides sharing high sequence similarity with WT1C were identi-
fied: zinc finger MYM-type containing 6 (ZMYMé), NEDD4-binding
protein 1 (N4BP1), lysophospholipid acyltransferase 7 (MBOAT7),
ankyrin repeat and KH domain-containing 1 (ANKHD1), Wingless-
type MMTV integration site family member 6 (WNT6) and killer-cell
Ig-like receptors (KIR). These peptides were used to pulse T2 cells,
and the ability of the antibodies to bind these targets was analyzed.
As shown in Figure 2C, each of the antibodies showed different lev-
els of off-target reactivity, among which #25-8 moderately bound to
the ZMYMé6 peptide but not to other peptides. All other antibodies
appeared to bind with more than two peptides. N4BP1, WNTé, and
KIR peptide did not stabilize HLA-A*02 on T2 cells. Based on gly-
cine substitution and off-target peptide analysis, #25-8, recognizing
the putative binding sequence, (A/V)LXX(S/A)VPX(L/V), showed the
highest specificity and was, thus, selected and subjected to further
analysis. #25-8 was tested for a dose response regarding its bind-
ing to WT1C/HLA-A*02 on T2 cells. T2 cells pulsed with the WT1C
peptide showed increased #25-8 binding when the antibody con-
centration was increased. Increasing WT1C peptide concentrations
also increased #25-8 binding (Figure S1). Competitive ELISA per-
formed with WT1C/HLA-A*02 at 25 nmol/L completely abolished
#25-8 binding to immobilized WT1C/HLA-A*02, but WT1C peptide
at a 20-fold higher concentration did not inhibit binding, indicating
that #25-8 recognizes conformational epitopes consisting of the
HLA-A*02 molecule with the WT1C peptide embedded within it
(Figure S1).

3.2 | #25-8 recognizes WT1C but also cross-reacts
to unknown peptides loaded on HLA-A*02

To provide direct confirmation that #25-8 binds the WT1C peptide
loaded on HLA-A*02, we analyzed a small panel of cell lines to assess
their ability to be recognized by #25-8. As shown in Figure 3A,B, #25-8
binding was restricted to the HLA-A*02* WT1" cancer cell line THP1.
#25-8 labeling was not observed on HLA-A*02* WT1™ tumor cell lines
(MCF7, NALM-6 and HEK293) and normal cells taken from HLA-A*02*
healthy donors (NB1 fibroblasts and PBMC). In addition, #25-8 did not
bind with HLA-A*02~ WT1" cells (K562, OVCAR-3, and SK-OV-3) or
HLA-A*02" WT1 tumor cell lines (Jurkat and NK92 MI; Figure S2).
However, a considerable level of #25-8 binding was observed on JY
cells that express high levels of HLA-A*02 but not WT1. When JY cells

were treated with an acid wash to remove the peptides from the HLA

molecules, #25-8 no longer reacted with them. Pulsing WT1C on the
washed JY cells recovered #25-8 binding, indicating that #25-8 re-
acted to unknown peptide/HLA-A*02 complexes expressed on JY cells
(Figure S3). Thus, we investigated the cross-reactive potential of this
TCRm-Ab using different screening methods and characterized its fine
specificity. HeLa cells (WT1", HLA-A*02") were transfected with HLA-
A*02:01 (HeLa/A02) or both the WT1 and HLA-A*02:01 genes (HelLa/
A02/WT1), and #25-8 binding to these cells was analyzed by FACS.
#25-8 stained HelLa/A2/WT1 cells, while HelLa/A2 cells were also
stained by #25-8, indicating that 43% of the #25-8 binding to HelLa/
A2/WT1 cells originated from off-target binding (Figure 3C). It has
been shown that IFN-y alters proteasome catalytic functions, leading
to the increased production of certain TCR epitopes.3°'31 Therefore,
we analyzed the effect of IFN-y on the cross-reactive potential of
#25-8. IFN-y treatment of HeLa/A2/WT1 cells led to a sixfold increase
in #25-8 binding compared to that of untreated HeLa/A2/WT1 cells.
Enhanced binding of #25-8 was also found on HeLa/A2 cells (ninefold)
compared to untreated Hela/A2 cells, indicating that that 62% of the
#25-8 binding to HeLa/A2/WT1 cells originated from off-target bind-
ing under IFN-y stimulation. These results indicate that WT1C is pro-
cessed and loaded on HLA-A*02 and that #25-8 recognizes the WT1C/
HLA-A*02 complex but also reacts to unknown peptides loaded on
HLA-A*02. We next sought to assess whether the potential cross-
reactive ZMYM®6 peptide for #25-8 is actually processed and pre-
sented on HLA-A*02:01" cells and whether #25-8 binds it. As shown in
Figure S4, forced expression of the ZMYM6 gene in HelLa/A2 cells did
not induce #25-8 binding, suggesting that the ZMYM®é epitope may
not be properly processed or presented on HLA-A*02. Thus, we could
rule out cross-reactivity of this peptide.

We next analyzed whether the observed cross-reactivity and
specificity of #25-8 influence the ability of #25-8 CAR T-cells to
kill target and nontarget cells in vitro. To ascertain the specificity of
#25-8 ScFv fragments, HEK293 cells expressing #25-8 CAR were la-
beled with a panel of peptide/HLA molecules and examined by FACS.
As shown in Figure S5, #25-8 ScFv retains the binding specificity of
the parent antibody, for which the greatest binding was observed
to WT1C/HLA-A*02, whereas moderate binding to ZMYMé and no
binding to other peptide/HLA molecules were observed. T-cells ex-
panded from PBMCs were transduced with either the #25-8 CAR
or CD19 CAR construct, and the capacity of the CAR T-cells to lyse
target cells was analyzed. The #25-8 CAR T-cells killed a significantly
increased percentage of HeLa/A2/WT1 cells but not HeLa cells ex-
pressing HLA-A*24 (HeLa/A24). However, a substantial level of cy-
totoxicity was also found in HeLa/A2 cells, and approximately 77%
of the observed cytotoxicity of #25-8 CAR T-cells originated from
off-target recognition of #25-8.

3.3 | Identification of cross-reactive peptides by the
PresentER antigen presentation platform

To uncover the origin of this cross-reactive binding, we con-

structed a minigene lentiviral library encoding 9-mer peptides



KUROSAWA ET AL.
RU
(A) "=y 25.8
30
20
g 10 ‘
,13 Y _‘
-20
o 00 600 800 1000 1200 1400
Time
RU
wr 26-23
50
E ;g #_:"AQ/LJ\/\
s 20
10
o
4 1 1 141
Time

(B)

(©)

Ka(S-TM1):2.2x108
Kd(S) :5.6x1072

Kp(nM) :11

Ka(S1M1):6.3x106
Kd(S1) :3.2x10°
Ko(nM) :5.1

Ka(StM1):2.6x10°
Kd(S?) :1.0.x102
Kp(nM) :38

Ka(S1M1):2.2x10°
Kd(S?) :4.1x103
Ko(nM) :18

WT1
NC
Gl
G3
G4
G5
G6
G7
G8

WT1

NC
N4BP1
MBOAT7
ANKHD
WNT6
KIR
ZMYM6

ALLPAVPSL

GLLPAVPSL
ALGPAVPSL
ALLGAVPSL
ALLPGVPSL
ALLPAGPSL
ALLPAVGSL
ALLPAVPGL

ALLPAVPSL

PLLPALPSL
GLLPDVPSL
SLLPSVPAL
ALLPAVRTL
RLLPAVPSV
VLLPSVPAV

25-8 26-23 26-22 201-14 BB7.2
N | |
o
-
...
(e
50 100 % 50 150 %

25-8 26-23 26-22 201-14 BB7.2

H N EE N
-
) -
|
3 ]

50 100 % 50 100 %

Cancer Science RIS e



KUROSAWA ET AL.

LRRVWIIPSVE Cancer SCience

FIGURE 2 Biochemical analysis of candidate T-cell receptor mimic antibodies (TCRm-Abs). A, Surface plasmon resonance analysis of

the candidate TCRm-Abs for affinity to WT1C/HLA-A*02. Calculated affinity constants are displayed. Data are representative of two
independent experiments. B, Epitope mapping of the candidate TCRm-Abs based on glycine-substituted WT1C peptides. T2 cells pulsed
with either WT1C or glycine-substituted WT1C peptides (1.0 ug/mL) were incubated with the selected antibodies (1.0 pg/mL) and the
PE-labeled anti-HLA-A*02 antibody (BB7.2). Antibody binding was determined by FACS relative to that for native WT1C-pulsed T2 cells. C,
Antibody binding to a panel of WT1C-like peptides found in the human proteome. The indicated peptides were pulsed onto T2 cells, and the
antibody binding was determined by FACS relative to that for WT1C-pulsed T2 cells. The positions with mismatched amino acids are shown
in red. Data are expressed as the average +SD for three (#25-8) or two (BB7.2) replicates/group.

based on the putative #25-8 binding sequence and transduced
it into T2 cells (Figure 4A). After two rounds of FACS for #25-8,
T2 cells expressing #25-8-cross-reactive peptides were enriched
(Figure 4B). The minigenes integrated into genomic DNA recov-
ered from the T2 cells before (input minigene) and after the two
rounds of FACS (2nd minigene) were sequenced with Illumina.
Among 6803 peptides in the input minigene, 397 peptides were
recovered in the 2nd minigene. ZMYMé6 was not found in the
2nd minigene. A total of 134 peptides were more enriched than
WT1C (Figure 4C and Table S2). However, none of those enriched
peptides matched exactly with the human proteome by BLAST
search. Thus, we selected the top 100 enriched peptides, and
the most common amino acids were visualized via a sequence
logo (Figure 4D). A search for the most similar sequence in the
human proteome with high binding affinity to HLA-A*02 identi-
fied three HLA-A*02 restricted peptides: VLCSSLPTV from small
G protein signaling modulator 3 (SGSM3), VLIASVPVV from potas-
sium voltage-gated channel subfamily Q member 3 (KCNQ3) and
VLVSEVPLYV from titin (TTN). When we assayed these peptides for
binding to #25-8 by pulsing T2 cells, KCN and SGSM3 were recog-
nized by #25-8, but TTN was not (Figure 4E and Table 1). Analysis
of protein expression profiles for tissues and cell types using The
Human Protein Atlas (https://www.proteinatlas.org) revealed that
SGSM3 is expressed across a wide range of tissues, while the ex-
pression of KCNQQ is limited to neuronal cells. Thus, these pep-
tides, if processed and presented on HLA in normal tissues, could

potentially cause off-target toxicity.

4 | DISCUSSION

Tumor cells continuously display tumor-associated antigen-derived
peptides on the cell surface in the context of HLA.3? However,
in many cases, most of these peptides do not elicit strong anti-
tumor immune responses because self-reactive T-cells harbor-
ing TCR with high affinity to peptides undergo clonal deletion to
maintain self-tolerance. Furthermore, given that different indi-
viduals have different TCR repertoires, peptide immunogenicity
differs among individuals.>® For these reasons, TCR-dependent
immunotherapeutic approaches have relied on a limited number
of immunodominant peptides preferentially targeted by T-cells in
multiple individuals. In contrast, TCRm-Abs can target a variety
of tumor-associated antigen-derived peptides in the form of CAR

T-cells or BiTE antibodies, which may overcome the limitations that

hamper TCR-based immunotherapeutic approaches. In this paper,
we found that a nonimmunodominant peptide, WT1C, is processed
and presented on the cell surface in the context of HLA-A*02 and
that the #25-8 TCRm-Ab can recognize this peptide in the HLA-
A*02 context.

One of the major concerns with TCRm-Abs for future clinical
trials is cross-reactivity against structurally related or unrelated
antigens expressed on normal tissues. To date, a variety of TCRm-
Abs have been generated. However, in many cases, little evidence
of potential cross-reactivity has been presented?“'34 We performed
a series of antibody screenings by ELISA with a panel of peptide/
HLA molecules, T2 cells pulsed with glycine-substituted peptides,
and WT1C-like peptides. Based on these analyses, #25-8 was se-
lected for its highest affinity and specificity. However, these strat-
egies were not enough to predict the cross-reactivity of TCRm-Ab;
#25-8 bound to WT1-negative JY cells that highly expressed HLA-
A*02:01. It has been shown that TCR exhibit substantial cross-reac-
tivity to allogeneic HLA molecules loaded with various peptides.®®
Thus, such phenomena may occur with TCRm-Ab. JY cells express
HLA-B*07:02 and HLA-C*07:02. Although those HLA are also ex-
pressed on HEK293 (HLA- B*07:02" HLA-C*07:02%) and OVCAR
cells (HLA-B*07:02%), #25-8 did not bind to these cell lines. By taking
these results along with the higher specificity and affinity of #25-8
into account, it seems unlikely that #25-8 cross-reacts to allogeneic
HLA molecules on JY cells.

We demonstrated that forced expression of the HLA-A*02:01
gene in HLA-A*02:01" WT1™ Hela cells followed by IFN-y treatment
led to #25-8 cross-reactive potential with irrelevant peptides. This
implies the role of IFN-y as a double-edged sword for TCRm-Ab: it
enhances the expression of the target peptide but also induces the
expression of cross-reactive peptides. This potentially dangerous
cross-reactivity was confirmed through analysis using #25-8 CAR
T-cells targeting WT1-negative HelLa/A02 cells. High affinity anti-
bodies can cause CAR T-cells to recognize target antigens, but they
can also increase the severity of off-target toxicities. A recent study
demonstrated that low affinity CAR T-cells have stronger antitumor
activity and lower off-tumor toxicities than their high affinity coun-
terparts.®®%” Because it is important to balance the relationship be-
tween potency and toxicity in CAR T-cell therapy, the use of high
affinity CAR, such as CAR carrying multivalent antibodies, is not nec-
essary as a potential strategy to expand the effectiveness of immu-
notherapy. Thus, the development of TCRm-Ab with reduced affinity
but enhanced specificity will be needed to achieve superior antitu-

mor efficacy and safety.
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FIGURE 3 #25-8 recognizes WT1C but cross-reacts to unknown peptides. A, Binding of #25-8 to a panel of human cell lines. The
indicated human cell lines were stained with 1.0 ug/mL #25-8 or control mouse IgG, and binding was analyzed by FACS. The integrity of

the peptide/HLA-A*02 expression was confirmed with an antibody (BB7.2) against HLA-A*02. B, PBMC from HLA-A*24" healthy donors
stained with #25-8. A representative gating strategy and #25-8 histogram compared with a control IgG are shown. C, HLA-A*02 M&" cells
stained with #25-8 or control IgG. HeLa, HeLa/A02, or HeLa/A2/WT1 cells were treated with or without IFN-y for 12 h, and HLA-A*02 Nieh
cells were gated. The binding ability of #25-8 was evaluated according to mean fluorescent intensity. The bar in each histogram represents
the gate defined as HLA-A*02 high cells (lower panel). Data are representative of two independent experiments. D, The specificity and
cross-reactivity of #25-8 reflects the cytotoxic activity of #25-8 CAR T-cells. #25-8 CAR or CD19 CAR T-cells were mixed with HelLa, HelLa/
AO02, or HeLa/A2/WT1 cells, and the cytotoxic activity of the CAR T-cells was measured. The values for cell viability are represented as the
average + SD of three replicates (n = 3) of two independent experiments (**P < 0.01).
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FIGURE 4 Discovery of cross-reactive peptides of #25-8 by PresentER. A, #25-8 recognition motif. X indicates any amino acid. B, FACS
histograms depicting #25-8 binding to T2 cells expressing minigenes. T2 cells expressing the indicated minigene library were stained with
#25-8 and analyzed by FACS. C, Manhattan plots showing the enrichment value (EV) of each peptide in the 2nd minigene library. Log, EV
on the y-axis against the input minigene peptides on the x-axis is shown. The red diamond indicates WT1C. D, Sequence logos showing the

amino acid frequency for a given position in the #25-8 binding sequence. E, The indicated peptides were pulsed onto T2 cells and #25-8
binding was determined by FACS. Data are representative of two independent experiments.

We also undertook investigations into the cross-reactive poten-
tial of #25-8 using PresentER and identified candidate cross-reac-
tive peptides. It remains unclear whether those peptides would be
naturally processed and presented on HLA-A*02:01 on tumor and
normal cells. Because our PresentER screening was carried out based
on the #25-8 recognition motif, we cannot exclude the possibility
that #25-8 recognizes structurally unrelated peptides. In addition
to the methods described in this paper, structure-guided analysis as
well as an HLA peptidome database would provide a framework for

predicting potential cross-reactive peptides and the tissues where
they are expressed.®®

In conclusion, we generated a TCR-mAb that recognizes a novel

WT1-derived peptide in the context of HLA-A*02 with a defined
specificity while exhibiting cross-reactivity against a set of peptides.
Our findings demonstrate the need for systematic validation by
using multiple screening techniques to predict and identify potential

cross-reactive epitopes expressed on normal tissues for integrating
TCRm-Abs into future clinical translation.
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TABLE 1 Candidate cross-reactive
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. Affinity Relative MFI Protein accession
peptides for #25-8 Protein Peptide (nmol/L) (%) number (NCBI)
WT1 ALLPAVPSL 6.01 100+ 3 NP_000369
SGSM3 VLCSSLPTV 9.90 4145 NP_056520
KCNQ3 VLIASVPVV 7.16 128 +5 NP_004510
TTN VLVSEVPLV 7.96 5+3 NP_035782
VIM RLRSSVPGV 105.98 ND NP_003371
RTTN ILESAVPLL 69.67 ND NP_775901

Note: Relative MFI relative to that for WT1C-pulsed T2 cells is expressed as the average + SD for

three replicates/group.

Abbreviations: MFI, mean fluorescent intensity; ND, not determined.
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