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Abstract

WT1126 (RMFPNAPYL) is a human leukocyte antigen-A2 (HLA-A2) restricted peptide derived 

from Wilms tumor protein (WT1), which is widely expressed in a broad spectrum of leukemias, 

lymphomas and solid tumors. A novel T-cell-receptor (TCR)-like single chain variable fragment 

(scFv) antibody specific for the T cell epitope consisting of the WT1/HLA-A2 complex was 

isolated from a human scFv phage library. This scFv was affinity-matured by mutagenesis 

combined with yeast display, and structurally analyzed using a homology model. This monovalent 

scFv showed a 100-fold affinity improvement (dissociation constant [KD]= 3nM) and exquisite 

specificity towards its targeted epitope or HLA-A2+/WT1+ tumor cells. Bivalent scFv-huIgG1-Fc 

fusion protein demonstrated an even higher avidity (KD = 2pM) binding to the T cell epitope and 

to tumor targets, and was capable of mediating antibody-dependent cell-mediated cytotoxicity or 

tumor lysis by chimeric antigen receptor (CAR)-expressing human T or NK-92-MI transfected 

cells. This antibody demonstrated specific and potent cytotoxicity in vivo towards WT1-positive 

leukemia xenograft that was HLA-A2 restricted. In summary, T cell epitopes can provide novel 

targets for antibody-based therapeutics. By combining phage and yeast displays and scFv-Fc 

fusion platforms, a strategy for developing high affinity TCR-like antibodies could be rapidly 

explored for potential clinical development.
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Introduction

Major histocompatibility complex (MHC) class I molecules play a central role in the 

surveillance of aberrant or foreign proteins within cells. Peptides derived from endogenous 
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proteins fill the MHC class I pockets and are recognized by T cell receptors (TCRs) on 

CD8(+) T lymphocytes.1, 2 These MHC class I complexes are constitutively expressed by all 

nucleated cells. In cancer, virus-specific or tumor-specific peptide/MHC complexes 

represent a unique class of cell surface targets for immunotherapy, with promise in vaccine 

research,3 adoptive cell therapy,4 and more recently, TCR-like antibodies.5, 6

Although soluble TCRs have been successfully developed to target T cell epitope on tumors, 

their inherent low affinity has limited their potential as therapeutics.7 Even more 

importantly, the low density of MHC molecules and of the individual displayed peptides put 

further constraints on low-affinity TCRs.8 Attempts to affinity mature TCRs were 

sometimes hampered by cross-reactivity.9, 10 Monoclonal antibodies are now an accepted 

modality in cancer treatment. Yet, most of these antibodies have targeted surface antigens 

whose repertoire on solid tumors is limited. TCR-like antibodies, with high affinity and 

controlled specificity, could be ideal therapeutics.5, 11 To this end, several TCR-like 

antibodies targeting peptides derived from viral or tumor antigens in the context of human 

leukocyte antigen(HLA)-A1 or HLA-A2 have been reported.12–18 In addition to their 

therapeutic values, they are desirable for characterizing specific peptide presentation on 

malignant and infected cells.

One of the most studied tumor associated antigens has been the product of the Wilms tumor 

gene 1, which encodes a zinc-finger transcription factor (Wilms tumor protein 1; WT1) 

important in cell growth and differentiation.19 In a tissue-specific manner, it is expressed 

mainly in the urogenital system of the developing embryo as well as the central nervous and 

hematopoietic systems in adults.20 In its aberrant state, WT1 expression is found in 

leukemias, lymphomas and solid tumors including astrocytic tumors, sarcomas, breast, lung 

and colorectal cancer, and neuroblastoma,20, 21 with the characteristics of an oncogene.22 

Several peptides derived from endogenous WT1 protein are presented in the context of 

MHC class I molecules and are immunogenic.1, 23 The 9-mer WT1-derived peptide 126–

134, RMFPNAPYL (WT1126), is the most extensively studied.24, 25 As vaccines, the 

WT1126 peptide induced a durable WT1-specific cytotoxic T cell (CTL) response in patients 

with acute myeloid leukemia (AML).3, 26

To develop a reagent with diagnostic or even therapeutic potential, we first isolated a novel 

TCR-like antibody against WT1126/HLA-A2 from a human scFv phage-displayed library. 

This anti-WT1126/HLA-A2 scFv was affinity matured by yeast display selection. By using 

the scFv-Fc fusion protein and the scFv-chimeric antigen receptor (CAR) platforms, the 

therapeutic potential of this TCR-like antibody was tested in vitro and in xenograft models.

Materials and Methods

Human lymphocytes and tumor cell lines

Human peripheral blood mononuclear cells (PBMC) were isolated from whole blood by 

ficoll Hypaque density gradient separation. T cells were purified by negative magnetic 

separation using magnetic beads containing antibodies against CD19, CD20, CD14, CD56 

(Pan T-cell isolation kit, Miltenyi Biotech). LAN-1 tumor cells were obtained from 

Children’s Hospital Los Angeles. JN-DSRCT tumor cells were obtained from Fukuoka 
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University, Japan. Tap-deficient HLA-A2+ T2 cells, NK-92-MI and all other cell lines used 

were purchased from ATCC or developed at Memorial Sloan Kettering Cancer Center. Cells 

were cultured in RPMI 1640 with 2 mM L-glutamine and 10% fetal bovine serum (FBS). 

All cell lines have been tested and authenticated by short tandem repeat profiling using 

PowerPlex 10 System (Promega) and tested for mycoplasma contamination. NK-92-MI cells 

and genetically CAR modified NK-92-MI cells were propagated in Alpha Minimum 

Essential medium with 2 mM L-glutamine, 12.5% horse serum and 12.5% fetal bovine 

serum.

MHC-peptide complexes

Using peptides synthesized by Genscript, biotinylated soluble MHC class I-peptide 

complexes were generated by the Tetramer facility at Memorial Sloan Kettering Cancer 

Center (MSKCC), and the phycoerythrin (PE) conjugated MHC/peptide tetramers were 

obtained from the National Institutes of Health Tetramer Core Facility (Emory University, 

Atlanta, GA). The specific WT1 peptide used was RMFPNAPYL (WT1126); control 

peptides included: (1) NLVPMVATV derived from pp65 of human cytomegalovirus, (2) 

RIITSTILV derived from HUD (alias ELAVL4, embryonic lethal, abnormal vision, 

drosophila-like 4), (3) LLEEMFLTV from cerebellar degeneration-related protein 2 

(CDR2), (4) SLGEQQYSV and (5) CMTWNQMNL derived from WT1, (6) LMLGEFLKL 

derived from Survivin, and (7) FLTPKKLQCV derived from prostate specific antigen PSA.

Phage display selection

The Tomlinson I + J human scFv phage display libraries,27 containing approximately 2.85 × 

108 independent scFv clones, were used for selection according to previously published 

methods with modifications17. Phages were first preincubated with streptavidin 

paramagnetic Dynabeads (Invitrogen) and unbiotinylated HLA-A2-NLVPMVATV 

(irrelevant complex). The supernatant (phage and irrelevant complex mixture) was reacted 

with biotinylated HLA-A2-RMFPNAPYL (WT1126) before capture on fresh Dynabeads 

(preincubated with 2% milk and washed with PBS). After the final round of panning, the 

eluted phages were used to infect both TG1 and HB2151 E. coli. TG1 cells were cultured 

overnight while the HB2151 cells were spread on 2YT plus Ampicillin (100 µg/ml) agar 

plates.

Mutagenesis by error-prone PCR

Error-prone PCR of the entire scFv gene was performed using Stratagene GeneMorph® II 

Random Mutagenesis Kit according to the instructions of the manufacturer.

Yeast display selection

Construction of yeast libraries and the protocol for generating and isolating high affinity 

mutants28 were followed with minor modifications. Briefly, induced yeast library (2 × 

109cells) was negatively selected with 10 µg-HLA-A2/ELMLGEFLKL-conjugated magnetic 

beads for 1 h at RT in PBSA buffer (0.1% BSA in PBS), followed by magnetic separation. 

The subtracted yeast cells were subsequently incubated with 10 µg-HLA-A2/RMFPNAPYL-

conjugated magnetic beads for 3 h at RT in PBSA buffer. The magnetically isolated yeast 
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cells were washed 3 times with PBSA buffer, and added into 10 ml of SDCAA yeast media 

for amplification overnight in a 30°C shaker with 250 rpm. The amplified yeast cells were 

induced in SG/RCAA media for 18 h at 20°C shaker with 250 rpm. With 3consecutive 

fluorescence-activated cell sorting (FACS) selections, yeast cells were sorted at100, 33 and 

10 µg/ml biotinylatedHLA-A2/RMFPNAPYL, respectively, each time with sorting gates set 

for yeasts cells with high binding signals.

Expression and purification of soluble scFv and scFv-Fc

The soluble scFv was expressed and purified as previously described29, 30.The scFv-Fc 

variant genes were synthesized for CHO cells (Genscript), transfected into CHO-S cells and 

selected with G418 (Invitrogen).31 High expression clones were selected for culture in 

Opticho serum free medium (Invitrogen),17 and scFv-Fc protein purified using MabSelect 

affinity chromatography (GE Healthcare). After concentration with a 50,000 MWCO 

Vivaspin centrifuge tube (Sartorius Stedim), the scFv-Fc was tested for binding by ELISA 

or by flow cytometry on FACS Calibur (BD Biosciences) using peptide-loaded T2 cells.

ELISA

The specificity of individual phage clones, soluble scFv and scFv-Fc antibodies was 

assessed by ELISA at RT with indirectly coated HLA-A2/peptide complexes, where the 

bound scFv or scFv-Fc was detected using a HRP-conjugated anti-Flag tag antibody or 

HRP-conjugated anti-human Fc antibody, respectively.17

Surface plasmon resonance

Kinetics and affinities of various antibodies and WT1126/HLA-A2 were analyzed by surface 

plasmon resonance using Biacore T100 (GE healthcare). Biotinylated WT1126/HLA-A2 was 

captured by streptavidin-fusion protein on a sensor chip (CM5). A control reference surface 

was prepared for nonspecific binding and refractive index changes. For analysis of the 

kinetics of interactions, varying concentrations of antibodies were injected at a flow rate of 

30 µl/min using a running buffer containing 10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 

and 0.05% Surfactant P-20 (pH 7.4). The association and dissociation phase data were fitted 

simultaneously to a 1:1 model by using BIAevaluation 3.2. All the experiments were done at 

25°C.

Flow cytometric analysis

T2 cells were harvested and incubated in serum-free IMDM containing 20–25 µg/ml β2-

microglobulin (β2M) in the presence of 40 µM or less of WT1126 peptide or control peptides 

at 37°C for 5 h, washed and reacted with purified scFv-Fc (human Fc) for 30 min on ice, and 

after further washing, incubated with PE-conjugated goat anti-Fc specific antibody (Jackson 

ImmunoResearch Laboratories). For epitope mapping, T2 cells were incubated with either 

the wild type or alanine substituted WT1126 peptides at 37°C overnight before reaction with 

the APC-conjugated goat anti-Fc antibody (Jackson ImmunoResearch Laboratories). The 

same method was used to determine the binding of the antibodies to tumor cell lines: first 

scFv-Fc, then PE-conjugated goat anti-Fc secondary antibody. For CAR modified cells, 

fluorescent antibodies for surface staining were purchased from BD Biosciences. CAR 
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expression on CD4(+) and CD8(+) T cells was analyzed using MHC/peptide tetramer, while 

for NK-92-MI, PG-13 and K562 cells, both MHC/peptide tetramer and the reporter GFP 

were used.

Generation of HLA-A2/WT1126-specific CAR construct

CAR expression vector was obtained from Dr. Dario Campana at St. Jude Children’s 

Research Hospital.32 The scFv sequences were fused in-frame to the scFv-4-1BB-CD3ζ 

DNA (Genscript). In the construct, the CAR gene was under a CMV promoter, followed by 

IRES-GFP. The CAR gene was inserted into the expression vector for transformation into 

E.coli, plated on LB plus Ampicillin (100 µg/ml). Once the sequences were validated, the 

DNA was packaged into retrovirus and used to infect human T cells, K562 or NK-92-MI 

cells.

Retroviral production and transduction

For T-cell or K562 transduction, vector DNA was transfected into H29 packaging cells in 

the presence of CaCl2. Viral supernatant was collected for two consecutive days to be 

stored, or to transfect the packaging cell line PG-13. PG-13 cells expressing the transduced 

vector DNA were sorted using GFP as the selection marker, cloned and expanded, and 

culture supernatants collected for T-cell transduction. Purified T-cells were first stimulated 

with CD3/CD28 beads for 24 hours. PG-13 viral supernatant was added to retronectin 

coated plates, followed by T-cells or K562 cells. The plates were spun down and incubated 

for 48 h. Cells expressing the transduced vector were detected using GFP and the WT1126/

HLA-A2-PE-labeled tetramer by FACS.

For transduction of NK-92-MI cells, the following procedure was employed which used a 

293T-based retroviral production cell line (GP2) as previously described.17

Cytotoxicity Assay

Antibody-dependent cell-mediated cytotoxicity (ADCC) assays were performed using 

NK-92-MI cells stably transfected with the human CD16 Fc receptor as previously 

described.31 The cytolytic capacity of T-cells or NK-92-MIcells was tested against HLA-

A2/WT1+ tumor cell lines as well as autologous EBV-BLCL loaded with the WT1126 

peptide using the standard 51Cr release assay.17 Alloreactivity was assessed using HLA 

mismatched EBV-BLCL, and NK like activity was evaluated against the erythroleukemia 

cell line K562 lacking the expression of HLA but with high expression of WT1.

Molecular Modeling

Molecular modeling, energy calculations, docking simulations, and image renderings were 

done using Discovery Studio 4.0 (Accelrys, San Diego, CA) or Pymol (Schrodinger LLC, 

New York, NY). A homology model of the anti-WT1-HLA-A2 scFv antibody was built 

using pdb structure of the anti-SARS scFv antibody from pdb 2GHW as a template (68% 

sequence identity). Each CDR loop was then refined using additional homologous templates 

shown in parentheses: L1 (2BX5, 1RZI, 2UZI), L2 (2VH5, 2UZI, 2BX5), L3 (2BX5, 3NCJ, 

2FGW), H1 (2QQN, 1H3P, 3QOS), H2 (2QQN, 3SKJ, 3SOB), and H3 (1MRD, 1MRE, 

1MRC). The final model underwent 2 nanoseconds of molecular dynamics simulation to 
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reach a low energy conformation for use in docking simulations. Docking simulations were 

run using the energy minimized homology model of ZDOCK with anti-WT1-HLA-A2 scFv 

and the crystal structure of HLA-A2-WT1-RMF (pdb 3HPJ).

Therapy of human leukemia xenograft models

All animal procedures were performed in compliance with Institutional Animal Care and 

Use Committee (IACUC) guidelines. Two million BV173 human leukemia cells were 

injected intravenously into Rag2(−/−)gammaC(−/−) double knockout (DKO) male mice (7–

10 weeks in age). On day 6, tumor engraftment was confirmed by luciferase imaging in all 

mice that were to be treated. Mice were then assigned to treatment and control groups by 

simple randomization (n = 5). Sample size was sufficient to detect significant differences 

between groups using log-rank Mantel-Cox test. Antibodies (50 µg/mouse) were 

administered intravenously twice a week for a total of 4 doses, in a non-blinded manner. In 

animals that also received human effector cells with or without antibodies, PBMC from 

healthy donors were injected intravenously into mice (10 millions cells per mouse) on day 7 

and 14, as well as cytokine IL15/IL15Rα complex (10 µg per subcutaneous injection). 

Tumor growth was assessed by bioluminescence imaging at least once a week.

Results

Selecting for human scFvs specific for HLA-A2/WT1126 using phage display

With the assumption that TCR-like antibodies are under-represented in a mature B-cell 

library,5 we chose the recombinant “Tomlinson I + J” human scFv library for phage display. 

After negative selection against streptavidin beads and the HLA-A2/pp65 control peptide, 

and removing those clones which were cross-reactive with HLA-A2or irrelevant 

recombinant HLA-A2/peptide complexes, 48 clones were isolated of which three individual 

scFv clones were specific for the HLA-A2/WT1126 complex. All three clones shared 

identical DNA sequence, designated as Clone45 (Supplementary Table S1). By ELISA 

Clone45 scFv was specific for HLA-A2/WT1126, and by flow cytometry only reactive with 

T2 cells loaded with the WT1126 peptide (Supplementary Figure S1).

Affinity maturation of scFv using yeast display

By Biacore, the binding affinity of scFv Clone45 (KD=300 nM) was low (Table 1).33, 34 To 

affinity mature Clone45, we created a randomly diversified libraries, comprised of scFv 

mutants with low (<5/1000 bp), moderate (5–9/1000 bp), and high (>9/1000 bp) mutation 

rates, displayed on yeast cells by homologous recombination using a vector containing a C-

terminal Aga2 protein and c-myc tag.35 The final library (5 × 108 independent clones) was 

first enriched using HLA-A2/WT1126 conjugated magnetic beads, followed by sequential 

FACS sorting based on stringent mean fluorescence intensity (MFI) for specific binding to 

HLA-A2/WT1126 (Figure 1a) but not to irrelevant HLA-A2/CDR2-derived peptide 

(LLEEMFLTV) (Figure 1b).

When highest affinity clones from the final round of sorting were sequenced, 4 recurrent 

scFv sequences (S3.1, S3.3, S3.6 and S3.22) were identified. Compared with parental clone 

Clone45, the most dominant mutations contained 9 amino acid substitutions in the variable 

Zhao et al. Page 6

Leukemia. Author manuscript; available in PMC 2016 March 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regions of the heavy chain and light chains (Supplementary Table S2). All three scFv (S3.1, 

S3.3 and S3.6) exhibited a stronger binding signal than parental scFv Clone45 at all 

concentrations by ELISA on HLA-A2/WT1126 complex (Figure 2a), while maintaining 

specificity (Figure 2c). As shown in Table 1, the three scFvs (S3.1, S3.3 and S3.6) bound 

HLA-A2/WT1126 monomer with dissociation constants (KD) of 13 nM, 2.4 nM and 14 nM, 

respectively, compared to KD = 263 nM of parental Clone45. With a KD of 2.4 nM, scFv 

S3.3 exhibited the highest improvement in binding affinity of nearly 100-fold, with a 

significantly prolonged dissociation time (Supplementary Figure S2).

Identifying crucial amino acid positions for affinity maturation of TCR-like antibodies

For affinity maturation the identification of key residues as the interaction of antibody and 

its antigen was crucial.9, 36 The crystal structure of WT1126 bound to HLA-A2 at 2 Å 

resolution has revealed the usual architecture of class I MHC/peptide complexes.25 TCR-

like antibodies are known to recognize MHC-bound peptides either by contacting the 

peptide directly, as a TCR usually does, or by recognizing a unique conformation of the 

MHC protein bound to a particular peptide.37 TCR generally recognizes the extended 

conformation characterized by a bulge at proline (P) and asparagine (N) at residues 4 and 5, 

respectively of the WT1126 peptide.25 The structure of the scFv Clone45 was generated 

using homology modeling. The CHARMm force field was then used to perform energy 

minimizations and molecular dynamic simulations of the structure. The alignment of 4 scFv 

mutants (Supplementary Table S2) suggests Q50L in the heavy chain as the first critical 

position for affinity maturation. Q53L in the light chain of the best mutant (S3.3) was the 

second critical position. Based on homology modeling, these two glutamine residues located 

in CDR2 regions of heavy and light chains, respectively, were involved in antigen 

recognition.

Binding properties and specificity of TCR-like antibodies

To confirm our predicted “hotpots”, Q1L with VH-Q50L mutation and Q2L with VH-

Q50L/VL-Q53L mutations were created. Q2L exhibited an equivalent binding by ELISA to 

S3.3 (scFv mutant with the highest affinity), whereas scFv Q1L was weaker (Figure 2b). By 

Biacore, Q2L showed comparable affinity (KD =3 nM) to S3.3 (KD=2.4 nM) while Q1L was 

inferior (KD = 58 nM) (Table 1). When reshaped into a scFv-Fc fusion protein, Q2L showed 

an even higher apparent affinity (2 pM). By ELISA (Figure 2c), Q2L as scFv or scFv-Fc 

maintained its specificity, showing no cross-reactivity with WT1187-195 (SLGEQQYSV), 

235–243(CMTWNQMNL),or with the WT1 126–134 (RMFPNAPYL) peptide itself. 

Specificity was further confirmed by flow cytometry of peptide loaded T2 cells stained with 

Q2L (Figure 3a).

Q2L showed staining of human tumor cell lines positive for both HLA-A2 and WT1, but not 

to cell lines that were either HLA-A2(−) or WT1(−) (Supplementary Table S3).The intensity 

of staining correlated with the expression level of HLA-A2 molecule. Cell lines that were 

genotypically positive for HLA-A2 with little HLA-A2 expression were also negative for 

binding to Q2L. When the staining with Clone 45 (low affinity), Q1L (modest affinity), Q2L 

or S3.3 (high affinity) was compared against WT1/HLA-A2 positive leukemia cell lines, 

MFI correlated with antibody affinities (Figure 3b).
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To check for potential cross-reactivity of the affinity matured Q2L versus clone 45 for 

normal cells, we stained both HLA-A2[+] and HLA-A2[−] PBMC (Supplementary Table 

S4). No increase in staining of the Q2L was observed with HLA-A2[−] cells. However there 

was a modest elevation in Q2L staining of HLA-A2[+] PBMC relative to clone 45.

Epitope Mapping

To confirm the precise molecular epitope of the Q2L scFv, we used both in silico docking 

simulations and experimental binding with alanine-substituted WT1126 peptides 

(Supplementary Figure S3). For in silico modeling, a homology model of Q2L scFv was 

docked onto the known crystal structure of HLA- HLA-A2/WT1126. The top docked pose 

(Supplementary Figure S3a) revealed that the binding epitope involved the interaction of the 

heavy chain CDR2 of the Q2L scFv with Tyr 8 of WT1126. The mutation VH-Q50L 

enhanced this interaction at this site. The model showed that the second mutation VL-Q53L 

enhanced the interaction of Q2L with the helical peptide-binding cleft of the HLA molecule. 

We verified the predicted epitope with binding experiments using WT1126 peptides 

substituted with alanine at positions 1, 3, 4, 5, 7 and 8 (Supplementary Figure S3b). T2 cells 

were pulsed with these peptides and Q2L binding was measured by flow cytometry. 

Reduced binding was only observed when Tyr8 was mutated to Ala, confirming the epitope.

Antibody-dependent Cell-mediated Cytotoxicity (ADCC)

We next tested if Q2L scFv-Fc could induce mediate ADCC of leukemia targets carrying the 

HLA-A2/WT1126 complex. For ADCC, we used NK-92-MI cells transfected with human 

CD16.31 Q2L mediated dose-dependent ADCC against the WT1126 epitope naturally 

presented by HLA-A2 molecules on BV173 and BA25 leukemia targets (Figure 4). The 

low-affinity parental Clone45 and the irrelevant isotype matched TCR-like scFv-Fc antibody 

(HLA-A2/HUD) did not kill these tumor cells. Complement-mediated cytotoxicity (CMC) 

was ineffective (data not shown).

Arming NK cells and T cells with chimeric antigen receptor (CAR)

CAR was constructed using the Q2L scFv linked to the intracellular signaling domains of 

4-1BB and CD3ζ (Figure 5a). NK-92-MI cells were genetically modified to express Q2L 

CAR using retroviral MSCV vector carrying an IRES-GFP sequence downstream used for 

FACS sorting, in order to produce a fairly pure population (~90%) of stable NK-92-MI cells 

carrying anti-HLA-A2/WT1126 CAR on their cell surface (Figure 5d). Their antigen 

specificity was confirmed by specific tetramer staining. When tested againstHLA-A2(+) and 

WT1(+)leukemia cell lines (THP-1, BV173 and BA25) or neuroblastoma cell line 

(SKNJC2),specific lysis was observed only with NK-92-MI-scFv(Q2L), but not with 

unmodified NK-92-MI cells (Figure 5e).

We next modified CD3(+) T cells isolated from the peripheral blood of healthy donors, 

using retroviral transduction in vitro with either the Q2L-CARor the Clone45-CAR. 

Transduction efficacy varied between 20% and 40%, and correct functional assembly of 

immune receptors was confirmed by HLA-A2/WT1126 tetramer staining (Figure 5b and 

Supplementary Figure S4). Low affinity Clone45-CAR did not stain well with the tetramer 

and the CAR-modified T cells were not cytotoxic for WT1(+) HLA-A2(+) tumor targets 
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(data not shown). In contrast, the high affinity Q2L-CAR bound strongly to the tetramer and 

mediated efficient tumor lysis in a dose-dependent manner (Figure 5c). Q2L-CAR grafted T 

cells specifically recognized and killed HLA-A2(+)/WT1(+)targets (e.g. BV173, SW620/

pp65, OVCAR3/pp65in a dose-dependent manner, but not HLA-A2(+)/WT1(−) cells 

(SKOV3).

Therapy of human leukemia cells by Q2L in vivo

Q2L scFv-Fc was next tested for their anti-tumor effect in vivo in DKO mice xenografted 

intravenously 7 days prior with BV173 acute lymphoblastic leukemia cells. In the first 

tumor model, four IV injections of Q2L suppressed subcutaneous tumor growth, but not 

when control scFv-Fc was used; anti-tumor effect was observed even without the infusion of 

human PBMC (Figure 6a). In the second tumor model, injection of human PBMC along 

with four doses (100 µg per dose) of Q2L nearly eliminated the leukemia in comparison to 

treatments with effector alone (Figure 6b). When PBMC and cytokine IL15/IL15α were 

added to enhance lymphocyte survival, leukemia cells rapidly disseminated in the body with 

no activity by Clone45 in comparison to Q2L-treated mice (Figure 6c). These results suggest 

that the higher affinity of Q2L translated into a significantly enhanced anti-tumor effect.

However, tumor growth suppression Q2L alone treatment was transient, compared with Q2L 

with PBMC effectors (data not shown). It confirmed that Q2L-mediated human ADCC 

likely plays an important role in eliminating tumor cells long term.

Discussion

Therapeutic antibodies are now an established modality for cancer therapy. Peptides 

originating from intracellular proteins are presented on the surface of all nucleated cells, 

including tumor cells, by their MHC-I molecules. If specific antibodies can be made against 

these peptide-HLA complexes, a huge repertoire of targets is theoretically possible.5 In 

contrast to the TCR where low affinity is the rule, TCR-like antibodies can be made to have 

high affinity while retaining specificity.38 A number of TCR-like antibodies have been 

described directed against a large variety of MHC-class-I–peptide complexes derived from 

tumors as well as from pathogens.5, 11, 39 However, few of these antibodies have yet been 

tested in the clinic, and the optimal specificity and affinity of this class of therapeutic 

antibodies need to be defined.

In this study, we described an algorithm for the discovery of TCR-like antibodies directed 

toward an endogenous tumor–associated antigen, WT1, which is overexpressed by human 

malignant cells. We showed that these antibodies bind to a conformational epitope of HLA-

A2-restricted WT1126 peptide, contacting the 126–134 residues of the WT1 protein, an 

epitope previously validated as a tumor target for CD8+ T cells in patients with AML and 

CML.23 The WT1 protein has also been found to be characteristic of CML stem cells40, and 

utilizing this TCR-like antibody approach may be a useful strategy to target cancer initiating 

cells in other tumor types. However, whether the particular WT1126 epitope was presented 

on HLA-A2 in all tumor cells has yet to be proven in the clinical setting.
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The evidence for naturally occurring high affinity TCR-like antibodies in human is scant. 

TCR-like antibodies were previously generated using hybridoma approaches13 or phage-

display libraries.41 We started this investigation using a synthetic antibody gene library 

where the genes were recombinant. The affinity of TCR-like antibodies isolated from human 

antibody phage-display library was relatively low (50–250 nM) and not always sufficient for 

therapeutic purposes.13 As tumors evade T cell immunity by downregulating HLA 

antigens,42–44 affinity of TCR-like antibody is critical. In this study, we adopted an efficient 

yeast display system for affinity maturation. From the initial anti-WT1126/HLA-A2 scFv 

Clone45 with low affinity (KD=263 nM), to the final affinity matured variant (KD=2.4nM) 

representing a 100-fold improvement. Functionally the parental Clone45 as either 

monovalent scFv or bivalent scFv-Fc did not recognize the naturally expressed WT1126/

HLA-A2 epitope on tumor cells, even though it was able to recognize WT1126/HLA-A2 

complexes loaded on the surface of T2 cells. Most importantly, the parental Clone45 scFv 

was not recognizable by tetramer in FACS analysis and did not mediate cytotoxicity either 

as scFv-Fc in ADCC or as CAR in transduced NK-92-MI cells or human T cells.

The affinity maturation of Clone45 was carried out using complementary technologies: yeast 

display and in silico computation. The yeast display library was initially generated based on 

scFv Clone45 where the CDR residues were randomized and clones selected for enhanced 

binding to WT1126/HLA-A2 but not to irrelevant complexes. Using a minimal 20-fold to a 

maximal100-fold affinity improvement boundary, 3 clones were selected. Using homology 

modeling, the simulated structure of scFv recognizing the HLA-A2-WT1126 complex was 

used to identify the two key residues responsible for interaction with the peptide motif, 

while residues facing the MHC helices were left unchanged. The final mutant, Q2L with two 

crucial leucine mutations at glutamine residues of CDR2 regions of the heavy and light 

chains, achieved a 100-fold improvement in affinity. It was noteworthy that the picomolar 

KD (2 pM) of Q2L as bivalent scFv-Fc was the highest among reported TCR-like antibodies 

(9.9 to 294 nM).13 Two other groups have developed anti-WT1126/HLA-A2 antibodies with 

lower affinity, including the IgG1 ESK1 (100pM KD)16 and the Fab fragments F2 (400nM 

KD) and F3 (30nM KD)18. We show that the high affinity Q2L, with its long retention time 

(slow koff=3.55 × 10−4 S−1) was not just better at binding compared to the parental Clone45 

(koff=7.18×10−2 S−1), it was also more effective in ADCC in vitro, and anti-tumor effect in 

vivo. Our studies showed that in DKO mice, the addition of human effectors and cytokine 

could enhance the antibody effects and extend survival, most likely through Fc-receptor 

dependent ADCC mechanisms in the presence of human natural killer (NK) cells and 

myeloid cells.

In order to exploit cytotoxic T cells, genetic modifications using CARs seem to hold great 

promise45. The affinity matured Q2L enabled CAR-modified T cells to display potent 

cytolytic capacity in vitro against AML and breast cancer cell lines. Additionally, we 

demonstrated that Q2L-CAR T cells recognized tumor cells in a WT1-dependent fashion. In 

contrast, no lysis was observed for low affinity parental Clone45 in the same format. Oren et 

al.18 also generated T cell CARs with scFvs based on their low affinity F2 (400nM Kd) and 

their moderate affinity F3 (30nM kD), and postulated that F3-CAR likely cross-reacted and 

led to poor viability, implying an affinity barrier to developing effective anti-peptide/HLA 
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CAR T cells. Here we show that Q2L CAR can retain specificity despite having high 

affinity (3nM KD for the scFv).

NK cells are also a vital component of the innate immune system and the body’s first line of 

defense against viral infection and malignance.46 Unlike T cells expressing the TCR, NK 

cells are devoid of receptors for common tumor antigens.47 In addition, unlike transformed 

cells of hematopoietic origin which express NK activation ligands, solid tumors are 

relatively resistant to NK killing.47 In fact, most neuroblastoma cells were resistant to NK 

cells48 and to NK-92-MI cells (data not shown). However, they were effectively lysed by 

Q2L-CAR modified NK-92-MI even when their HLA expression was low. Whether CAR-

modified NK cells could overcome resistance mechanisms of neuroblastoma will require 

testing of patient NK cells and their tumor samples. Since the NK-92-MI cell line was safe 

in adoptive cancer immunotherapy,46 Q2L-CAR modified NK-92-MI cell could have 

therapeutic potential for WT1-expressing tumors. As adoptive NK cell therapy becomes 

clinically established, Q2L-CAR modified NK cells may be another therapeutic 

possibility.49

While we did observe a higher level of binding of Q2L to normal HLA-A2[+] PBMC 

relative to clone 45, we have previously observed that WT1 is present on bone marrow cells 

(data not shown). It has also been shown that an anti-WT1/HLA-A2 antibody can bind some 

CD19[+] cells16. A thorough analysis on HLA-typed normal tissue arrays will be needed to 

ensure specificity for clinical development. Our work, nevertheless, shows that targeting 

peptide-MHC complexes with Fc-mediated and NK cell CAR-mediated modalities are 

powerful methods to target intra-cellular proteins.

In conclusion, we described a readily applicable strategy for generating TCR-like antibodies 

with picomolar affinity and high specificity. Such antibodies are critical diagnostic tools to 

study individual peptide expression in fresh tumors and as a biomarker of peptide vaccine 

immunotherapy. When the peptide is derived from tumor-associated antigens (e.g.WT1) or 

viral antigens,17 they could provide a sensitive and specific probe for detecting or isolating 

circulating tumor cells in patients. As therapeutics either in the form of IgG antibodies, 

bispecific constructs or CAR-modified lymphocytes, these TCR-mimics directed against 

critical tumor-specific or tumor-associated internal antigens among common human 

cancers50 should open possibilities in the emerging field of cancer immunotherapy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FACS for yeast display selection
(a) Sorting of yeast mutant library. Yeast library was labeled with mouse anti-c-myc 

antibody followed by fluorescent goat anti-mouse antibody, as well as biotinylated HLA-

A2-WT1 monomer followed by fluorescent streptavidin (SA). During the three FACS 

selections, yeast cells were stained with decreasing concentrations of biotinylated HLA-A2-

WT1 monomer at 100µg/ml (sort1), 33µg/ml (sort2) and 10µg/ml (sort3), respectively. Each 

time, the brightest 0.1–0.3% cells were selected. (b) The binding and specificity of selected 
scFv-displayed yeast cell. Yeast cells from the 3rd round selection (the first row) or parental 

Clone45 (the second row) were stained with biotinylated HLA-A2-WT1 monomer (1st 

column) followed by fluorescent Streptavidin, PE conjugated HLA-A2-WT1 tetramer (2nd 
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column), or the negative control (HLA-A2-CDR2) tetramer (3rd column). The x axe 

represents scFv expression. The y axe represents the monomer or tetramer binding.
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Figure 2. ELISA of scFv variants and Q2L scFv-Fc against HLA-A2-peptide monomers
(a) Three scFvs (S3.1, S3.3 and S3.6) from the FACS sorting and parental Clone45 scFv 

were serially diluted and tested for binding to wells coated with HLA-A2-WT1 

(RMFPNAPYL) monomer. (b) Q1L (single mutation), Q2L (double mutations) and S3.3 

scFvs were serially diluted and added to wells coated with HLA-A2-WT1 (RMFPNAPYL) 

monomer. (c) The S3.1, S3.3, S3.6, Q2L, parental scFvs and Q2L scFv-Fc were serially 

diluted and added to wells coated with WT1 peptide (RMFPNAPYL), three types of HLA-

A2-WT1 monomers and four irrelevant HLA-A2 monomers. Bound scFv or scFv-Fc were 

detected with an HRP-conjugated anti-Flag tag antibody or HRP-conjugated anti-human Fc 

antibody and the optical densities (O.D.) at 490 nm measured by Dynex MRX Microplate 

reader. For panels (a), (b) and (c), all samples were prepared in duplicate, and experiments 

were repeated 1–2 times with similar results. Values are shown as mean ± SD.
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Figure 3. Binding of TCR-like antibodies to WT1/HLA-A0201 complexes on live cells measured 
by flow cytometry
(a) Binding of Q2L scFv-Fc (right) and isotype matched TCR-like scFv-Fc (left) to T2 cells 

pulsed with WT1 peptide (dashed line), without peptide (solid line), or with irrelevant 

peptide(dotted line). T2 cells were then stained with TCR-like antibodies at 1µg/ml, 

followed by fluorescent secondary antibody. (b) Recognition of the naturally presented 

WT1/HLA-A2 complex on tumor cells by scFv variants. The human leukemia cells, THP-1 

and BV173, were stained with scFvs at 10µg/ml, followed by fluorescent secondary 

antibody. Experiments from panel (a) and (b) were repeated 1–2 times with similar results.
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Figure 4. Antibody-dependent cell mediated cytotoxicity of TCR-like antibodies against 
leukemia cells BA25
(a) and BV173 (b). Cytotoxicity of Q2L (blue), Clone45 (green) and isotype TCR-like 

scFv-Fc (red) was measured by chromium release assay. Samples were prepared in 

triplicate. Values are shown as mean ± SD.
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Figure 5. Chimeric antigen receptor expressing human lymphocytes specific for HLA-A2-
WT1126
(a) Schematic diagram of the CAR construct. The scFv sequence was cloned into the CAR 

gene and further cloned into a murine stem cell virus-based vector, which contained an 

internal ribosome entry site (IRES)-green fluorescence protein (GFP) sequence along with 

ampicillin-resistance. The resulting CAR was composed of the leader sequence, scFv and 

hinge region on the extracellular surface, a CD8α transmembrane domain, along with 4-1BB 

and the CD3ζ chain. (b) Transduced T cells derived from a single healthy donor. Both CD4 
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and CD8 T cells were genetically modified. CAR modified T cells were stained with HLA-

A2-WT1126 tetramer, anti-CD4, or anti-CD8 and analyzed by flow cytometry. (c) Specific 

cytotoxicity of Clone45-CAR (left) or Q2L-CAR (right) T cells against the tumor cell lines 

by chromium release assay. Samples were prepared in triplicate and values are shown as 

mean ± SE. Experiment was repeated twice with similar results. (d) CAR NK-92 cells were 

stained with PE conjugated HLA-A2/WT1126 tetramer (right) and two isotype controls: 

HLA-A2/Hud tetramer and HLA-A2/CDR2 tetramer. (e) Specific cytotoxicity of Q2L-CAR 

NK-92 (solid line) and mock (dashed line) cells against the tumor cell lines by chromium 

release assay. Samples were prepared in triplicate, and values are shown as mean ± SD. 

Experiment was repeated twice with similar results. The P values of the difference between 

CAR and mock groups were analyzed by log-rank Mantel-Cox test, with treatment groups 

showing similar variance.
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Figure 6. Therapeutic effect of Q2L in vivo against human leukemia xenografts
Tumor burden was calculated by the luminescence signal of each mouse, and averaged (n = 

5 per group). scFv-Fc fusion antibody (Q2L, Clone45 or anti-HLA-A2/Hud [isotope 

control]) was administered (100 µg per dose) intravenously twice a week for a total of 4 

doses. (a) Q2L alone without human effectors significantly reduced tumor burden (p <0.05). 

(b and c) Human PBMC(10 million per iv injection, and cytokine IL15/IL15α (10 µg each 

sc injection) were given on day 7 and 14. Q2L was more effective in tumor suppression 

when compared to parental Clone45, in the absence (b) or presence (c) of IL15-IL15Rα. In 

contrast, the group treated with isotype control had rapid tumor growth. Percent tumor 

growth inhibition in Q2L treatment group was calculated as Tumor Growth Inhibition (TGI). 

Values are shown as mean ± SE. The P values of the difference between Q2L treatment and 
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control groups were analyzed by log-rank Mantel-Cox test, with treatment groups showing 

similar variance.
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Table 1

Binding kinetics and affinities of scFvs or scFv-Fc by Biacore

Antibodies kon (M−1s−1) koff (s−1) KD(nM)

Clone45 scFv 2.73E+05 7.18E−02 263

S3.1 scFv 1.48E+05 1.91E−03 12.9

S3.3 scFv 2.20E+04 5.35E−05 2.43

S3.6 scFv 1.26E+05 1.77E−03 14.1

Q1L scFv 9.43E+04 5.50E−03 58.3

Q2L scFv 1.15E+05 3.55E−04 3.08

Q2L scFv-Fc 4.84E+05 1.15E−06 0.002
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