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Abstract
The Wilms tumor 1 (WT1) oncoprotein is an intracellular, oncogenic transcription factor that is
overexpressed in a wide range of leukemias and solid cancers. RMFPNAPYL (RMF), a WT1-
derived CD8+ T cell human leukocyte antigen (HLA)–A0201 epitope, is a validated target for T
cell–based immunotherapy. Using phage display technology, we discovered a fully human “T cell
receptor–like” monoclonal antibody (mAb), ESK1, specific for the WT1 RMF peptide/HLA-
A0201 complex. ESK1 bound to several leukemia and solid tumor cell lines and primary leukemia
cells, in a WT1-and HLA-A0201–restricted manner, with high avidity [dissociation constant (Kd)
= 0.1 nM]. ESK1 mediated antibody-dependent human effector cell cytotoxicity in vitro. Low
doses of naked ESK1 antibody cleared established, disseminated, human acute lymphocytic
leukemia and Philadelphia chromosome–positive leukemia in nonobese diabetic/severe combined
immunodeficient γc

−/− (NSG) mouse models. At therapeutic doses, no toxicity was seen in HLA-
A0201 transgenic mice. ESK1 is a potential therapeutic agent for a wide range of cancers
overexpressing the WT1 oncoprotein. This finding also provides preclinical validation for the
strategy of developing therapeutic mAbs targeting intracellular oncogenic proteins.

Introduction
Leukemias are difficult-to-treat neoplasms that are largely incurable in adults. Marketed
therapeutic anticancer monoclonal antibodies (mAbs) recognize extracellular or cell surface
proteins, which constitute only a small fraction of the cellular proteins and are not tumor-
specific (1–3). In contrast, mutated or oncogenic tumor-associated proteins are typically
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nuclear or cytoplasmic (4–6). Intracellular proteins can be degraded in the proteasome,
processed, and presented on the cell surface by major histocompatibility complex (MHC)
class I molecules as T cell epitopes that are recognized by T cell receptors (TCRs) (7, 8).
Therefore, generating therapeutic “TCR-like” mAbs that recognize intracellular tumor
antigen–derived peptide/MHC complexes on the cell surface widens possible cancer target
selection, enhances therapeutic potency, and provides the selectivity of T cell–like
recognition.

Several TCR-like Fab or ScFv antibodies specific for cancer antigens have been successfully
selected from mice or from phage display libraries (9–14). TCR-like Fab or ScFv specific
for the melanoma antigens NY-ESO-1 or telomerase catalytic subunit–derived peptide,
presented by human leukocyte antigen (HLA)–A01 or HLA-A02, among others, has been
described (9–12) and is an excellent tool for studying antigen processing and presentation.
Fab-toxin proteins, generated by fusing TCR-like Fab antibodies specific for melanoma
antigens MART-1 26–35/A2 or gp100 280–288/A2 to a truncated form of Pseudomonas
endotoxin, were shown to inhibit human melanoma xenografts in vivo (13).

Wilms tumor 1 (WT1) oncoprotein is a zinc finger transcription factor whose expression in
normal adult tissue is rare but is overexpressed in leukemias of multiple lineages and a wide
range of solid tumors, particularly in mesothelioma and ovarian cancer (15–19). WT1
expression is a biomarker and a prognostic indicator (20, 21). RNA interference knockdown
studies of WT1 suggest that it has oncogenic potential (22) and it appears to be expressed in
leukemia stem cell populations (23). A National Institutes of Health–convened panel
recently ranked WT1 as the top cancer target for immunotherapy (24). WT1 is a nuclear
protein, inaccessible to classical antibody therapy, but vaccine approaches are under way to
generate WT1-specific cytotoxic T cell (CTL) responses that recognize peptides presented
on the cell surface by MHC class I molecules (25–29). We and others have extensively
studied the 9-mer WT1-derived peptide 126–134, RMFPNAPYL (“RMF”), that has been
shown to be processed and presented by HLAA0201 molecules. This peptide induces
cytotoxic CD8 T cells capable of killing WT1+ tumor cells in vitro and in human T cell–
based and vaccine trials (30–33), thus providing a strong rationale for therapeutic targeting
of the RMF epitopes with mAbs.

We report here the discovery of a fully human immunoglobulin G1 (IgG1) mAb, named
“ESK1,” that is specific for the WT1 RMF peptide/HLA-A0201 complex (RMF/A2) found
on many human cancers. The mAb mediated antibody-dependent cell-mediated cytotoxicity
(ADCC) in a WT1-and HLA-A0201–restricted manner in vitro. In nonobese diabetic/severe
combined immunodeficient (NOD/SCID) γc

−/−(NSG) mice, ESK1 as a naked mAb showed
potent antitumor efficacy against established disseminated human leukemia xenografts.

Results
Selection of ScFv specific for RMF/A2 complex and engineering of full-length human mAb

Single phage clones selective for the RMF/A2 complex were picked by a positive screen on
A0201/RMF monomers and a negative screen on A0201/RHAMM-R3 control peptide
monomers. Therefore, any phage that reacted with HLA-A02 and an irrelevant peptide
would have been taken out of the system at the first step. Clones that had unique DNA
coding sequences were characterized in secondary screens by binding to a transporter
associated with antigen processing (TAP)-deficient, human HLA-A0201+ cell line (T2)
alone or pulsed with RMF peptide or control peptides. Fifteen of 35 clones screened showed
specific binding to T2 cells pulsed with RMF peptide. Those clones that showed binding to
T2 cells without the RMF peptide were discarded. The phage clones with the strongest
binding were further characterized for specificity and avidity against T2 pulsed with various
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peptides(Fig. 1A). Five of the 15 ScFv+ phage clones were engineered into full-length
human monoclonal IgG1 for additional analyses.

Specificity of the IgG1 mAb
Human T2 cells, pulsed with or without RMF or control RHAMM-R3 peptides, initially
were used to determine the binding specificity. Five human IgG1 (hIgG1) showed strong
binding to the RMF-pulsed T2 cells (Fig. 1B). The binding strength of the mAbs was 50-to
100-fold enhanced compared to their parental ScFv phage clones. Two mAbs among the
five showed binding to T2 cells alone or pulsed with the control peptide RHAMM-R3,
suggesting that these two mAbs also cross-reacted with HLA-A2 molecule epitopes and
therefore were excluded from further investigation (Fig. 1, C and D). A comparison of the
binding avidity of the three remaining mAbs specific for the RMF/A2 complex first was
investigated by titration of the mAbs and of the RMF peptide. mAb ESK1 showed the
strongest binding, down to a mAb concentration of 0.01 μg/ml (Fig. 1, E and F). ESK1
could detect the RMF/A2 complex in a peptide concentration–dependent manner at
concentrations as low as 1.6 μg/ml, with higher fluorescence intensity than ESK5 and ESK3
mAbs (Fig. 1, G and H).

Specificity was further confirmed through binding of ESK1 to T2 cells pulsed with analog
RMF peptides (table S1). Analog RMF peptides were synthesized with amino acid
substitutions, loaded onto T2 cells, and tested for ESK1 binding. Positions 2 and 9 of the
RMF were left intact because these are the anchor residues for RMF peptide binding to the
HLA-A0201 molecule. Alanine or tyrosine substitution at position 1 (WT1-A1 or WT1-B)
reduced the binding of ESK1 the most compared to the native WT1-A RMF peptide (fig.
S1A). The loss of the binding was not due to the reduction of the peptide binding affinity to
the HLA-A2 molecule, because both these peptides showed strong binding in T2
stabilization assays (fig. S1B). These results showed that nearly identical peptides were not
adequate replacements for the ESK1 epitope and that binding to the HLA-A0201 epitopes
alone on the cell surface was not sufficient.

ESK1 was able to recognize the naturally processed WT1 epitope RMF presented by HLA-
A0201 molecules on the cell surface in a panel of cell lines. ESK1 bound to six of seven
human mesothelioma cell lines that are positive for both HLA-A0201 and WT1 mRNA, but
not to cells that were either HLA-A0201− or WT1− (Table 1 and Fig. 2, A and B). Similarly,
among 11 human hematopoietic cell lines tested, ESK1 bound to cell lines BV173, BA25,
Set2, AML14, and ALL-3 (Table 1 and Fig. 2, C to F), which are positive for both WT1
mRNA and HLA-A0201. ESK1 did not bind to the HLA-A2− HL-60 or WT1− cell lines B-
Jab and SKLY-16. Cell lines that were genotypically HLA-A02+ but expressed little HLA-
A02 on their surface (such as K562) were also negative for binding to ESK1 (Fig. 2D). A
panel of 28 fresh healthy donor cells (fig. S2 and Table 1) and fresh leukemia cells (Fig. 2
and Table 1) was examined by direct flow cytometry for binding to ESK1 and costained
with various lineage markers. ESK1 bound to fresh acute myeloid leukemia (AML) CD34+/
CD33+ leukemia cells in an HLA-A2– and WT1-restricted manner (Fig. 2, G and H), but not
to normal CD33+ peripheral blood mononuclear cells (PBMCs) (fig. S2). Healthy donor
cells were gated for CD3+ T cells, CD19+ B cells, and CD33+ monocytic/myeloid cells and
examined separately. For 15 samples of HLA-A0201–cells, no cell populations were
positive. Among 13 HLAA0201+ donors, normal T cells and monocytic/myeloid cells were
also negative (fig. S2 and Table 1), whereas samples of leukemias were positive (Fig. 2 and
Table 1). There were two A02+ leukemia samples that were only weakly ESK1+, but the
expression of WT1 in these samples was not known, so these could be either false negatives
or true negatives. Cells in two of the B cell populations from healthy A02+ donors were
weakly positive as well. It is not known whether the cross-reactivity was due to WT1
overexpression in a subset of cells or another cross-reacting epitope. Lymphoid cells from
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one sample from a patient with myelodysplastic syndrome were also weakly positive,
suggesting that it was part of the malignant clone, but lymphoid cells from the other patients
were negative. However, the sum of this large amount of data on numerous samples of fresh
cells shows that there is no general cross-reactivity of ESK1 with HLA-A02+/WT1− cells in
typical healthy or leukemic cell populations.

As expected, intensity of binding also appeared to be directly associated with the expression
level of HLA-A0201 molecule. Although H2373, 697, LAMA, and U266 cell lines were
positive for both WT1 transcripts and HLA-A02, the expression level of the HLA-A02 was
low (Table 1) and the mAb did not bind. Notably, ESK1 did not bind to T2 cells alone or
pulsed with other HLA-A0201–binding peptides such as a RHAMM-R3, Ewing sarcoma–
derived peptide (EW), or the mutated heteroclitic RMF peptide WT1-A1 (fig. S1). The latter
two peptides have been shown to have higher affinity than RMF for the HLA-A0201
molecule in T2 stabilization assays (28). These results confirmed ESK1 recognition that is
specific for the epitopes jointly composed of the MHC peptide complex. As a further control
on specificity for RMF/A0201, we tested whether ESK1 would bind to fresh cells from the
spleens of HLAA0201 transgenic B6 mice. These mice overexpress human HLA-A0201
especially in their lymphoid organs. Although HLA-A0201 was detected on these cells, no
binding of ESK1 was seen (fig. S3).

Binding avidity of the ESK1 mAb
A radioimmunoassay (RIA) using 125I-labeled ESK1 was used to determine an avidity
constant on JMN cells [dissociation constant (Kd) = ~0.1 nM] (Fig. 3, A and B). In addition
to confirming specificity, the RIA was also used to determine the number of antibody
binding sites on a panel of cell lines and fresh cells, because this number is of great interest
to understanding the effector mechanisms of the mAb and the biochemical features of RMF
presentation (Fig. 3C). The background for detecting binding in this assay was in the range
of 200 to 400 sites per cell on cell lines and about 100 sites on fresh cells, because that was
the calculated signal on HLA-A02− or WT1− cells. Therefore, determination of site numbers
at or below this range was not possible. ESK1 bound to the JMN mesothelioma and the
BA25, BV173, and SET2 leukemias, which are positive for both HLA-A0201 and WT1
mRNA. ESK did not bind to HLA-A0201− cells (HL60 or MSTO) or WT1 mRNA –
negative cells (SKLY-16).

ESK1 also did not bind to 697 cells, which are both HLA-A0201+ and WT1+, but express
low levels of HLA-A0201 (Table 1), confirming that a certain level of total MHC molecules
is needed to present sufficient WT1 peptide for ESK1 binding. T2 pulsed with RMF bound
~2000 mAbs per cell and JMN cells bound ~6000 ESK1 mAbs per cell (Fig. 3B). RIA
showed variable binding of ESK1 to AML blasts that were HLA-A2+ and WT1 mRNA–
positive (0 to 1300 mAb sites over that of background binding to PBMCs that were A02−).
WT1− patients bound 0 to 175 mAbs per cell over background. The RIA results in Fig. 3
confirmed the flow cytometry analysis in Fig. 2 and Table 1. These RIA data showed that
the level of RMF/A2 on the surface of many examples of cancer and leukemia cells is
adequate to allow reactivity with ESK1 and that the levels of epitope on WT1− healthy cells
are low or absent.

ESK1 effector mechanisms
There are four general mechanisms by which mAbs affect cytotoxicity: ADCC,
complement-mediated cytotoxicity (CMC), antibody-dependent cellular phagocytosis
(ADCP), and direct killing via apoptosis. ADCC is considered to be one of the major
effector mechanisms of therapeutic mAbs in humans. ESK1 was active in ADCC assays
against multiple cell types (Fig. 4). In the presence of human PBMCs, ESK1 mediated dose-

Dao et al. Page 4

Sci Transl Med. Author manuscript; available in PMC 2014 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dependent ADCC against T2 cells loaded with RMF peptide (Fig. 4A) and against the RMF
epitope naturally presented by HLA-A0201 molecules on JMN mesothelioma (Fig. 4B),
BV173 leukemia (Fig. 4C), SKOV ovarian carcinoma (Fig. 4E), CC228 colon carcinoma
cell lines (Fig. 4E), and fresh AML cells (Fig. 4F). Control T2 cells with no peptide or
pulsed with the irrelevant A0201-binding peptide RHAMM-R3 (Fig. 4A) as well as A02−

fresh AML blast cells (Fig. 4F), HL60 (Fig. 4D), or MSTO (Fig. 4B) were not killed. These
results demonstrated that ESK1 mediated ADCC against cells that naturally express RMF/
A2 complex at physiologic levels and with easily achievable mAb levels.

We could not demonstrate evidence of cytotoxicity of the ESK1 mAb via CMC (table S2).
No direct killing in vitro was seen either (fig. S4). The antibody alone or cross-linked with
soluble goat anti-hIg, soluble or dried on plates, at concentrations from 0.03 to 30 μg/ml
showed no effect on cell viability or proliferation for up to 96 hours. There were no
consistent reproducible trends in killing or a clear dose response relationship.

Multiple attempts also were made to demonstrate ADCP in vitro and in vivo in NSG mice.
These experiments were done with ESK1 antibody in the presence of macrophages drawn
from naïve mice or with macrophages from mice that had been injected first with the mAb
and target cells to mimic the in vivo situation. In no case could we observe, by flow
cytometry or microscopic immunofluorescence methods, in vitro or in tissues, opsonization
or phagocytosis mediated by ESK1 (fig. S5).

ESK1 therapy of human BV173 leukemia cells in NSG mice
We tested the efficacy of ESK1 in vivo in NSG mice xenografted intravenously 6 days
previously with BV173 bcr/abl+ acute lymphoblastic leukemia (ALL) cells. At the time of
treatment, mice had disseminated leukemia visible in their liver, spleen, and bone marrow.
NSG mice lack mature B, T, and natural killer (NK) cells, and we hypothesized that
introducing human effector cells (CD3−/CD34− PBMCs) along with ESK1 treatment would
recapitulate in vivo the ADCC-mediated antitumor effects observed in vitro. Indeed,
injection of effectors along with two 100-μg doses of ESK1 nearly ablated the leukemia in
comparison to controls treated with IgG/effectors or effectors only (Fig. 5A). Although only
two doses of mAb were given, this effect was durable over the course of the experiment
(Fig. 5B). Early on in the trials, human effector cells, alone or combined with control hIgG1,
appeared to promote more rapid growth of leukemia relative to untreated mice with
leukemia (Fig. 5A). This suggests that the antitumor effect was clearly not related to the
human effectors by themselves; perhaps, these infused cells enriched the murine
microenvironment for the growth of the human leukemia. Sixty percent of the control mice
given effectors (with or without control mAb) died early in the experiment with massive
infiltration of the BV173, whereas all mice given the combination of human effectors plus
the ESK1 had prolonged and sometimes leukemia-free survival (Fig. 5, A and B). At the
time of termination of this trial on day 70, most mice in the ESK1 plus effector treatment
group had little leukemia, and one of five mice had still not relapsed. Surprisingly, ESK1
mAb alone without infusion of human effectors markedly reduced tumor burden as well as
ESK1 combined with human effectors (Fig. 5A); however, the leukemia eventually relapsed
more quickly in the ESK1 mAb alone group (Fig. 5B). Because there were residual
leukemia cells in these mice after the limited dosing schedule of mAb, this relapse was
expected. Two doses of 100, 50, or 25 μg of ESK1 alone on days 6 and 10 cleared leukemia
at all doses tested (Fig. 5C) and significantly improved survival at all dose levels (Fig. 5D).
The leukemia relapsed slowly in a dose-dependent manner after antibody therapy alone (no
effectors) was stopped.
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Therapy of other leukemias in mice: Mechanistic insights
To confirm that the marked antileukemic effects were not confined to the bcr/abl+

leukemias, we also studied ESK1 in a second disseminated leukemia NSG model, BA25
acute lymphocytic leukemia. Two doses of 100 μg of ESK1 alone were again able to
effectively suppress the growth of the disseminated leukemia in comparison to control IgG
(Fig. 6, A and B). We also attempted to treat the luciferase-marked ALL-3 Daudi (A02−/
WT1−) cell line with the same schedule and dose as for BA25 ALL. There was no
therapeutic effect(Fig. 6C). To ensure there was no cross-reactivity with HLA-A02+ cells in
vivo in a therapeutic setting, we also conducted a therapeutic trial using the same conditions
as for the BV173 leukemia on a luciferase-marked T2 leukemia, which is strongly HLA-
A02+. No therapeutic activity was seen with ESK1 compared to the control IgG (Fig. 6D).
These two control trials with epitope-negative leukemias showed that the presence of the
RMF/A2 epitope was necessary for therapeutic effects.

The mechanism of ESK1 action in vivo was further clarified by therapeutic injection of a
F(ab′)2 form of ESK1 on the same dose and schedule as intact ESK1. This antibody was
tested in the in vivo BV173 leukemia model. The F(ab′)2 maintained the same affinity for
the RMF/A2 epitope as determined by interferometry, and was thus able to bind and cross-
link the epitope equally well, but had no therapeutic effects (fig. S6). These data confirm
that the Fc portion of the hIgG1 was necessary, and binding to or cross-linking of the
epitopes alone was not effective.

To gain further insight into the mechanism, we engineered a ESK1 antibody with modified
glycosylation Fc, called ESKM. The Fc glycol modification was done to give the mAb a
higher affinity for human Fcg receptor IIIa (FcgRIIIa) (and mouse FcgRIV), but reduced
affinity binding to human FcgRIIb (and mouse FcgRIIb), than antibody produced in wild-
type Chinese hamsterovary (CHO). ESKM had improved ADCC activity (fig. S7A). In
vitro, ESKM was 5-to 10-fold more potent at killing target cells than the original antibody,
ESK1. Finally, we compared the modified ESKM mAb containing the Fc region with better
ADCC to the original ESK1 antibody in the BV173 mouse therapy model. Treatment was
done at very low doses (10 μg twice) to distinguish the effects of the two antibodies against
the target cells. The modified antibody was more effective therapeutically in the leukemia
model (fig. S7B), therefore showing that improved ADCC resulted in better therapeutic
effects.

Toxicity studies
Because the peptide/MHC epitope is not present in wild-type mice or the NSG mice, we
used a human HLA-A0201 transgenic mouse as an appropriate model to assess whether
ESK1 would cause toxicity in vivo where all the tissues can express human HLA-A0201
and some tissues could express the WT1 RMF/A2 epitope as well, such as might be
expected in people. These mice express the same RMF sequence of WT1 as humans. HLA-
A0201 surface expression was confirmed in these mice by flow cytometry of spleen cells
(fig. S3B). At the same dose used to achieve effective therapy (two doses of 100 μg,
intravenously), no evidence of toxicity was seen clinically, by animal weight loss, spleen
weight loss, or pathological microscopic evaluation of the major target tissues. (Spleen
weight was analyzed because the tissue expresses HLA-A0201.) No inflammation or
infiltrates nor losses of cells were observed (fig. S8 and tables S3 and S4).

Discussion
We hypothesized that the WT1 RMF peptide/HLAA2 complex would be a rational and
critical target to test the concept for developing a potent new cancer therapeutic mAb with

Dao et al. Page 6

Sci Transl Med. Author manuscript; available in PMC 2014 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



high selectivity and wide applicability. We describe here a potently therapeutically active,
cancer-selective, TCR-like hIgG1 mAb, that is, an antibody with features that make it
immediately promising as a new cancer drug.

Because tumor-associated proteins may be degraded, processed, and presented by MHC
class I molecules and recognized by TCR of CTLs, active immunization with peptide
vaccines or adoptive transfer of antigen-specific T cells has been widely used as an
experimental approach to the specific immunologic treatment of human cancers. However,
these strategies have been impeded by low TCR affinities, limited in vivo potent cytotoxic
responses against high tumor burdens, the lack of effector cell persistence, and the
generation of tolerance to the differentially expressed tumor “self-antigens.” To date, there
have been only a limited number of examples of consistent and durable regressions induced
by tumor-specific T cells. There are no U.S. Food and Drug Administration–approved
cancer vaccines or CTL therapies.

Human mAb therapies alone, as cytotoxic conjugates, or in combination with other agents
have proven to be potent, controllable, and highly effective treatment modalities for several
cancers. The targets of marketed therapeutic mAb have been limited to soluble or cell
surface proteins, however, owing to the difficulty of targeting intracellular antigens.
Unfortunately, in cancer cells, many of the most interesting, important, and tumor-specific
proteins are found intracellularly and are thus currently inaccessible to mAb therapy.
Recently, others have demonstrated cytotoxic and therapeutic mAb to intracellular antigens,
although the mechanisms of targeting and action differ from those described here (34–36). A
TCR-like mouse mAb specific for the PR1/HLA-A0201 demonstrated inhibition of AML in
vitro (14), and a mouse mAb specific for an epitope derived from human chorionic
gonadotropin (hCG)-b bound to HLA-A02 was shown to be active against breast cancer in
mice (37). However, no full-length human mAbs for intracellular antigens presented on the
cell surface have been reported as therapeutic agents.

Use of phage display technology allowed us to prepare an agent of high specificity and
avidity. The RMF peptide has been validated as a TCR epitope in multiple previous studies.
However, when compared to mAbs, T cells are capable of effectively recognizing peptide/
MHC complexes in smaller numbers on the cell surface. We chose this epitope because of
its previous validation (16, 19, 22, 24–33) as a target on human tumor cells recognizable by
HLA-A2–restricted, peptide specific T cells both in vitro and in vivo. Other intracellular
protein epitopes/mAb systems might not display similar high expression or immunogenicity,
and the RMF epitope may not be adequately expressed on the surface in all target cancer
cells that express WT1 protein. Similar high surface expression has been observed for the
PR1 peptide (14). We found that the detection of the antigen was strongly dependent on the
avidity of the mAb. For example, two other mAbs with apparent lower avidity showed far
less binding to target cells at usable concentrations. ESK1’s subnanomolar Kd was
sufficiently low to be therapeutically useful in mice and also to be administered at feasible
doses in humans. Other TCR-like mAbs to peptides have shown variable avidities, often
depending on whether the Ig was monovalent or bivalent, such as NY-ESO-1 (47 nM),
gp100 (294 nM), and PR1 (9.9 nM) (14). For cells that express too few peptide/MHC
epitopes to achieve adequate binding of the mAb, it may be possible to upregulate MHC by
use of interferon or other cytokine treatments (38).

The evidence in vitro and in vivo in this study implicates ADCC as the dominant mechanism
for ESK1 killing leukemia cells; however, it is not possible to exclude with certainty other
mechanisms in vivo. ADCC will be limited by the low numbers of NK cells in NSG mice,
the low density of target sites (1000 to 6000 RMF/A2 per cell on the cancer lines), and the
lower affinity of the hIgG1 for the mouse FcR. Because NSG mice have macrophages,
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neutrophils, and monocytes, particularly in the organs where the leukemias reside, ADCC
should still be active at the starting concentrations of mAb in vivo (0.3 to 0.4 μM). Other
limitations to the use of TCR-like mAbs include the possibility of low levels of expression
of the complex, owing to either downregulation of the MHC or reduced processing of the
peptide. To potentially circumvent this issue for future translation, we chose RMF, which
has been shown in many preclinical and clinical studies to be present on several cancer cell
types (19, 24–26, 29). This suggested that the biochemistry of this epitope was particularly
favorable for a TCR like mAb approach. A second issue for use of this mAb is its HLA
restriction; however, the widespread presence of HLA-A0201 among 40% of Caucasians
and to a lesser extent in other groups, will make this agent widely usable. In addition, other
HLA-A02 haplotypes bearing RMF may cross-react with ESK1 because the amino acid
sequences of the subtypes of HLA-A02 differ minimally. The addition of high-avidity TCR-
like mAb to WT1 epitopes presented by three to four other prevalent HLAs could allow
coverage for up to 85% of patients in the United States (39).

ESK1 TCR-like mAb detects the target epitope complex on the surface of tumor cells;
therefore, it may be possible to use the mAb as a companion diagnostic tool to discriminate
which cancers in patients will be good targets for ongoing treatments with adoptive transfer
of WT1-specific T cells, WT1 vaccines, or mAb therapy, and possibly to predict therapeutic
activity. This is in contrast to reverse transcription–PCR or Western blotting for WT1, which
are not measures of the amount of RMF/MHC epitope presented on the cell surface.

ESK1 showed fast and potent therapeutic activity alone in both a disseminated human bcr/
abl+ acute leukemia xenograft model and a disseminated pre-B ALL model. The addition of
CD3−/CD34− human effector cells further improved long-term outcomes and prolonged
survival. Leukemia returned more quickly in the mAb alone group compared to ESK1
combined with effectors, showing that ESK1-mediated human ADCC likely plays an
important role in eliminating tumor cells long term. Judging from efficacy in these models
alone, predicting the depth and duration of effects that will be seen in humans is difficult.
However, other mAbs that are effective at ADCC, such as rituximab and trastuzumab, have
been effective agents in humans (1, 3).

With the data presented here showing efficacy in two mouse models and the additional
planned rigorous toxicity testing, this TCR-like, fully human IgG mAb may be taken into
human trials. Other mAbs (native hIgG1 and radioconjugates) developed by us to this stage
proceeded directly to human trials in acute leukemia (40, 41). This ESK1 mAb is specific
for a widely expressed oncogenic product for which there is currently no way to construct a
drug. More than 1 million patients worldwide may have a WT1+ tumor or leukemia and up
to one-third of these may have an HLA-A02 haplotype. Hence, an effective antibody
therapeutic agent could have large clinical impact.

Materials and Methods
Cell samples, cell lines, and antibodies

After informed consent on Memorial Sloan-Kettering Cancer Center (MSKCC) Institutional
Review Board–approved protocols, PBMCs from HLA-typed healthy donors and patients
were obtained by Ficoll density centrifugation. A listing of the hematopoietic and solid
tumor cell lines can be found in the Supplementary Materials and Methods. The sources for
obtaining human mesothelioma cell lines are described previously (29).

Monoclonal antibodies against human HLA-A2 (clone BB7.2) conjugated to fluorescein
isothiocyanate (FITC) or allophycocyanin (APC), and its isotype control mouse IgG2b/FITC
or APC, to human or mouse CD3, CD19, CD56, CD33, CD34 (BD Biosciences), goat F(ab
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′)2 anti-hIgG conjugated with phycoerythrin (PE) or FITC, and goat F(ab′)2 anti-mouse Ig
conjugated to FITC were purchased from Invitrogen. Mouse mAb to HLA class I (W6/32)
was obtained from the MSKCC Monoclonal Antibody Core Facility. Human isotype control
hIgG1 antibody was provided by Eureka Therapeutics (catalog number ET901)

Peptides
All peptides were purchased and synthesized by Genemed Synthesis Inc. Peptides were
>90% pure (table S1). The peptides were dissolved in dimethyl sulfoxide and diluted in
saline at 5 mg/ml and frozen at −80°C. Biotinylated single-chain WT1 peptide/HLA-A0201
and RHAMMR3/HLA-A0201 complexes were synthesized by refolding the peptides with
recombinant HLA-A2 and β2-microglobulin at the Tetramer facility at MSKCC.

Animals
Eight-to 10-week-old male NOD.Cg-Prkdc SCID IL2rgtm1Wjl/SzJ mice, known as NSG,
were purchased from The Jackson Laboratory or obtained from the MSKCC animal
breeding facility. C57BL/6 and C57BL/-Tg (HLA-A2.1) 1 Enge/J (6 to 8 weeks old, male)
were also purchased from The Jackson Laboratory.

Flow cytometry analysis
For cell surface staining, cells were incubated with appropriate mAbs for 30 min on ice,
washed, and incubated with secondary antibody reagents when necessary. Flow cytometry
data were collected on a FACSCalibur (Becton-Dickinson) and analyzed with FlowJo
V8.7.1 and 9.4.8 software.

ScFv clones specific for WT1 peptide/HLA-A0201 complexes
A human ScFv antibody phage display library (7 × 1010 clones) was used for the selection of
mAb clones. Selection and characterization of the ScFv, as well as engineering of full-length
ESK1 and the other mAbs using the selected ScFv fragments, are described in the
Supplementary Materials and Methods.

Characterization of the full-length hIgG1 for the RMF/A2 complex
Initially, the specificities of the fully human IgG1mAbs for the RMF/A2 complex were
determined by staining T2 cells pulsed with or without RMF or RHAMM-R3 control
peptides, followed by secondary goat F(ab′)2 anti-hIgG mAb conjugated to PE or F ITC.
The fluorescence intensity was measured by flow cytometry. The same method was used to
determine the binding of the mAb to fresh tumor cells and cell lines. ESKM, a form of
ESK1 that has altered sugar structures and hence 10-fold improved ADCC, was made in an
engineered CHO line (42).

Antibody-dependent cellular cytotoxicity
Target cells used for ADCC were T2 cells pulsed with or without WT1 or RHAMM-R3
peptides, and cancer cell lines without peptide pulsing and fresh cells without peptide
pulsing (see list in the Cell samples, cell lines, and antibodies section). ESK1 or its isotype
control hIgG1 at various concentrations was incubated with target cells and fresh PBMCs at
different effector/target ratios for 16 hours. The supernatant was harvested, and the
cytotoxicity was measured by L DH release assay with CytoTox 96 Non-Radioreactive kit
from Promega following their instruction. Cytotoxicity was also measured by standard 4-
hour 51Cr release assay.
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Other mechanisms of cytotoxicity
Methods used to assess CMC, ADCP (2, 43, 44), and the ability of the mAb to directly
reduce proliferation of the cells or kill them without effector cells are described in the
Supplementary Materials.

Transduction and selection of luciferase/green fluorescent protein–positive cells
BV173 and JMN cells were engineered to express high level of green fluorescent protein
(GFP)–luciferase fusion protein with retroviral vectors containing a plasmid encoding luc/
GFP. Cells showing high level GFP expression were selected by flow cytometry analysis
and were used for the animal studies.

Therapeutic trials of ESK1 in a human leukemia xenograft NSG model
Two million BV173 human leukemia cells were injected intravenously into NSG mice. On
day 5, tumor engraftment was confirmed by firefly luciferase imaging in all mice that were
to be treated; mice were then randomly divided into different treatment groups. On days 6
and 10, mAb ESK1 or the isotype control mAbs were injected intravenously. In animals that
also received human effector cells with or without mAb, cells (CD34-and CD3-depleted
PBMCs from healthy donor) were injected intravenously into mice (107 cells per mouse) on
day 6. Alternatively, 3 million BA25 human acute lymphocytic leukemia cells (luciferase-
positive) were injected intravenously into NSG mice, and treatments were on days 4 and 8,
without effectors. Tumor growth was assessed by luminescence imaging once to twice a
week, and clinical measurements were assessed daily.

Luciferase-infected Daudi ALL3 cells (5 × 106 cells per animal) and luciferase-infected T2
cells (2 × 106 cells per animal) were also used as negative control cell lines in vivo.

Toxicity studies
ESK1 or isotype control mAb (100 μg) was injected into human HLAA0201 transgenic
mice (The Jackson Laboratory) (n = 5 per mAb) on days 0 and 4 to mimic the maximum
dose and therapeutic schedule used in the therapy experiments. Clinical parameters and
weights were recorded on days 0, 6, and 14. On day 6 (for early effects), two mice were
sacrificed. On day 14 (for late effects or recovery), three mice were sacrificed.
Histopathologic examination was of the major possible WT1+ target organs (spleen, bone
and bone marrow, liver, thymus, and kidney on days 6 and 14) as well as heart, lung, and
ileum (on day 6 only).

Statistical analysis
Values reported represent means ± SEM (or ±SD, where noted). P values were calculated
with GraphPad Prism, with P< 0.05 considered significant. Experiments were done three to
five times except where noted, and the particular statistical analyses used in the experiments
are noted in the figure captions. Statistics were performed to illustrate significance between
groups where n ≥ 3. ADCC assays were not statistically comparable between experiments
because the sources of human cells changed; in individual experiments, means of triplicate
results were normalized. Linear and nonlinear regression analyses were used to fit curves.
Statistical analysis was not performed in some animal experiments because death of animals
led to data censoring (Fig. 5, A and B), because data were graphed ± SEM and the
differences were not overlapping, or because the data were descriptive.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Binding of the phage clones and mAb to WT1 RMFp/HLA-A0201 complexes on live cells
measured by flow cytometry. (a) Phage clone of ESK1 binds to T2 cells pulsed with RMF
peptide (green), but not to T2 cells alone (pink), T2 cells pulsed with control EW peptide
(light blue), or mutant heteroclitic peptide WT1-A1 YMFPNAPLY (orange), compared to
secondary goat anti-human-FITC only (dark blue). (b–d) Binding of: isotype control human
IgG1 (brown), full-length IgG1 mAbs ESK1 (orange), ESK3 (dark blue), ESK5 (green),
ESK15 (light blue) and ESK23 (pink) at 1 ug/ml, followed by secondary PE-goat anti-hum
an, on T2 cells pulsed with 50ug/ml RMF peptide (b), without peptide (c), or 50ug/ml
irrelevant RHAMM-R3 peptide (d). (e–f) T2 cells pulsed with 50 ug/ml RMF peptide were
stained with full-length ESK1 (e) or isotype control human IgG1 (d) at: 0.01 ug/ml (pink),
0.1 ug/ml (light blue), 1ug/ml (orange) or 10ug/ml (green), or secondary alone (red). (g–h)
Binding of ESK1, ESK3 and ESK5 at 1ug/mL on T2 cells pulsed with 1.6–50 ug/mL RMF
peptide (g), or irrelevant RHAMM-R3 peptide (h).
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Fig. 2.
Recognition of the naturally presented RMF/A2 complex on the cell surface by ESK1 in a
HLA-A0201 and WT1 restricted manner. Binding of ESK1 to human mesothelioma cell
lines JMN (a) and MSTO (b), to human leukemia cell lines BV173 (c). K562 (d), BA25 (e),
and SET2 (f) with 10 ug/ml ESK1. Binding of ESK1 to AML blasts was measured on gated
CD34+/CD33+ cells from HLA-A2 positive (g) or HLA-A2 negative (h) patients. Isotype
human IgG1 was used as negative control. HLA and WT1 phenotype is shown for each cell
type. Indirect flow cytometry was used in a–e and direct flow cytometry in f–h.
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Fig. 3.
Radioimmunoassay was used to measure number of antibody bound per cell. (a) ESK1 was
labeled with I-125 using chloramine-T to a specific activity of 4.3 mCi per mg and used for
Scatchard analysis. (b) ESK1 binding to mesothelioma and leukemia cell lines, with HLA-
A2 and WT1 phenotype indicated. Because we cannot determine whether the bivalent mAb
is binding to 1 or 2 epitopes on the surface, total epitopes per cell could be as high as twice
the number of mAb binding sites.
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Fig. 4.
ESK1 mediates ADCC with human PBMC effectors at indicated concentrations. (a) T2 cells
alone, or pulsed with RMF or irrelevant RHAMM-R3 peptides at 50 ug/ml, incubated with
human PBMC effectors at E:T of 35:1 with cytotoxicity measured by LDH assay. (b)
Similarly, JMN and MSTO cells at E:T of 30:1. (c) ADCC against BV173 was measured by
4hr-51Cr-release assay at E:T of 50:1, and HL-60 cells by LDH assay at E:T of 12.5:1. (d)
ADCC against SKOV and CC228 cells was measured by 4hr-51Cr-release assay at E:T of
60:1. (e) ADCC against primary AML blasts from an HLA-A2 positive patient and an HLA-
A2 negative patient, measured by LDH assay at E:T of 15:1. The data are representative of
1–3 experiments each. Killing was consistently observed at 1ug/ml ESK1 with multiple
donors. Each data point was the average of triplicates.
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Fig 5.
ESK1 effectively treats human BV173 leukemia in NSG mice. Tumor burden was calculated
by summing the luminescent signal of each mouse in four positions, and average signal for
each group (n=5) is plotted. Where noted, human effectors were given intravenously on day
6, and antibody (ESK1 or human IgG1 isotype control) was administered intravenously on
days 6 and 10. (a). 100μg ESK1 alone or in combination with human effectors significantly
reduces tumor burden at early times. (b). After one month, mice treated with ESK1 alone
begin to relapse, while ESK1 with human effectors had prolonged durability. 1 of 5 mice
was alive without leukemia signal at 70 days. (c) ESK1 significantly reduced tumor burden
in a dose-dependent manner. One mouse died of an anesthesia accident in the 100ug group.
(d) Survival of mice with disseminated BV173 leukemia treated with three different doses
(25, 50, or 100 ug twice) of ESK1 alone on days 6 and 10 after leukemia engrafting. All
treatment showed significantly prolonged survival as compared to untreated control animals
or animals treated with isotype control hIgG (p< 0.01 by Log rank Mantel Cox test).
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Fig. 6. ESK1 specifically treats a second A2+ leukemia, but not A2− or WT1-tumors
(a–b) Three million BA25 human acute lymphocytic leukemia cells (luciferase positive)
were injected IV into NSG mice. On day 3, tumor engraftment was confirmed by firefly
luciferase imaging in all mice that were to be treated; mice were then randomly divided into
different treatment groups. On day 4 and day 8, 100ug mAb ESK1 or the isotype control
mAb were injected IV. Tumor growth was assessed by luminescence imaging once to twice
a week, and clinical measurements were assessed daily. Significant reductions in the growth
of the ALL cells by the ESK1 mAb was seen relative to animals given the isotype control (a)
by quantitation of luminescence from the supine animals (p < 0.04 and p < 0.02 on days 13
and 17, respectively.) These data are represented in a day 17 image (b). Treatment with
100ug mAb on days 6 and 10 after injection of 5 million Daudi ALL3. Leukemia cells (c) or
2 million T2 leukemia cells was followed and quantitated by bioluminescent imaging.
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Table 1

Expression of WT1 RNA, HLA-A0201 expression and ESK1 binding*

Cancer cell HLA-A2 expression WT1 mRNA or
protein**

ESK1 binding Binding Ratio:
BB7.2 to isotype
IgG

Solid tumor cell lines

JMN Positive + Positive 248

Meso 37 Positive + Positive 68

Meso 47 Positive + Positive 17

H2452 Positive + Positive 20

Meso34 Positive + Positive 37

Meso-56 Positive + Positive 23

H2373 Positive + Negative 1.6

MSTO Negative + Negative 1.4

VAMT Negative + Negative NT

SKOV3 Positive +** Positive 14.7

OVCAR3 Positive +** Positive > 20

CC-228 Positive +** Positive > 20

RMS-13 Positive +** Positive > 20

Leukemias and Hematopoietic
cells

BV173 Positive + Positive 196

BA25 Positive + Positive 118

ALL-3 Positive + Positive 60

U266 Positive + Negative 1.8

697 Positive + Negative 4.1

LAMA Positive + Negative 6

SKLY-16 Positive − Negative 1.9

HL-60 Negative + Negative 0.4

K562 Negative + Negative 1.5

B-Jab Positive − Negative 11

T2 Positive − Negative >20

Fresh AML cells (n=4) Positive NT 2 positive; 2 weakly positive N/A

Fresh AML cells (n=8) Negative NT Negative N/A

Healthy CD3+ cells (n=9) Positive NT Negative N/A

Healthy CD33+ cells (n=9) Positive NT Negative N/A

Healthy CD19+ cells (n=9) Positive NT 2 weakly positive N/A

Healthy CD3+ cells (n=7) Negative NT Negative 1–3

Healthy CD33+ cells (n=7) Negative NT Negative 1–3

Healthy CD19+ cells (n=7) Negative NT Negative 1–3
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*
HLA-A2 is by genotype. WT1 mRNA expression level was estimated according to our previous study (29), in which WT1 levels are shown as

fold increase in WT1 expression level relative to that expressed in K562 cells.

**
In four lines Western blot was done instead of PCR. ESK1 binding and BB7.2 (cell surface HLA-A02) were measured by flow cytometry.

NT= not tested. N/A= not applicable.
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