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Abstract

Relapse remains a leading cause of death after allogeneic hematopoietic cell transplantation

(HCT) for patients with high-risk leukemias. The potentially beneficial donor T-cell-mediated

graft-versus-leukemia (GVL) effect is often mitigated by concurrent graft versus host disease

(GVHD). Providing T-cells that can selectively target Wilms’ Tumor Antigen 1 (WT1), a
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transcription factor over-expressed in leukemias that contributes to the malignant phenotype,

represents a potential opportunity to promote anti-leukemic activity without inducing GVHD.

HLA A*0201-restricted WT1-specific donor-derived CD8+ cytotoxic T-cell (CTL) clones were

administered post-HCT to 11 relapsed or high-risk leukemia patients without any evidence of on-

target toxicity. The last four treated patients received CTL clones generated with exposure to

IL-21 as a means to prolong in vivo CTL survival, as IL-21 can limit terminal differentiation of

antigen-specific T-cells generated in vitro. Transferred cells exhibited direct evidence of anti-

leukemic activity in 2 patients: a transient response in one patient with advanced progressive

disease and the induction of a prolonged remission in a patient with minimal residual disease

(MRD). Additionally, three treated patients at high risk for relapse post-HCT survive without

leukemia relapse, GVHD or additional anti-leukemic treatment. CTL generated in the presence of

IL-21, which were transferred in these latter three patients and the patient with MRD, all remained

detectable long-term and maintained/acquired in vivo phenotypic and functional characteristics

associated with long-lived memory CD8+ T-cells. This study supports expanding efforts to

immunologically target WT1, and provides insights into the requirements necessary to establish

potent persistent T-cell responses in patients.

Introduction

Leukemic relapse after HCT remains a major cause of treatment failure in high-risk patients

who enter HCT with poor prognostic characteristics. Patients who develop GVHD have

reduced relapse rates, suggesting that lymphocytes present in engrafted cells can mediate a

concurrent therapeutic GVL effect (1, 2). However, as graft T-cells have not been selected

for specificity for leukemia antigens, and commonly recognize proteins expressed by many

other host tissues, substantial morbidity and mortality from GVHD can occur.

One strategy to enhance the GVL effect without promoting GVHD in post-HCT patients is

to target leukemia-associated antigens with purified antigen-specific CD8+ CTL. In this

approach, CD8+ CTL are isolated and cloned from donor peripheral blood mononuclear

cells (PBMCs) based on antigen-specific T-cell-mediated lysis of target cells, and the

highest avidity clone selected from each patient-donor pair and expanded for infusion.

Limiting adoptively transferred CD8+ T-cells to a homogenous well-characterized product

allows for tracking the provided response, facilitating analyses to help define parameters for

immune-mediated eradication and long-term control of leukemic relapse. The most ideal

target antigens are unique mutated proteins that are also obligate for the leukemic

phenotype. However, T-cell responses to common mutations such as epitopes created by

TEL-AML1 or BCR-abl fusions have been hampered, in part due to limited processing and/

or few unique epitopes that bind to HLA alleles (3, 4). Alternatively, non-polymorphic

proteins over-expressed by leukemic cells that contain many potential epitopes can be

attractive candidate targets for CTL (5). The zinc finger transcription factor WT1 is

expressed at 10–1000x fold higher levels in leukemic cells compared to normal CD34+ cells,

and the magnitude of expression correlates with clinical aggressiveness of acute myeloid

leukemia (AML), myelodysplastic syndromes (MDS), and acute lymphoid leukemia (ALL)

(6–8). As WT1 promotes proliferation and oncogenicity, loss of expression is

disadvantageous for the tumor, making outgrowth of antigen-loss variants less likely (9).

Although essential during embryogenesis, WT1 expression after birth is limited to low

levels predominantly in kidney podocytes and CD34+ hematopoietic stem cells (HSC) (10–

12). WT1-specific CD8+ T lymphocytes can distinguish over-expressing targets from

normal cells and have been demonstrated to inhibit the growth of and to lyse leukemic but

not normal CD34+ cells (13). Although vaccines targeting WT1 have resulted in clear anti-

tumor responses in some patients, most patients have failed to benefit clinically, potentially

reflecting the induction of weak responses due to the limited immunogenicity of vaccine
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regimens, the presence/generation of WT1-specific CD4 regulatory T-cells, and/or

compromised patient immune systems or T-cell repertoires (14).

Adoptive transfer of donor-derived ex vivo-expanded WT1-specific CD8+ CTLs in post-

transplant patients can potentially bypass the limitations encountered during vaccination by

increasing the number and quality of T-cells targeting tumor-associated antigens. An

analogous strategy has proven effective in reducing tumor burdens in melanoma patients,

with clinical responses tightly correlated with the duration of in vivo persistence of

transferred T-cells (15–18). Re-infusion of CD8+ CTLs derived from less terminally

differentiated populations such as central memory T-cells (Tcm), which possess the ability

to self-renew and maintain robust responses over time, has been shown to establish

prolonged responses (19–21). Increased persistence has also been observed with murine

CD8+ CTLs derived from the naïve pool when these cells were primed in the presence of the

γc-chain cytokine Interleukin-21 (IL-21) (22), which promotes expansion of responding T-

cells in vitro that phenotypically appear less terminally differentiated (23). Because CTL

clones for this study were generated from the repertoire of healthy donors and likely derived

from the naïve cell population, we utilized IL-21 after it became available for clinical use in

a subset of patients on this trial, hypothesizing that generating WT1-specific CTLs clones in

the presence of IL-21 might confer an increased ability for these cells to survive and persist

in vivo after transfer.

Our results show that adoptive transfer to post-HCT patients of donor-derived WT1-specific

CTLs followed by low-dose s.c IL-2 is safe and results in direct evidence of anti-leukemic

activity. Furthermore, all patients who received WT1-specific CTL generated in the

presence of IL-21 (three patients at high risk of relapse post-HCT and one patient treated

with MRD) have survived in the absence of leukemia relapse for >30 months, with no other

anti-leukemic treatment or GVHD. In these patients only, transferred T-cells remained

detectable long-term and maintained/acquired phenotypic and functional characteristics

associated with long-lived memory CD8+ T-cells.

Results

WT1-specific CD8+ CTL clonal populations primed in the presence of IL-21 have higher
fractions of cells expressing CD27, CD28 and CD127

WT1-specific CD8+ T-cells were generated from each donor after stimulation with WT1

peptide, and expanded and cloned as described in the Methods. The clones for each patient/

donor pair were tested for specific recognition and lysis of WT1+ targets in a 51Cr-release

assay with HLA-A*0201, transporter for antigen presentation (TAP)-deficient, B-

lymphoblastoid cells (T2 B-LCL) pulsed with titrating doses of the HLA-A*0201-restricted

WT1126–134 (RMFPNAPYL) epitope, and the clones that recognized targets pulsed with the

lowest concentration of the peptide were selected for infusions (Fig. 1A and B). Immediately

before infusion, all clones, whether generated in the presence or absence of IL-21

supplementation, expressed CD3, CD8 and CD45RO but not CD4, CD16, CD19 or

CD45RA, consistent with an antigen-experienced but not terminally-differentiated

phenotype. However, as we reported previously (15, 24), the expanded cell populations,

despite being clonal and derived from a single cell, do contain cells expressing different

amounts of costimulatory and differentiation markers. In the WT1-specific clonal

populations generated with exposure to IL-21, the median frequencies of cells expressing

CD27, CD28, or CD127 were 32.5, 64 and 38% respectively, compared to 2, 7 and 14%

within clonal populations generated in the absence of IL-21. Median fluorescence intensities

of CD27, CD28 and CD127 were also significantly higher (p values = 0.01, 0.02 and 0.008

respectively) on clones generated in the presence of IL-21 (Fig. 1C, D and E). However,

previous exposure to IL-21 did not appear to impact the avidity or cytolytic function of the
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CTL clones generated, with no significant difference detected in the mean effective peptide

concentrations required to induce 50% lysis (EC50) of WT1-pulsed T2 B-LCL (mean EC50

of CTL clones generated without IL-21 was 10−2.59 ng/ml, compared to mean EC50 with

IL-21 of 10−3.77 ng/ml) or the percent maximal lysis at an effector to target ratio of 10:1 (the

mean for CTL clones generated without IL-21 was 90.46% compared to the mean with

IL-21 of 94.55%) (Fig.1F and G).

Adoptive transfer of escalating doses of donor-derived WT1-specific CTLs does not injure
normal tissues expressing low physiologic levels of WT1

Eleven patients with AML, MDS or ALL received a total of 36 escalating doses of CTL

clones post-HCT specific for the peptide RMFNAPYL, an HLA-A*0201-restricted epitope

of WT1 (Table 1 and Fig. S1). Overall, 13/36 doses administered represented the maximum

target dose of 1 × 1010 WT1-specific CTL/m2 and 11/36 doses (3.3 × 109 or 1010/m2) were

followed by low-dose s.c. IL-2, which was administered to enhance the survival of

transferred T-cells (25). With the exception of expected transient side effects associated with

activation of large numbers of antigen-specific CTL transferred into patients with targets

expressing the antigen and/or low-dose s.c. IL-2, the infusions were well tolerated.

Specifically, fevers (≥38.3°C) +/− chills resolving without specific treatment within 24

hours, a temporary drop in total lymphocyte counts that returned to pre-infusion levels

within 7–11 days in patients with no evidence of relapsed disease, and transient mild

injection site reactions accompanying low-dose s.c. IL-2 occurred in 25%, 77% and 82% of

cases respectively (Table S1). No toxicities to the hematopoietic or renal systems, reflecting

potential WT1+ targets, were detected during the monitoring period, nor was there any

evidence of new-onset GVHD. This absence of toxic effects or GVHD was also observed

for the 4 patients in whom the T cell clones remained detectable in the blood for ≥7–14

months after infusions (Fig. 2). Thus, infusion of the most avid WT1-specific CTL clone

derived from each patient’s donor, with or without low-dose s.c. IL-2, was well-tolerated

and safe at doses up to 1010 cells/m2.

Transferred WT1-specific CTL clones can persist after infusion into patients with MRD or
undetectable leukemic burden

Analysis of patients for the presence of pre-existing WT1-specific multimer+ T-cells in

PBMC (range 0-0.06%) and bone marrow (BM) (range 0%-0.13%) revealed median

frequencies of 0% at both sites, attesting to the essentially undetectable frequency of

endogenous WT1-specific CD8+ T-cells in most patients. The first 7 infused patients

received escalating doses of WT1-specific CTL clones generated in the absence of IL-21.

Five had detectable leukemia during all or some infusions and 2 were in CR after salvage

therapy for relapse after HCT at least 60 days prior to the first infusion and remained in CR

throughout the infusions (patients [Pts] 6 and 17) (Fig. 2A and B). In this subset of patients,

none of the clones persisted beyond 14 days in blood or BM (range 0–14, median 1 day). In

contrast, the last 4 patients received WT1-specific CTL clones generated in the presence of

IL-21. Three were in CR at least 60 days prior to the first infusion and one (Pt 27) had MRD

(B-cell clonal population detected in the BM). For this subset of patients, the infused CTL

clones persisted in all recipients at levels >0.05% well beyond 14 days, at ≥430 days in Pts

21, 24 and 27, and at ≥230 days in Pt 28 (Fig. 2C).

For patients who had received the maximal dose of 1010 CTL/m2 (irrespective of exposure

to IL-21), direct intra-patient comparisons revealed that the median peak CTL frequency,

achieved 24–72 hours after infusions, appeared to be higher if followed by IL-2 than without

IL-2 (3.1% multimer+ CD8+ T-cells compared to 1.5%), as did the frequencies sustained at

day 14 (1.5% with IL-2 compared to 0.6% without IL-2) (Fig. S2 A and B). Although the

difference, with the limited numbers of infusions being analyzed, did not achieve statistical

Chapuis et al. Page 4

Sci Transl Med. Author manuscript; available in PMC 2013 June 11.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



significance, the benefits of IL-2 administration after T-cell transfer have been previously

reported (25). Regulatory T-cells (Tregs) can be sensitive to exogenous IL-2, and could

negatively impact the persistence and function of transferred CTL. Therefore, we assessed

Treg numbers after all infusions based on expression of the surrogate markers CD4 and

CD25 and the absence of CD127. Treg frequencies increased after infusions followed by

low-dose IL-2 from baseline levels at 7 (p=0.04) and 14 days (p=0.01), and returned to near

baseline levels by day 28 (p=0.26) (Fig. S3). Changes in Treg frequencies never achieved

statistical significance after infusion of T-cells without IL-2, and at day 28 the Treg

frequencies after infusions with or without IL-2 were nearly identical.

Transferred WT1-specific CD8 CTL preferentially localize to the BM compartment

We next assessed whether transferred CTL clones reached the BM, the main site of

accumulation of leukemic cells and the most common site of relapse. All patients consented

to BM assessments prior to CTL infusions, 1 day after the second infusion, and 1 day after

the last dose of s.c IL-2. The median frequencies of WT1-specific CTL in PBMC and BM

from all patients, and at all time-points in which transferred cells could be detected at either

site were 0.45% and 1.31% respectively (p<0.001), suggesting preferential accumulation of

the transferred cells in the BM (Fig. 3A). For the subset of patients who received WT1-

specific CTL generated with exposure to IL-21, which coincided with patients who

demonstrated T-cell persistence beyond 14 days, the median WT1-specific CTL frequencies

in PBMC and BM over multiple time points were 0.83% and 2.21% respectively (p=0.001)

(Fig. 3B).

CTL clones generated with exposure to IL-21 maintain/acquire in vivo characteristics
associated with long-lived memory

Patients who received CTL clones generated without IL-21 had absent or low expression of

CD27, CD28 and CD127 (Fig. 1A), and all these clones persisted ≤14 days in vivo.

Consequently, the in vivo phenotype could only be assessed for the brief period that the T-

cells persisted (≤14 days), but no change in expression of CD45RO, CD27, CD28, CD127,

CD62L or CCR7 was observed (Fig. 4A and Fig. S4). In contrast, as previously described,

CTL clones generated with exposure to IL-21 expressed higher levels of CD27, CD28 and

CD127 before being infused (Fig. 1B) and demonstrated long-term in vivo survival after

infusion. Based on gating multimer+CD8+T-cells at days 280, 250, 160 and 84 for Pts 21,

24, 27 and 28 respectively (Fig. 4B), subpopulations of the infused cells maintained or up-

regulated phenotypic markers associated with long-lived memory CD8 T-cells (CD27,

CD28, CD127, CD62L and CCR7) (Fig. S4).

The functional profile of persistent infused cloned T-cells was determined by gating on

IFNγ-producing cells. Prior to infusions, all CTL clones secreted IFNγ and TNFα in

response to WT1-pulsed T2 B-LCL. Clones expressing CD28 secreted the highest levels of

IL-2, consistent with the known contribution of a costimulatory signal via CD28 (26, 27).

Consistent with the results obtained by multimer staining, which revealed a low to

undetectable frequency of endogenous WT1-reactive cells, no IFNγ-producing cells could

be detected in any patient prior to infusions. In patients who received CTL clones generated

without IL-21, no IFNγ-producing cells could be detected in vivo after infusions, despite the

transient persistence of transferred T-cells revealed by multimer staining (Fig. 5A). In

contrast, clones generated with exposure to IL-21 secreted IFNγ, TNFα and IL-2 both prior

to infusion (consistent with the expression of CD28) and in vivo after adoptive transfer for

the entire period the cells could be detected by multimer staining (Fig. 5B).

As cells possessing the potential to divide might also persist better, we investigated whether

infused CTL clones expressed Ki-67 in vivo, a marker of recent proliferation (28). For
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clones generated without/with exposure to IL-21 and harvested for infusion on day 14 of the

stimulation cycle, a median of 37% and 37.5% of cells expressed Ki-67 respectively (Fig.

5C left columns). Early after transfer (day 1), most infused multimer+ clonal CTL

populations entered the cell cycle, with >55% of cells expressing Ki-67. Cloned CTL

populations generated without exposure to IL-21 lost Ki-67 expression by day 4 (Fig. 5C

dashed black line), but CTL clones generated with exposure to IL-21 expressed Ki-67 on a

fraction of cells until day 21 after transfer (Fig. 5C solid black line). Infusions of WT1-

specific CTL clones had no impact on the proliferation of host multimer– CD8 T cells (Fig.

5C dotted grey line). The in vivo proliferation of CTL clones after infusions followed by

low-dose s.c. IL-2 (irrespective of the use of IL-21), as reflected by Ki-67 expression,

tended to increase 4 days after transfer (mean with IL-2 65.8% compared to 30.7% without

IL-2), but this difference did not reach statistical significance (Fig. S5). Furthermore,

administration of low-dose s.c. IL-2 did not affect the proliferation of host multimer– CD8+

populations (Fig. S5). Thus, the CTL clones generated with exposure to IL-21 and infused

into patients with MRD or undetectable leukemia exhibited phenotypic and functional

properties associated with long-lived CD8+ T-cells capable of proliferating independent of

CD4 Thelper cells, and a fraction of these CD8+ T-cells sustained a proliferative state until

day 21 after transfer.

Evidence of antileukemic activity mediated by WT1-specific CD8 CTL

Eleven patients with high-risk disease were treated on this study (Table 1). High-risk

features included poor prognostic indicators conferred by the cytogenetics of the primary

leukemia (29), AML secondary to MDS or prior chemotherapy treatments (30),

refractoriness to induction therapy prior to HCT (31), entering HCT with detectable blasts

(32) (Pt 21 entered HCT with refractory disease and had a BM containing 40% blasts), or

relapse after HCT (32, 33). Due to the heterogeneity of the patients treated, a comparative

ranking of the adverse prognosis of patients at study entry who received clones generated

with or without IL-21 is not reliable (34), but all had at least 2 high-risk features (Table S2).

Of patients who received clones generated without IL-21, all had relapsed after HCT

(associated with >95% mortality at 2 years (33)), and 5/7 had detectable leukemia at the

time they received WT1-specific T-cells. Of the patients who received clones generated with

IL-21, 3/4 had relapsed after HCT and 1 patient entered HCT with >40% blasts, which is

associated with a <5% disease free survival 1 year after HCT (32). However, only 1 patient

(Pt 27) had detectable disease at the time of WT1-specific T-cell infusions. Thus, although

all patients had high-risk disease, patients who received clones generated with IL-21 had

MRD or no detectable leukemia at the time of infusions, and therefore better disease

characteristics compared to patients who received WT1-specific clones generated without

IL-21. In 10/11 patients, leukemia cells were available for analysis, and expression of WT1

in the leukemic cells was confirmed. Table 2 summarizes the clinical outcomes of each

patient. One patient (Pt 15) with detectable leukemic blasts in the blood (7% of total white

blood cells [WBC]) exhibited a rapid reduction in the percentage of blasts after the infusion

of 3.3 × 109 WT1-specific CTL/m2, with blasts declining to 0% of total WBCs after 14 days

(Fig. 6A). The decrease in detectable leukemic blasts was associated with increasing

absolute numbers of circulating normal WBCs and coincided with the presence of infused

WT1-specific CTL in the blood. The patient developed toxicity from prior anti-leukemic

therapy that precluded qualifying for subsequent T-cell infusions, and died with progressive

disease after disappearance of the infused T-cells. Another patient (Pt 27) had no detectable

leukemic blasts but presented with MRD prior to infusions as revealed by detection of a

clonal B cell population and an abnormal karyotype in the BM. After the infusions of WT1-

specific CTL were completed, which resulted in percentages of WT1-specific multimer+

CD8+ T-cells maintained at 6.6% and 3.6% 168 and 280 days respectively from the time

infusions began, the patient exhibited clearing of the clonal B cell population and
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cytogenetic analysis no longer revealed any abnormalities (Fig 6B). Based on the ability to

lyse T2 B-LCL pulsed with titrated peptide doses, the avidities of the clones infused for Pts

15 and 27, who had detectable disease, and Pts 21, 24, and 28, who were treated with

undetectable disease, were similar to the highest avidities obtained in this study (Fig. 6C).

All four patients who received CTL clones generated in the presence of IL-21 demonstrated

long-term CTL persistence and were in CR without additional chemotherapy or the

development of GVHD at 22, 33, 35 and 38 months after HCT despite historical

probabilities of relapse estimated at 90–95% after 1 year and 95–97% after 2 years (Table

S3). Among the 7 patients who received CTL clones generated in the absence of IL-21, all

of whom demonstrated only short-term CTL persistence, 5 had detectable disease and 2 (Pts

6 and 17) had no detectable disease during infusions. However, Pt 6 was receiving

concurrent immunosuppressive therapy for pre-existing GVHD, which included

mycophenolate mofetil (MMF), which may have contributed to poor T-cell persistence,

especially in the presence of concurrent administration of exogenous IL-2, which likely

promoted entry into the cell cycle. Pt 17 relapsed after clearance of the infused CTL. WT1

expression in both blood and BM was assessed longitudinally by PCR in all patients. Except

for Pt 17, whose leukemic cells expressed WT1 prior to therapy and who relapsed with 40%

blasts in the BM 138 days after the first infusion with no increase in detectable levels of

WT1 expression, the presence of leukemic blasts by morphology and/or flow cytometry

correlated with levels of WT1. These results are consistent with continued expression of the

pro-oncogenic WT1 protein in leukemia blasts independent of targeting with T-cells in most

patients (Fig. S6).

Discussion

Establishing robust T-cell mediated anti-leukemic activity after HCT without inducing

accompanying GVHD remains a major challenge. WT1 is an antigen that is overexpressed

in leukemic cells, which contributes to the leukemic phenotype and has been shown to be

capable of eliciting T-cell responses (9). Therefore, we have examined the potential to

achieve a selective anti-leukemic effect by the adoptive transfer of homogenous WT1-

specific CD8+ CTL clones. Clones were generated from the repertoire of each patient’s

HLA-matched donor that was not compromised by prior chemotherapy, and the clone

exhibiting the highest avidity for targets expressing WT-1 was selected for infusion.

Infusions were well tolerated, non-toxic, and not associated with new-onset GVHD after

doses of ≤1010cells/m2, including when cell infusions were followed by administration of

low-dose s.c IL-2. This contrasts with previous reports of adoptive transfer of unselected T-

cells containing potentially CML-reactive CTL, in which the incidence of GVHD doubled

compared to control patients transplanted with CD34+-selected cells who did not receive T-

cell infusions (30% vs 14%) (35, 36).

The establishment of a persistent functional population of antigen-specific CTL capable of

eliminating cells responsible for late leukemic recurrences will likely be necessary to

consistently derive long-term benefit from infused CTL. Studies of transferred CD8+ T-cells

for murine LCMV infection revealed that transferred Tcm provided enhanced protective

immunity from in vivo challenge compared to effector memory (Tem) (21). Furthermore,

studies in non-human primates have shown that expanded CD8+ T cell clones derived from

Tcm exhibit greater replicative potential in response to antigen and prolonged in vivo

persistence compared to CD8+ T cell clones derived from Tem. Despite all cells displaying a

differentiated Tem phenotype after in vitro expansion, ultimately, a fraction of the

transferred CD8+ T cell clones derived from Tcm revert back to a Tcm phenotype in vivo

(20). However, as spontaneous memory responses to WT1 are rare/non-existent in healthy

individuals, and were absent in the HLA-matched donors in our study, the CTL clones for

therapy were most likely derived from the naïve repertoire rather than from a memory
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population (37). When used with IL-15 during the priming of antigen-specific CD8+ T-cells,

the γc cytokine IL-21 has been shown to drive further expansion and prevent apoptosis of

the cells responding to antigen stimulation, and leads to in vitro generation of CD8+ T-cells

with a CD28hi, less terminally differentiated phenotype in both murine and human studies

(23, 38). In this study, the WT1-reactive CTL clones that had been primed in the presence of

IL-21 expressed significantly higher levels of CD27, CD28 and CD127 prior to infusions,

consistent with a less differentiated phenotype, compared to CTL clones generated without

IL-21. Similar to previous observations in a murine model (22), the less differentiated

phenotype induced by IL-21 conferred the CTL clones enhanced capacities for in vivo

persistence and proliferation compared to CTL clones generated in the absence of IL-21.

The latter expressed a fully differentiated effector phenotype prior to infusion, stopped

proliferating shortly after transfer, and exhibited only brief in vivo survival (≤14 days).

Furthermore, as previously shown in the murine model of LCMV infection, the persisting

cells generated with exposure to IL-21 displayed phenotypic and functional characteristics

of Tcm (39). Although the number of patients treated is insufficient to allow definitive

conclusions, the data suggest that CTL clones derived from healthy donors and primed in

vitro in the presence of IL-21 may provide a method to establish long-lived memory

responses, bypassing the alternative strategy of generating CTL populations for transfer

from Tcm reactive with tumor antigens that must already exist in vivo, which will often not

likely be feasible. The high antigenic burdens of persistent/recurrent leukemia in most of the

patients who received CTL clones generated in the absence of IL-21 may have contributed

to their short survival (40). However, leukemic blasts were not detected in 2 patients for

whom the CTL clones were generated without exposure to IL-21, and even in this setting

long-term T-cell survival was not observed in either patient.

Direct evidence of anti-leukemic activity was observed in Pt 15, but the response was short

lived, as leukemic blasts rapidly repopulated the peripheral blood after the transferred CTL

were cleared. The patient was not eligible for subsequent T-cell infusions due to toxicity

from extensive prior cytotoxic therapies that fulfilled exclusion criteria. Exposure to IL-21

during priming may have been able to endow the cells transferred into this patient with

sufficient survival and proliferative ability to maintain a more prolonged anti-leukemic

effect, but unfortunately could not be assessed as Pt 15 was treated before IL-21 became

available for this study. However, direct evidence of anti-leukemic activity was observed in

Pt 27, who had MRD at the time of T-cell therapy and received a CTL clone generated with

exposure to IL-21. In this patient, the long-term persistence of the infused T-cells was

associated with disappearance of the leukemic cells and a sustained complete remission. The

other 3 patients who received CTL clones generated in the presence of IL-21 had no

measurable disease at the time of T-cell infusions, but all had exceptionally high risks of

relapse (Table S1). All are surviving in complete remission without GVHD or additional

anti-leukemic therapy. The absence of leukemic relapse in these patients cannot be

definitively attributed to the continued presence of WT1-specific CTL due to the lack of a

comparative group, but these promising results warrant further study. Additionally, both the

frequency achieved and persistence of functional transferred WT1-specific T-cells generated

with exposure to IL-21 (4 out of 4) are markedly better than results obtained by vaccination

to WT1 (14).

The results of our study suggest that targeting WT1 with T-cells is safe and can lead to

antileukemic activity, but in its current format transferred T-cells may not be sufficient to

achieve a clinical benefit in all treated patients. As WT1 over-expression is not restricted to

leukemias but rather is present in many tumor types (41), the safety observed in this study

also supports expanding efforts to treat other malignancies, particularly employing strategies

described here for establishing persistent WT1-specific responses. Although the most avid

CTL clone generated for each patient-donor pair was selected for infusion based on the
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ability to lyse targets pulsed with titrated doses of WT1 peptide, the avidities of the CTL

clones obtained were variable. More reproducible clinical results might be achieved with T-

cell therapy if the infused CD8+ T-cells exhibited consistent comparably high avidities.

Fortunately, strategies to accomplish this are becoming increasingly available, such as by

transducing patient T-cells with a characterized high affinity WT1-specific TCR that imparts

high avidity for leukemic targets, a technology already being utilized to target other antigens

(42, 43). Employing such TCRs, in concert with either expanding the transduced T-cells in

the presence of IL-21 and/or directly transducing cells derived from a CD8+ Tcm pool, may

predictably provide patients with potent persistent responses for the treatment of leukemia

(pre- or post-HCT) as well as solid tumors.

Materials and Methods

Clinical protocol and patient characteristics

All clinical investigations were conducted according to the Declaration of Helsinki

principles. Protocol #1655 was approved by the Fred Hutchinson Cancer Research Center

(FHCRC) Institutional Review Board and the U.S. Food and Drug Administration. The trial

was registered at clinicaltrials.org as NCT00052520. Enrolled HLA A*0201 patient-donor

pairs provided written informed consent prior to receiving an HLA-matched allogeneic HCT

for AML, ALL, MDS, or CML defined as high-risk, comprising MDS RAEB or RAEB-T,

CML beyond chronic phase, AML beyond first remission, Philadelphia chromosome (BCR-

abl)-positive ALL at any stage, any ALL beyond first remission, primary refractory AML or

ALL, and secondary AML (33, 44–46). Patients with molecular, cytogenetic, or

morphologic evidence of relapse post-HCT (treatment of active disease), or following

recovery of hematopoiesis post-HCT if transplanted with >5% blasts in the pre-HCT BM

due to the greater risk of early relapse (prophylactic therapy), were eligible to receive

escalating doses of WT1-specific CTL generated from a leukapheresis obtained from the

patient’s matched donor. Between 03/2006 and 08/2010, 37 patient/donor pairs were

enrolled, WT1-specific CTL clones were generated for 24 patients and 11 patients received

CTL infusions (Fig. S7).

Treatment plan

The first 2 treated patients (Pts 1 and 2) received escalating doses of WT1-specific CTL with

an initial dose of 3.3×108 CTL/m2 on day 0, 1.0×109 CTL/m2 on day 7, 3.3×109 CTL/m2 on

day 14 and again on day 28, with the last cell dose followed by low-dose s.c. IL-2 (250,000

IU/m2 twice daily) x 14 days. The next 2 treated patients (Pts 6 and 10) received the same

regimen with an additional dose of 1.0×1010 CTL/m2, followed by low-dose s.c. IL-2 × 14

days on day 49 (21 days after the last infusion). As no major toxicities were observed, to

increase the likelihood of delivering adequate cell doses to patients before disease

progression the protocol was modified so that all remaining patients received 3.3×109 CTL/

m2 on day 0, 1.0×1010 CTL/m2 on day 14 and 1.0×1010 CTL/m2 on day 28 followed by

low-dose s.c. IL-2 × 14 days (Fig. S1). All the described modifications were reviewed by the

FHCRC IRB and the FDA. Patients were monitored for toxicities based on Common

Toxicity Criteria v4.0 (47). BM aspirates were obtained for analysis within 14 days of the

first CTL infusion, 1 day after the second infusion and 1 day after the last dose of s.c. IL-2,

and then as clinically indicated.

Isolation and expansion of WT1-specific CTL clones

All ex vivo manipulations involving processing of products destined for infusion were

performed in the cGMP Cell Processing Facility (CPF) of the FHCRC. Donor PBMC were

obtained from a leukapheresis, and CD8+ T-cells bead-selected (Miltenyi Biotec Inc.) and

stimulated up to 3 times for 7–10 day cycles with autologous dendritic cells (DC) pulsed
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with the A*0201-restricted WT1126–134 (RMFPNAPYL) peptide (Anaspec at a DC to

effector ratio of 1:2–10 to obtain sufficient frequencies (>5%) of WT1-reactive CD8+ T-

cells. On Day 2 of each stimulation, the γc-chain cytokines IL-2 (12.5IU/ml), IL-7 (5ng/ml)

and IL-15 (1ng/ml) were added. For Pts 21, 24, 27 and 28, IL-21 (30ng/ml) was also added

once on Day 0 of each stimulation cycle before limiting dilution cloning. Clones were

screened for binding to the WT1126–134 peptide-MHC multimer, and the most avid clones

based on lysis of T2 B-LCL pulsed with decreasing concentrations of the WT1126–134

peptide, were further selected for expansion (25, 37). CTL clones were analyzed for surface

expression of CD3, CD8, CD4, CD45RO, CD27, CD28, CD127, CD62L, CCR7 and

cytotoxicity. Most selected clones were tested for monoclonality by analysis of T-cell

receptor (TCR)-Vβ usage (Table S4). Briefly, DNA was isolated from WT1-specific T-cell

clones and the TCRβ chains amplified by RACE PCR (Clontech). For each clone, only a

single band was detected from ≥ 5 × 105 cells, which was then amplified and sequenced.

The TCRβ chain and the complementarity determinant region 3 (CDR3) sequence was

determined using the IMGT program (www.imgt.org).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Phenotypic and functional characteristics of WT1-specific CD8+T-cell clones isolated
and expanded for infusions
(A and B) From the left: Lysis by WT1-specific CD8+T-cell clones of TAP-deficient HLA-

A*0201+ B-LCL (T2 B-LCL) pulsed with decreasing concentrations of WT1 peptide in

a 51Cr-release assay, and expression of CD27, CD28 and CD127 by WT1-specific CD8+T-

cell clones (bold line) compared to isotype control (grey area) for clones generated without

IL-21 (A) and with exposure to IL-21 (B). Inset values represent percentages of CD27+,

CD28+ and CD127+CD8+T-cells respectively. Median fluorescent intensity (MFI) of

staining for CD27 (C), CD28 (D), and CD127 (E). Mean effective concentrations of peptide

required to achieve 50% lysis (EC50) (F), and percent maximal lysis at an effector to target

ratio (E:T) of 10:1 (G) of clones generated without (left) or with IL-21 (right). An unpaired

two-tailed equal variance test was used for statistical analysis.
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Figure 2. Kinetics of in vivo persistence of WT1-specific CTL clones and leukemia disease
burden
Percent multimer+CD8+ T-cells (left y-axis) in PBMCs (solid circles) and BM (open

circles), and percent leukemic blasts (right y-axis) in PBMCs (solid red diamonds) and BM

(open red diamonds) collected 7 days (+/−2 days) before and at defined timepoints after

infusions are shown. (A) The 5 Pts who received clones generated without IL-21 with

detectable leukemia at the time of treatment, (B) The 2 Pts who received clones generated

without IL-21 without detectable leukemia at the time of treatment, and (C) the 4 patients

who received clones generated in the presence of IL-21, including 1 with MRD (Pt 27) and 3

without detectable leukemia at the time of treatment. Infusion schedule indicated by
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downward arrows: (a) 3.3 × 108 WT1-specific CTL/m2; (b) 1 × 109 CTL/m2; (c) 3.3 × 109

CTL/m2; (d) 3.3 × 109 CTL/m2 followed by low dose s.c IL-2 × 14 days; (e) 1 × 1010 CTL/

m2; (f) 1 × 1010 CTL/m2 followed by low dose s.c IL-2 × 14 days.
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Figure 3. Localization of adoptively transferred WT1-specific CTL to the BM
(A) Percent multimer+ CD8+ cells in blood (left) and BM (right) at all time points from the

11 patients in whom blood and BM were analyzed at the same time. (B) Same analysis as

above performed at all time points on the 4 patients who received CTL clones that were

generated with exposure to IL-21 and persisted long-term in vivo. Only samples in which at

least one site showed detectable transferred cells are shown. Horizontal bars indicate

medians. A two-tailed paired signed-rank test was used for statistical analysis.
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Figure 4. Phenotypic characteristics of transferred WT1-specific CD8+ T-cells persisting in vivo
(A) Expression of CD27 (y-axis) and CD45RO (x-axis) (upper plots), CD28 (y-axis) and

CD62L (x-axis) (middle plots), and CD127 (y-axis) and CCR7 (x-axis) (lower plots) on

gated multimer+ cells for CD8+ CTL clones generated without IL-21 for Pt 15

(representative) immediately before infusion and after 6 days in vivo; and (B) CTL clones

generated with exposure to IL-21 for Pts 21, 24, 27 and 28 immediately before infusions,

and 280, 250, 160 and 84 days respectively in vivo after the first infusion.
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Figure 5. Functional characteristics of persisting transferred WT1-specific CTL
(A) left-most plot: Percent cells producing IFNγ by the CTL clone generated without IL-21

for Pt 20 (representative) in response to WT1-pulsed T2 B-LCL at an E:T ratio of 10:1; next

plot to the right: TNFα (y axis) and IL-2 (x-axis) production of IFNγ+ cells. Right-most

plot: the same analysis performed on PBMC 1 day after transfer in vivo. (B) Plots to the left:

Percent IFNγ production for CTL clones generated with exposure to IL-21 (Pts 21, 24, 27

and 28), and the respective TNFα and IL-2 production. Plots to the right: The same analysis

performed on PBMC obtained after 160, 250, 160 and 84 days respectively in vivo. (C)

Intranuclear Ki-67 expression on pre-infusion CTL clones harvested on day 14 of the ex

vivo expansion cycle generated without (striped/grey column) or in the presence of IL-21
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(solid column). Intranuclear Ki-67 expression on post-infusion CD8+multimer+ cells

averaged from PBMCs of patients who received CTL clones generated without (open

circles, dashed lines) or in the presence of IL-21 (solid circles, solid lines). Open squares

and grey dotted lines represent average Ki-67 expression on patient endogenous

CD8+multimer- cells for all patients combined.
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Figure 6. Evidence of anti-leukemic activity
(A) Percent WT1-specific multimer+ cells detected in PBMC (solid black circles, black line)

of Pt 15 after infusion of 3.3 × 109 cells/m2 (left y-axis), concurrent percent leukemic blasts

in the blood (red area) (inner right y-axis). Total white blood cells (solid grey line) and

lymphocytes (dashed grey line) (outer right y-axis) in samples collected before and after the

infusion (x-axis). (B) Percent multimer+CD8+ T-cells (y-axis) among PBMCs (solid circles)

and in BM (open circles) collected before and after infusions for Pt 27. Arrows indicate time

of infusions. Below the graph are characteristics of the patient’s primary B-ALL at diagnosis

(left, below B-ALL), and at timepoints at which clonal B cells or the abnormal karyotype

were analyzed and detected (+) in BM. (C) Mean effective concentrations of peptide
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required to achieve 50% lysis (EC50) of pulsed T2 BLCL at an effector to target ratio (E:T)

of 10:1 by the CTL clones infused for each patient.
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