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Abstract
Purpose—Although modern cure rates for childhood acute lymphoblastic leukemia (ALL)
exceed 80%, the outlook remains poor in patients with high risk disease and those who relapse,
especially when allogeneic hematopoietic stem cell transplantation is not feasible. Strategies to
improve outcome and prevent relapse are therefore required. Immunotherapy with antigen-specific
T cells can have anti-leukemic activity without the toxicities seen with intensive chemotherapy
and therefore represents an attractive strategy to improve the outcome of high risk patients with
ALL. We explored the feasibility of generating tumor antigen-specific T cells ex vivo from the
peripheral blood of 50 patients with ALL (26 NCI high risk and 24 standard risk) receiving
maintenance therapy.

Experimental Design—Peripheral blood mononuclear cells were stimulated with autologous
dendritic cells pulsed with complete peptide libraries of WT1, Survivin, MAGE-A3 and PRAME,
antigens frequently expressed on ALL blasts.
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Results—T-cell lines were successfully expanded from all patients, despite low lymphocyte
counts and irrespective of NCI risk group. Antigen-specificity was observed in over 50% of
patients after the initial stimulation and increased to over 90% after 3 stimulations as assessed in
IFNγ-ELISpot and 51Cr-release assays. Moreover, tumor-specific responses were observed by
reduction of autologous leukemia blasts in short- and long-term co-culture experiments.

Conclusion—This study supports the use of immunotherapy with adoptively transferred
autologous tumor antigen-specific T cells to prevent relapse and improve the prognosis of patients
with high risk ALL.
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INTRODUCTION
The outcome of patients with acute lymphoblastic leukemia (ALL), the most common
childhood leukemia, has significantly improved with the advent of intensive chemotherapy
regimens that can achieve cure rates of over 90%. However, for patients classified as high-
risk, according to NIH criteria, or those who relapse, the best chance of cure is allogeneic
hematopoietic stem cell transplantation (HSCT) (1). Not all patients are eligible for HSCT
and over a third of transplanted patients still relapse after HSCT for ALL (1, 2). Therefore,
strategies to prevent relapse in patients with ALL, classified as high risk, are needed.
Immunotherapy is an effective tool for the treatment of leukemia. First demonstrated in
patients with chronic myeloid leukemia (CML) the infusion of unselected donor
lymphocytes (DLI) has been shown to stably eradicate minimal residual disease (3, 4). In
ALL, a high absolute lymphocyte count at the end of induction therapy is associated with
improved survival, suggesting the importance of the host immune response in controlling
disease (5). In addition, in the transplant setting there is strong evidence for a T-cell
mediated graft-versus-leukemia effect (6). However, DLI rarely induces responses in
patients relapsing after HSCT (7–9), suggesting that the anti-leukemic effects of T cells may
require augmentation to prevent or treat relapsed ALL. Recently, T cells genetically
modified with chimeric antigen receptors (CARs) targeting a CD19 epitope were shown to
induce prolonged remissions in relapsed ALL patients (10, 11). However, relapse can occur
by selection of a CD19 negative leukemia cell population (12). We have shown that T cells
with native tumor-specificity can be activated and expanded using single epitopes of tumor
antigens as stimulus in vitro for adoptive cell transfer or in vivo in response to vaccines (13,
14). Furthermore, we have demonstrated that, in healthy donors, it is possible to induce T
cells specific for multiple tumor antigens which can target and kill acute myeloid leukemia
cells (15).

We therefore chose to evaluate the feasibility of generating and expanding tumor antigen-
specific T-cell lines from patients with ALL as a potential adoptive immunotherapeutic
strategy to prevent relapse in high risk patients or patients not eligible for allogeneic HSCT.
Acute lymphoblastic leukemia cells express a number of tumor-associated antigens (TAA).
We selected WT1 (16), Survivin (17, 18), MAGE-A3 (19) and PRAME (6, 20) as target
antigens for the generation of tumor antigen-specific T cells with the aim of broadening the
applicability of T-cell therapy to the majority of patients with ALL, and reducing immune
escape by the leukemia through emergence of clones deficient in TAA.

In this study we have developed a novel strategy to activate autologous T cells targeting
multiple tumor antigens. We demonstrated that by utilizing both autologous dendritic cells
and PHA-blasts as antigen-presenting cells we can successfully expand TAA-specific T-cell
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lines from 50 patients with ALL during maintenance therapy, irrespective of NCI risk status
or lymphocyte count.

MATERIALS AND METHODS
Patient samples

Peripheral blood was obtained from 50 pediatric patients with ALL, receiving maintenance
chemotherapy at the Texas Children's Cancer Center. All families had provided written
informed consent on treatment protocols approved by the Baylor College of Medicine
Institutional Review Board in accordance with the Declaration of Helsinki. Approximately
40 ml of blood was collected from 50 patients with ALL, 24 standard risk (SR) and 26 high
risk (HR) patients, according to NCI Rome criteria (21) (Supplementary Table S1).
Peripheral blood mononuclear cells (PBMC) were isolated by density gradient
centrifugation and cryopreserved.

Generation of antigen-presenting cells
Monocyte-derived dendritic cells (DC) were generated by plate adherence of PBMC. PBMC
were incubated for 2 hours in DC media (Cellgro DC media, Cellgenix, Freiburg, Germany)
supplemented with 2mM Glutamax. Non-adherent cells were collected and washed.
Adherent cells were cultured in DC media in the presence of IL4 (1000U/ml) and GM-CSF
(800U/ml) (both R&D, Minneapolis, MN). On day 5, immature DC were matured in DC
media with a cytokine cocktail consisting of IL4 (1000U/ml), GM-CSF (800U/ml), IL6
(10ng/ml), TNFα (10ng/ml), IL1β (10ng/ml) (all R&D) and PGE2 (1μg/ml) (Sigma-
Aldrich), and were harvested after 48 hours of maturation for use as antigen presenting cells
(APC).

For phytohemagglutinin (PHA)-blast generation, PBMC were stimulated with the mitogen
phytohemagglutinin-P (PHA-P, 5μg/ml; Sigma-Aldrich, St. Louis, MO) in presence of IL2
to promote blast formation (PHA-blasts). PHA-blasts were cultured in RPMI 1640
supplemented with 5% human serum (Gem Cell, Gemini Bio-Products, West Sacramento,
CA) and 2mM Glutamax (Invitrogen, Grand Island, NY) and Interleukin (IL) 2 (100U/ml)
(Teceleukin, Chiron Therapeutics, Emeryville, CA).

Generation of TAA-specific T-cell lines
TAA-specific T-cell lines were generated from total PBMC. Matured DC were harvested
and used as APC and peptide-pulsed with a mix of four peptide libraries (pepmixes, JPT
Technologies, Berlin, Germany): WT1, Survivin, MAGE-A3 and PRAME. DC were used at
a stimulator-to-effector ratio of 1:10. T cells were cultured in RPMI 1640 supplemented
with 45% Clicks media (Irvine Scientific, Santa Ana, CA), 5% human AB serum and 2mM
Glutamax. For initial stimulation, a cytokine mix containing IL7 (10ng/ml), IL12 (10ng/ml),
IL15 (5ng/ml) and IL6 (100ng/ml) was added (15, 22). T cells were re-stimulated with
peptide-pulsed autologous irradiated (30Gy) PHA-blasts at a ratio of 1:1 on day 10 to 12 and
cultures were maintained in IL2 (50U/ml) supplemented media and re-stimulated every 7
days as described above for a minimum of 4 stimulation cycles, but could be kept in culture
for up to 8 re-stimulations without loss of specificity. No further selection or enrichment of
T cells was carried out at any point throughout the sensitization and expansion period.

IFNγ Enzyme-Linked Immunospot Assay (ELISpot)
Peptide recognition was tested in an Interferon-γ (IFNγ) Enzyme-linked Immunospot
(ELISpot) assay (23). Recognition of the pooled TAAs as well as single antigens was tested
as compared to no-peptide (media) control (labeled as control in all graphs) and irrelevant
peptide (NY-Eso-1), that was not used for T-cell generation.
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Millipore Multi Screen HTS filter plates (Millipore, Billerica, MA) were coated with IFNγ
capture antibody (Mabtech, Nacka Strand, Sweden) at a concentration of 10μg/ml over night
at 4°C. Plates were washed with PBS and blocked for 1 hour at 37°C to rule out non-specific
protein binding. T cells were washed and re-suspended and stimulated with pepmix or single
peptides at a concentration of 0.1mg/ml. The plates were incubated for 16–20 hours at 37°C.
For development, plates were washed in PBS/0.05% Tween 20 and incubated with
biotinylated IFNγ detection antibody (0.5μg/ml) (Mabtech) for 2 hours at 37°C, followed by
incubation with streptavidin-coupled alkaline phosphatase complex (Vectastain, Vector
Laboratories, Burlingame, CA) for 1 hour at room temperature and spots were developed by
incubation with 3-Amino-9-ethylcarbazole substrate solution. Spot forming cells (SFC) were
counted and evaluated by Zellnet Consulting (Fort Lee, NY) using an automated plate reader
system (Karl Zeiss, Jena, Germany).

HLA-blocking experiments
HLA-restriction of antigen recognition was tested in IFNγ–ELISpot using autologous PHA-
blasts pulsed with the relevant peptide (positive control) or without peptide (negative
control) and blocking antibodies against HLA class I and class II (both BD Biosciences, San
Jose, CA, USA). ELISpot plates were incubated and developed as described above.

51Chromium-release cytotoxicity assay
Cytolytic activity of T cells was assessed in a 51Chromium (51Cr)-release cytotoxicity assay.
Autologous PHA-blasts were peptide-pulsed and labeled with 51Cr for one hour at 37°C,
washed and re-suspended. Effector cells were used at effector-to-target ratios of 40:1 to
1.25:1 and tested against peptide-pulsed target cells (specific and irrelevant peptides (NY-
Eso-1) not used for T cell generation) and unpulsed target cells and incubated for 4–6 hours.
Spontaneous lysis was determined by measuring 51Cr -release into the supernatant on a
gamma-counter. Spontaneous release was assessed by incubating target cells alone,
maximum lysis by addition of 1% Triton X-100 (Sigma-Aldrich). Specific lysis was
calculated as follows: Specific lysis [%] = 100 - ([experimental release - spontaneous
release]/[maximum release - spontaneous release]).

Phenotyping of T-cell lines
T-cell lines were phenotyped by extracellular antibody staining with anti-CD3, CD4, CD8,
CD45RA and RO, CCR7, CD62L, CD56, CD19 (all BD Biosciences) and analyzed on a BD
FACS Calibur Flow Cytometer. Control samples labeled with appropriate isotype-matched
antibodies were included in each experiment. Data were analyzed using FlowJo Flow
Cytometry software (Treestar, Ashland, OR, USA).

Co-culture with autologous blast samples
To test recognition of autologous blasts, TAA-specific T-cell lines were co-cultured with
each patient's autologous leukemic bone marrow sample, which had been cryopreserved at
diagnosis. Co-culture experiments were carried out at ratios of 10:1 or 5:1 (T cells :
leukemic blasts) for 3 days in presence of IL2 (50U/ml). Nonspecific autologous T cells
were used as negative controls. Leukemia cells were quantified by co-staining with anti-
CD10 and CD19 antibodies and samples were acquired on a BD FACS Calibur Flow
Cytometer using Count Bright absolute counting beads (Molecular Probes, Eugene, OR) for
quantification of absolute cell counts.

Enzyme-linked immunosorbent assays
Detection of cytokine release in the supernatants of co-cultured CTL was analyzed by an
Enzyme-linked immunosorbent assay (ELISA) specific for IFNγ and IL4 (both R&D). For
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detection of IFNγ a 96-well microplate was coated with anti IFNγ capture antibody and
incubated overnight. Cell culture supernatants were incubated and specific binding of IFNγ
was detected by incubation with a biotinylated detection antibody, streptavidin-coupled
horseradish-peroxidase and developed by incubation with substrate solution. Optical density
of plates was read at 450nm with a wavelength correction at 570nm. For IL4, the same
principle was applied and optical density determined at 490nm. Cytokine release was
quantified in comparison to a specific standard; the assay was run in duplicates.

Colony forming unit assay
A colony forming unit (CFU) assay was carried out to show blast elimination in a long-term
co-culture. T cells were co-cultured with autologous leukemic blasts at a 10:1 ratio in
IMDM medium (Invitrogen) substituted with 10% FBS and 2mM Glutamax for 6 hours.
After this pre-incubation, wells were collected and incubated in methocult methylcellulose
media (Stemcell Technologies, Vancouver, Canada) in duplicates. Colonies were counted on
day 14 and relative inhibition of colony formation calculated in comparison to nonspecific T
cells as follows: Relative inhibition [%] = 100 – ([CFU specific T cells/CFU nonspecific T
cells] *100).

Statistics
Data are summarized as mean ± standard deviation (SD) or mean ± standard error (SE), as
noted in the text or figure legends. Student t-test was used to determine whether there was a
statistically significant difference between samples, with two-tailed P values <0.05
indicating a significant difference.

RESULTS
TAA-specific T-cell lines can be reliably expanded from patients with ALL on maintenance
therapy, irrespective of their NCI risk status or absolute lymphocyte count

TAA-specific T-cell lines were generated from peripheral blood obtained from 50 patients
with ALL, 26 designated as high risk and as 24 standard risk according to NCI-Rome
criteria, during the maintenance phase of chemotherapy. Blood samples, collected at least 3
months after the start of maintenance therapy to minimize effects of prior, more intensive
chemotherapy, and were used for the generation of DC, PHA-blasts and T-cell lines.
Stimulation of PBMC was carried out with antigen–pulsed DC using four complete peptide
libraries spanning the entire amino acid sequence of the TAAs WT1, Survivin, MAGE-A3
and PRAME.

Generation of DCs as well as T-cell lines was possible from all samples obtained, despite
76% of patients having low ALC counts of <1000/μl (Supplementary Table S1). At least a
minimal expansion of 1.2-fold could be achieved in all patients with a maximum 31.4-fold
expansion (mean 6.4-fold) after 3 stimulations (Fig. 1A). Phenotyping of the ex vivo
expanded T-cell lines showed a mean CD3+ content of 97.2% (range 80.3–99.9%) and
varying distribution of CD4+ (mean 38.4% range 8.3–89.4%) and CD8+ (mean 42.6% range
7.9–82.1%) T cells, few NK cells (mean 1.3% range 0–10.9%) and rare residual B cells
(mean 0.2% range 0–5.8%) (Fig. 1B). The majority of both CD4+ (mean 51.2%, range 12.0–
93.0%) and CD8+ (mean 49.3%, range 4.0–91.0%) T cells were comprised of CD45RO+/
CD62L−/CCR7− T-cells in accordance with an effector-memory phenotype. Very few naïve
CD45RA+/CD62L+/CCR7+ cells (CD4+: mean 1.0%, range 0–8%; CD8+: mean 0.2%, range
0–3.0%) and central-memory CD45RO+/CD62L+/CCR7+ cells (CD4+: mean 5.2%, range
0.1–33.0%; CD8+: mean 2.9%, range 0–13.0%) were present after 3 re-stimulations (Figs.
1C, D).
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Ex vivo expanded TAA-specific T-cells recognize multiple target antigens with broad
epitope specificity

Antigen specificity of the ex vivo expanded T-cell lines was evaluated weekly in response to
the mix of TAA and individual antigens in IFNγ-ELISpot assay. Specific reactivity against
the pooled TAAs after the initial stimulation could be seen in 54% of SR and 65% of HR
patients (data not shown). After 3 stimulations, 92% of SR and 96% of HR patients showed
specific responses against at least one antigen. There was almost equal distribution of SR
versus HR patients showing reactivity against one (21% SR; 19% HR), two (21% SR; 23%
HR), three (21% SR; 23% HR), or all four antigens (29% SR; 19% HR) (Fig. 2A). The
majority of the expanded TAA-specific T-cell lines elicited responses against PRAME (79%
SR vs. 69% HR), followed by WT1 (71% SR vs. 54% HR) and MAGE-A3 (58% SR vs.
57% HR). In contrast, T-cell responses to survivin were seen in a minority of patients (42%
SR vs. 27% HR) (Fig. 2B). Similarly, highest specificity as measured by spot counts in
IFNγ-ELISpot assays, was seen in response to the pooled TAAs (SR: mean 312, range 31–
970; HR: mean 258, range 17–777) and PRAME (SR: mean 230, range 0–851; HR: mean
173, range 2–681), followed by MAGE-A3 (SR: mean 168, range 0–1324; HR: mean 127,
range 0–562), WT1 (SR: mean 121, range 2–534; HR: mean 145, range 2–642) and least
against Survivin (SR: mean 109, range 0–541; HR: mean 84, range 2–498) (Fig. 2C).

Cytolytic activity of T-cell lines was tested in a standard 51Cr-release assay against peptide-
pulsed autologous PHA-blasts. Mean lysis of target cells pulsed with the pooled TAAs at an
E:T ratio of 20:1 was 27% for CTL lines generated from the SR patients (range 0–77%)
versus 31% for the HR patients (range 0–90%). Killing of targets pulsed with the individual
antigens for the SR patients showed: mean 13% (range 0–66%) for WT1; mean 10%, (range
0–58%) for Survivin, mean 12%, (range 0–70%) for MAGE-A3 and mean 26%, (range 0–
74%) for PRAME. No appreciable differences in cytolytic responses were seen in T-cell
lines generated from HR patients: mean 15%, (range 0–100%) for WT1, mean 8%, (range
0–58%) for Survivin, 16%, (range 0–68%) for MAGE-A3; and mean 21% (range 0–55%)
for PRAME (Fig. 2D). No killing (<6%) of unpulsed target cells was observed.

Polyclonal MHC class I and II-mediated T-cell responses can be elicited in vitro from
patients on treatment for ALL

To compare the epitope-specific responses in T-cell lines generated from patients with ALL
to those previously described in healthy donors (15, 24–28) we performed epitope mapping
for WT1 in 11 T-cell lines. Reactivity against minipools of 15mer peptides overlapping by
11 amino acids spanning the whole sequence of WT1 were tested, as previously described
(29). Subsequently, confirmation of single peptide recognition and HLA-restriction was
performed (15).

Results of the epitope mapping experiments of a representative TAA-specific T-cell line are
shown in Fig. 3. As seen in Fig. 3A, IFNγ-ELISpot assays showed 70 SFC/105 cells in
response to pooled TAAs after the initial stimulation, which increased to 200 SFC/105 cells
after three in vitro stimulations. The expanded T-cell line recognized both WT1 and
PRAME (Fig. 3B). Epitope mapping was then performed for WT1 which showed reactivity
against two regions within WT1, peptides #9/10 (QWAPVLDFAPPGASAYGSL) and
peptides #71/72 (LCGAQYRIHTHGVFRGIQD). Using HLA class I and class II blocking
antibodies, the overlapping sequence of peptides #71/72 was confirmed to contain an HLA-
class I restricted epitope previously published by Woelfl et. al (28) (Fig. 3C, Table 1). In
contrast, recognition of peptides #9/10 was HLA class II-restricted, as confirmed by
blocking experiments. This 15mer peptide is known to contain both HLA class I and II
restricted epitopes, however with different HLA-restrictions from that seen in our patient
(24) (Fig. 3D, Table 1). In all, analysis of the WT1-specific T-cell responses in 11 patient-
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derived T-cell lines identified a total of eleven 15mer class I and II-restricted peptides, as
shown in Table 1. The majority of these peptides have previously been described and
identified to be immunogenic in healthy volunteers (15, 24–28). Hence, these results
demonstrate that we can successfully generate antigen-specific T cell-lines from patients
with ALL, and the spectrum of the specificity in these lines is similar to that of healthy
donors with a range of class I and II restricted epitopes (15, 24). Further, the
polyfunctionality of the expanded tumor antigen-specific T cells is demonstrated in Fig. 3E
where a T-cell line with specificity against all the targeted antigens released both IFNγ and
TNFα in response to stimulation.

Antigen recognition and anti-leukemic activity against autologous bone marrow blast
samples

We next investigated whether TAA-specific T-cells generated from patients with ALL were
able to recognize and kill autologous leukemia cells in vitro. Co-culture experiments were
set up for 8 patient-derived TAA-specific T-cell lines using, as targets, autologous ALL
blasts obtained from bone marrow aspirates that had been cryopreserved at diagnosis.
Antigen-specificity as well as short- and long-term co-cultures were evaluated in IFNγ-
ELISpot, flow-based and CFU assays. In addition, the co-culture supernatants were
evaluated by IFNγ and IL4 ELISA assays. Nonspecific T-cells derived from the same
patient were used as controls. In ELISpot assay at a 1:1 ratio of leukemia cells to T-cells, the
TAA-specific T-cells showed increased IFNγ-release (mean 300 SFC/105 cells; range 8–
1701) compared to control T cells (<10 SFC/105 cells) (Fig. 4A). No cytokine secretion by
leukemia cells alone was observed. Co-culture of T cells at an E:T ratio of 10:1 in the
presence of IL2 (50U/ml) showed a variable elimination of autologous leukemia blasts in
vitro. After 3 days of co-culture with TAA-specific T cells there were 13.6% residual blasts
remaining compared to 46.8% in the controls (calculated relative to the initial leukemia cell
counts on day 0)(p=0.04) (Fig. 4B). Analysis of IFNγ and IL4-levels in the co-culture
supernatants showed high concentrations of IFNγ by TAA-specific T cells after 3 days of
co-culture with autologous blasts (mean 630 ± 364 pg/106 cells/ml) compared to control T
cells (mean 0pg/106 cells/ml)(p=0.04). Lower levels of IL4 were secreted by TAA-specific
T cells (mean 19.6 ± 3.3 pg/106 cells/ml; control T cells mean 7.6 ± 1.1 pg/106 cells/ml)
after co-culture with autologous blasts (p=0.017)(Fig. 4C). Further, a specific inhibition of
colony formation was observed in CFU assays after 14 days when leukemia blasts were co-
cultured with TAA-specific T cells compared to control T cells. As shown in Fig. 4D, a
mean relative inhibition of 42.3% of colony formation was observed (p=0.012).

Two representative examples for the leukemia-specific activity of the TAA-specific T cells
are shown in Fig. 5 in a standard risk patient and supplementary Fig. S2 in a high risk
patient, respectively. In patient ID#1032 (designated as SR), peptide reactivity against the
pooled TAAs in ELISpot assay after initial (Fig. 5A) and three (Fig. 5B) stimulations
showed recognition of WT1 and PRAME. Further, cytolytic activity against these antigens
was demonstrated in a 51Cr-release assay using peptide-pulsed autologous PHA-blasts as
targets (Fig. 5C). Co-culture of TAA-specific T-cells with autologous blasts showed
reduction of autologous leukemia cells to 13% of the initial cell count after one day and to
4.8% after 3 days. In contrast, when nonspecific T cells derived from the same patient were
incubated with autologous blasts, 23% of leukemia blasts remained on day 1 and 10% on
day 3 of co-culture (Fig. 5D). Reduction of leukemia cell numbers were also apparent when
applying absolute quantification with FACS counting beads. After 3 days, elimination of
leukemia cells was observed when blasts were co-cultured with autologous TAA-specific T-
cells but not control T cells (Fig. 5E). Activation of TAA-specific T cells by the autologous
blasts was further demonstrated in IFNγ-ELISpot assays, where the T-cells showed
markedly increased IFNγ-production (mean 252 SFC/105 cells) compared to the control
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(mean 128 SFC/105 cells) (Fig. 5F). To evaluate the expression of the targeted antigens on
the ALL blasts, cytospins were stained by immunohistochemistry and showed weak
positivity for MAGE-A3 and higher for Survivin (Fig. 5G). Similarly, in supplementary
Figures S2 to S8 the results of the co-culture experiments with autologous blasts of the
remaining patients are shown, including the 3-day co-culture and ELISpot assays as well as
the immunohistochemistry of the leukemia blasts. There was no correlation between the
generation of effective CTL and leukemia antigen expression in the blasts in the 8 patients
where leukemia blasts and peripheral blood samples were available.

DISCUSSION
Patients with ALL who have high risk disease or who relapse have a high rate of mortality
and the best chance of cure is the allogeneic HSCT. There is a need for more effective
treatment options for patients not eligible for allogeneic transplant and immunotherapy may
be most effective for preventing relapse in high risk patients after chemotherapy. Therefore,
we sought to develop a strategy to generate autologous T cells that target multiple TAAs and
demonstrate specific anti-leukemic activity for use as adoptive T-cell immunotherapy to
prevent relapse in pediatric ALL. Our rationale for obtaining samples during maintenance
therapy was to demonstrate feasibility of collection at this time point for potential use as a
front-line strategy, to augment therapy in high-risk patients in first remission. We show here
that TAA-specific T cells can be generated from patients with ALL during maintenance
therapy regardless of NCI risk group and in spite of low lymphocyte counts at the time of
sample acquisition. Patients with high risk ALL might have more compromised immune
systems, correlating with their poor outcome. Nevertheless, we observed no difference in the
quality of TAA-specific T cells that could be generated from high and standard risk patients.
None of the commonly known risk factors for relapse, including age and gender, affected
our ability to ex vivo expand TAA-specific T cells from these patients and extensive in vitro
testing showed anti-leukemic activity of the expanded products against autologous ALL
blasts in long- and short-term co-culture experiments.

Antigen-specific responses were detectable within 7–10 days after just a single stimulation
in more than half of the tested patients, indicating that the immunosuppression due to the
chemotherapeutic drugs administered during maintenance therapy did not preclude the
expansion of TAA-specific T cells in vitro. Moreover, upon subsequent re-stimulation,
TAA-specific T cells were expanded from over 90% of patients, suggesting that the in vivo
immune suppressive environment could be overcome in vitro. At least a minimal 1.2-fold
expansion of the autologous T-cell lines was possible in all cases, using methods approved
for good manufacturing practices. Nevertheless, for a clinical scale product the conditions
need to be adjusted to achieve cell numbers necessary for infusion, e.g. through use of gas-
permeable cell culture flasks (30).

After 3 weeks in culture, the T-cell lines expanded from patients with ALL displayed
predominantly an effector-memory phenotype, although small populations of T-cells with
central memory and naïve phenotypes were also detected. Effector-memory T-cells have
been shown to have effective anti-tumor and anti-viral efficacy, but are short-lived in vivo,
leading to tumor outgrowth after loss of the adoptively transferred cells (31). In contrast, it
has been shown that naïve T cells or naïve-derived effector T cells exert the most effective
anti-tumor effects as well as having better in vivo expansion and persistence than effector
cells derived from memory subsets (31, 32) We and others previously showed that virus-
and TAA-specific T cells can be expanded from naïve T cells derived from cord blood as
well as from healthy donors (15, 23, 28, 33, 34). In contrast to virus-specific T cells where
memory T cells are the main source of expanded T cells, naïve T cells appear to be an
important source of TAA-specific T cells (15, 34). The lymphopenia following high dose
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chemotherapy may favor the in vitro generation of T cells from naïve cell populations.
However, further experiments will be needed to define the origin of the TAA-specific T-cell
lines. In addition to the ability to generate T-cell lines, the adoptive transfer of in vitro
primed T cells into a lymphopenic milieu may favor the persistence and expansion of the
transferred T cells, as has been shown by the infusion of predominantly effector-memory T-
cells in the transplantation setting (35–37).

The antigens we selected for T-cell generation are expressed in a wide variety of
hematological disorders as well as solid tumors. Immunohistochemistry of the available
patient samples showed only low levels of antigen expression in the leukemia cells, which
might limit the anti-leukemic effects of the T cells in vivo, despite their high specificity.
However, antigen expression in leukemic cells can be enhanced by epigenetically modifying
drugs (38) and clinical trials in adults and pediatric patients with acute leukemia are
currently under investigation. Furthermore, epigenetic modulation has been shown to render
malignant cells more susceptible to T-cell recognition without impairing expansion or
function of in vitro generated T cells (38–40). These observations suggest the feasibility of
combining epigenetic modification and adoptive T-cell transfer.

Immunotherapeutic approaches for patients with acute leukemia have included vaccines,
which generally target a single peptide epitope and clinical responses have been observed
that appear to correlate with expansion of epitope-specific T cells in vivo. More recently,
CD19-specific antibodies (41, 42) and CD19CAR gene-modified T-cells targeting the
CD19-receptor on B cell malignancies have shown remarkable success for CD19+

malignancies including pediatric ALL (10–12). Our strategy offers a synergistic approach to
these strategies. First, our technique covers multiple immunogenic epitopes. This offers the
potential for a combined immunotherapeutic approach with vaccines to re-challenge the
patients with the antigens used for T-cell generation and boost the adoptively transferred T
cells in vivo. This may prolong their persistence and increase their potency. Second, our
approach permits T-cell generation from all patients without limitation to certain HLA-
types, unlike single peptide vaccine studies (14, 27, 43). Finally, the polyfunctionality and
simultaneous targeting of multiple antigens may decrease the risk of tumor immune escape,
such as the down-regulation of antigen expression, elimination of clones expressing the
targeted epitope or outgrowth of antigen-negative populations, already observed with CD19-
directed therapy (12). Therefore, to increase the breadth of the tumor-specific activity by T
cells, TAA-specific T cells could be administered in combination with CD19 antibodies or
could be genetically modified to express a CD19CAR.

Previous studies have shown the importance of CD4+ T-helper cells for the strength and
persistence of in vivo immune responses against viral and tumor antigens (44, 45). In this
study, tumor-specific responses were seen in both the CD4+ and CD8+ T-cell populations
and immunogenic peptides restricted by MHC class I and II were detected by epitope
mapping for WT1. The combination of CD4+ restricted epitopes with the commonly used
CD8+ epitopes for T-cell stimulation can improve the survival of the generated T-cell lines
and vaccination studies using a mix of MHC class I and II restricted peptides show a
sustained activation and better survival of cytotoxic T cells (44–46). Furthermore, CD4+ T
cells can also have a direct cytolytic effect on tumor cells (47, 48). Thus, the infusion of
TAA-specific T cells containing antigen-specific CD4+ and CD8+ T cells may facilitate a
better anti-leukemic effect in vivo.

While it is encouraging that our TAA-specific T cells reduced autologous leukemia blasts in
co-culture experiments, it remains to be determined whether TAA-specific T cells have
therapeutic efficacy in patients with ALL. It would be possible to generate a SCID/hu mouse
model of ALL to further test the anti-leukemic effect of TAA-specific T cells. However,
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while such a model, using autologous T cells to prevent or treat ALL, might yield positive
results, it would not guarantee success in man. Conversely, were the TAA-specific T cells
ineffective in the murine model, we would not wish to abandon evaluating TAA-specific T
cells in a carefully designed clinical trial, where we can track the fate and function of in
vitro generated TAA and evaluate anti-leukemic efficacy by measuring residual disease.
Given the safety of infused TAA-specific T cells generated in healthy donors,(13) and the
lack of relevance of animal models for establishing safety, our next step will be to generate
GMP grade TAA-specific T cells for a phase 1 clinical trial.

This study shows that the generation of TAA-specific T-cell lines from the peripheral blood
of patients with ALL on maintenance therapy irrespective of NCI risk group is feasible, and
that these T cells show anti-leukemic activity against autologous blasts in vitro. Therefore,
adoptive immunotherapy with autologous TAA-specific T cells to boost anti-leukemic
immune responses and prevent relapse appears to be a promising approach and may improve
outcomes in high risk ALL both in the front-line setting, and as a new approach to treat
relapsed patients not eligible for allogeneic stem cell transplant in combination with other
therapeutic options.
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TRANSLATIONAL RELEVANCE

Although the majority of pediatric patients with acute lymphoblastic leukemia (ALL)
have excellent outcomes, the prognosis remains poor in patients with high-risk disease
and those who relapse, especially when allogeneic hematopoeietic stem cell
transplantation is not feasible. Several new treatments are being investigated, including
immune-based therapies. Immunotherapy approaches have included vaccines, which
generally target a single HLA-restricted epitope. More recently, CD19-specific
antibodies and CD19CAR gene-modified T-cells have shown remarkable successes for
CD19+ malignancies, including pediatric ALL. Targeting single antigens can eliminate
cells expressing the targeted epitope, but can lead to outgrowth of antigen-negative
populations. This paper validates a novel approach expanding T-cells from pediatric
patients with ALL, targeting multiple tumor-associated antigens. Simultaneous targeting
of multiple antigens may decrease the risk of tumor immune escape when T cells are
administered in vivo. Hence, this innovative immunotherapeutic strategy has the potential
to increase the potency of vaccines and CD19-directed therapies to prevent relapse and
improve the prognosis of patients with high-risk ALL.
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Figure 1. Expansion and Phenotype of T-cell lines
(A) N-fold (mean ± SD) expansion of antigen-specific T-cell lines (CTLs) generated from
patients with ALL during maintenance therapy. Cell counts were assessed at the end of each
re-stimulation on days 10, 18 and 25 of culture (n=50). (B) Phenotype of CTLs after the 3rd

stimulation; gated on live lymphocytes. (C) T-cell subsets within the CD3+/CD4+

population. (D) T-cell subsets within the CD3+/CD8+ population.
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Figure 2. Summary of antigen-specific responses in IFNγ-ELISpot and cytotoxicity assay
(A) Number of antigens recognized in IFNγ-ELISpot by CTLs generated from patients
classified as standard risk (SR, n=24, left panel) or high risk (HR, n=26, right panel). (B)
Percent of patients recognizing each of the 4 antigens or the mix of all antigens (TAA) used
for T-cell generation in IFNγ-ELISpot assay (SR white bars, HR black bars). (C) Number of
spot forming cells (SFC)/105 cells (mean ± SE) in SR (n=24, white bars) and HR (n=26,
black bars) patients for each of the antigens and TAA. Responses were assessed after the 3rd

stimulation. (D) Cytolytic activity in a standard 51Cr-release assay against peptide-pulsed
autologous target cells (PHA-blasts) at an effector-to-target (E:T) ratio of 20:1 (mean ± SE;
SR n=24, white bars, HR n=26, black bars).
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Figure 3. HLA-restriction of antigen recognition in two T-cell lines
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IFNγ-ELISpot responses during the course of 3 re-stimulation cycles against TAA after the
initial stimulation (A) versus the 4 individual antigens after the 3rd stimulation (B). Epitope
mapping for WT1 using a 15mer peptide library overlapping by 11 amino acids spanning the
whole sequence of WT1 indicated recognition of two regions within the WT1 sequence:
WT1 peptides #71 and #9. (C) IFNγ-secretion in response to peptides #71 can be inhibited
by HLA-class I blocking antibody in ELISpot assay, which implies a CD8+-restricted
recognition of this epitope. Autologous peptide-pulsed antigen presenting cells were used
for stimulation or pre-incubated with blocking antibodies. (D) Peptide #9 recognition is
reduced by HLA-class II blocking antibody indicating a CD4+-restricted recognition of this
peptide. (Figures A–D: mean ± SD). (E) Intracellular detection of INFγ and TNFα after
antigen stimulation in presence of co-stimulatory antibodies anti-CD28 and CD49d,
Brefeldin and Monensin followed by intra- and extracellular antibody staining shows
cytokine production at varying levels restricted to the CD8+ population. Plots shown are
gated on live lymphocytes and CD3+ cells.
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Figure 4. Reactivity of tumor antigen-specific T-cell lines against autologous leukemia cells
Summary of co-culture experiments of 8 patient-derived tumor antigen-specific T-cell lines
(CTLs) against their autologous bone marrow leukemia blast samples cryopreserved at the
time of diagnosis. Nonspecific T cells or unstimulated cells of the same patient were used as
control in all experiments. (A) Summary of the IFNγ-ELISpot co-culture results of CTLs
(n=8, black bar) vs. nonspecific T cells (n=8, white bar) (mean ± SE) at an E:T ratio of 1:1.
(B) In a three-day co-culture at an E:T ratio of 10:1 leukemia cell counts were assessed by
FACS analysis and compared to the absolute leukemia cell count obtained on day 0.
Leukemia blasts were quantified by CD10 and CD19 co-staining; T cells were quantified by
CD3 positivity. Absolute cell numbers were assessed by quantification with FACS counting
beads and the percentage of remaining leukemia cells was calculated compared to cell
numbers on day 0 (nonspecific T cells, control: white bars, CTLs: black bars) (mean ± SD).
(C) IFNγ and IL4 ELISA of the co-culture supernatants after 24h (mean ± SE; control n=8,
white bars, CTLs n=8, black bars). (D) Relative inhibition of colony formation of leukemic
cells in CFU assays when co-cultured with CTLs (n=8, black bar) vs. nonspecific cells (n=8,
white bar)(E:T ratio 10:1; mean ± SE).

Weber et al. Page 19

Clin Cancer Res. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Antigen recognition and reactivity against autologous leukemia cells in a patient with
standard risk acute lymphoblastic leukemia
Antigen-specific CTLs of patient #1032 showed recognition of TAA after the initial
stimulation (A), as well as recognition of PRAME and WT1 after the 3rd stimulation (B) in
IFNγ-ELISpot (mean ± SD). (C) Cytolytic activity in a standard 51Cr-release assay against
antigen-pulsed autologous target cells (PHA-blasts, PHAB) at E:T ratios from 40:1 to 1.2:1.
(D) Percent of remaining leukemia cells in co-culture of CTLs with autologous leukemia
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blasts on day 1 and 3 in presence of IL2 (50U/ml) at an E:T ratio of 10:1. Leukemic cells
were detected by co-staining with CD10 and CD19 antibodies, T cells by staining with CD3
antibody; nonspecific T cells (white bars) were used as control for unspecific lysis (CTLs:
black bars). (E) Assessment of absolute leukemia cell counts in co-culture with CTLs (black
line) and nonspecific T cells (dashed line) at an E:T ratio of 10:1 by FACS analysis using
counting beads. (F) Co-culture at a 1:1 ratio of autologous leukemia cells to CTLs (black
bar) or nonspecific T cells (white bar) in IFNγ-ELISpot assay (mean ± SD). (G)
Immunohistochemistry of leukemia blasts.
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Table 1

Immunogenic WT1 peptides identified by epitope mapping of WT1-specific T-cells derived from patients
with acute lymphoblastic leukemia

Patient ID 15mer no. AA# Peptide sequence HLA-restriction HLA-A HLA-B HLA-DRB1 HLA-DQB1 Reference (AA#, HLA-restriction)

948 9/10 33–47 QWAPVLDFAP
PGASAYGSL class II 02/33 51/53 03/13 02/06

AA#37–45 (HLA-A*0201)(27)
AA#38–46 (HLA-A*0201)(24)

AA#37–48 (HLA-DRB1*0402)(24)

58 229–243 MTSQLECMT
WNQMNL class II AA#235–243 (HLA-A24)(26)

AA#235–243 (HLA-A*0201)(24)

1024 9/10 33–47 QWAPVLDFAP
PGASAYGSL n.d. 02/03 07/15 09/11 02/03

AA#37–45 (HLA-A*0201)(27)
AA#38–46 (HLA-A*0201)(24)

AA#38–48 (HLA-DRB1*0402)(24)

1106 32 125–139 ARMFPNAPYL
PSCLE class I 24/68 08/35 11/13 03 AA#126–134 (HLA-A*0201)(49)

AA#124–138 (HLA-DR53)(25)

1129 3 9–23 NALLPAVPSL
GGGGG n.d. 02/33 65/35 04/13 03/06 AA#6–15(HLA-A*0201, B*5701)(24)

29 113–127 GPPPPSQASS
GQARM n.d.

1137 12 55–69 ASAYGSLGGP
APPPA n.d. 02/26 14/18 01/11 03/05 AA#58–66 (HLA-A*0201)(24)

59/60/61 233–255
LECMTWNQM
NLGATLKGVA

AGSS
n.d.

AA#235–243 (HLA-A24)(26)
AA#235–242 (HLA-A*0201)(24)

AA#238–246 (HLA-A*0101,
A*0201, B*3508, C*1701)(24)
AA#239–249 (HLA-*2402)(24)

AA#235–249 (HLA-DRB1*1104)(24)
AA#242–250 (HLA-A*0101,

A*0201)(24)
AA#243–252 (HLA-A*0203)(24)
AA#246–253 (HLA-A*6901)(24)

76/77 301–319 RRVPGVAPTL
VRSASETSE n.d.

1221 71/72 271–289 LCGAQYRIHT
HGVFRGIQD n.d. 03/24 07/48 04/16 03/05

AA#286–293 (HLA-Cw7)(28)
AA#269–278 (HLA-A*0101,

B*3501)(24)

1289 109/110 433–449 RHHNMHQRN
MTKLQLAL class I 24 35/40 08/11 03/04 AA#436–445 (HLA-A*0201,

A*2402, B*4001)(24)

1331 9/10 33–47 QWAPVLDFAP
PGASAYGSL class II 02/31 07 15 06

AA#37–45 (HLA-A*0201)(27)
AA#38–46 (HLA-A*0201)(24)

AA#38–48 (HLA-DRB1*0402)(24)

71/72 271–289 LCGAQYRIHT
HGVFRGIQD class I

AA#286–293 (HLA-Cw7)(28)
AA#269–278 (HLA-A*0101,

B*3501)(24)

1349 60 237–251 TWNQMNLGA
TLKGVA n.d. 02/24 18/40 04/11 03/03

AA#235–242 (HLA-A24)(26)
AA#235–242 (HLA-A*0201)(24)

AA#238–246 (HLA-A*0101,
A*0201, B*3508, C*1701)(24)

AA#239–249 (HLA-A*2402)(24)
AA#235–249 (HLA-DRB1*1104)(24)

AA#242–250 (HLA-A*0101,
A*0201)(24)

AA#243–252 (HLA-A*0203)(24)
AA#246–253 (HLA-A*6901)(24)

1485 9/10 33–47 QWAPVLDFAP
PGASAYGSL class II 01/02 37/40 07/14 02/03

AA#37–45 (HLA-A*0201)(27)
AA#38–46 (HLA-A*0201)(24)

AA#38–48 (HLA-DRB1*0402)(24)

78 309–323 TLVRSASETS
EKRPF AA#317–327 (HLA-A1)(50)
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Patient ID 15mer no. AA# Peptide sequence HLA-restriction HLA-A HLA-B HLA-DRB1 HLA-DQB1 Reference (AA#, HLA-restriction)

1516 71/72 271–289 LCGAQYRIHT
HGVFRGIQD 02 49/51 11/14 03

AA#286–293 (HLA-Cw7)(28)
AA#269–278 (HLA-A*0101,

B*3501)(24)

n.d. not determined
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