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ABSTRACT

Previously, we found that most patients with acute myeloid leukemia (AML) 
expressed at least one of the leukemic associated antigens (LAAs) WT1, survivin and 
TERT, and different combinations of the three LAAs predicted negative clinical outcomes. 
Multi-tumor antigen-specific T cells were generated to overcome antigenic variation and 
may be sufficient to maximize antitumoral effects. To generate triple antigen-specific 
(Tri)-T cells that recognize three LAAs, dendritic cells (DCs) were transfected with three 
tumor antigen-encoding RNAs. These DCs were used to stimulate both CD8 and CD4 
T cells and to overcome the limitation of known human leukocyte antigen-restricted 
epitopes. The sum of the antigen-specific T cell frequencies was higher in the Tri-T cells 
than in the T cells that recognized a single antigen. Furthermore, the Tri-T cells were 
more effective against leukemic blasts that expressed all three LAAs compared with 
blasts that expressed one or two LAAs, suggesting a proportional correlation between 
IFN-γ secretion and LAA expression. Engrafted leukemic blasts in the bone marrow of 
mice significantly decreased in the presence of Tri-T cells. This technique represents 
an effective immunotherapeutic strategy in AML.

INTRODUCTION

Various immunotherapeutic approaches have been 
developed based on tumor-associated antigens (TAAs), 
including the adoptive transfer of cytotoxic T lymphocytes 
(CTLs), direct vaccination, and dendritic cell (DC)-based 
vaccines. These methods have proven to be effective 
methods in tumor regression [1–4]. Despite the discovery 

of TAAs, a major hurdle in cancer immunotherapy has 
been the lack of antigens shared by patients with common 
cancers. To circumvent this obstacle, several TAAs have 
been suggested as universal TAAs that can trigger CTL 
responses against a broad range of tumor types. These 
TAAs of hematologic malignancies are similar to those 
of solid tumors [5–8]. Several TAAs have been identified 
in patients with acute myeloid leukemia (AML). These 
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include BCL-2, OFA-iLRP, BAGE, FLT3-ITD, PRAME, 
G250, telomerase reverse transcriptase (TERT), proteinase 
3, RHAMM, survivin (known as BIRC5) and Wilms’ 
tumor protein (WT1). These antigens have been shown 
to trigger CD8+ T-cell recognition of tumor cells, and 
some antigens also induce humoral immune responses 
[9]. Expression of the genes encoding WT1, survivin and 
TERT is used as a prognostic marker, and these TAAs 
have been characterized as powerful tumor antigens in 
AML [5, 8, 10]. Previously, we reported that most patients 
with AML express at least one of these antigens, and 
the combinational expression of more than one antigen 
strongly predicts poor clinical outcomes [5].

The wild-type WT1 gene is increased in various 
types of malignant tumors, such as thyroid, lung, breast, 
and colorectal cancers [11, 12]. Furthermore, higher 
levels of wild-type WT1 have been found in most cases of 
leukemia, compared with normal bone marrow (BM) or 
peripheral blood (PB) [13, 14]. Adoptive transfer of WT1-
specific CD4+ and CD8+ T cells can induce the sustained 
remission of refractory AML [15]. The administration of 
WT1-specific CD8+ cytotoxic T-cell (CTL) clones after 
Hematopoietic stem cell transplantation to relapsed or 
high-risk leukemia patients led to detectable long term 
maintenance and clinical responses without evidence of 
on-target toxicity [16]. Survivin, a member of the inhibitors 
of apoptosis (IAP) protein family, is frequently increased 
in cancer but is rarely detected in normal adult tissues 
[17]. Overexpressed survivin correlates with an apoptosis-
resistant phenotype in chronic myeloid leukemia cells. It 
is significantly increased in CD34+CD38- leukemia stem/
progenitor cells and predicts poor clinical outcomes in AML 
[18]. Spontaneous anti-survivin T-cell reactivity has been 
described in cancer patients suffering from a huge range 
of cancers, including breast and colon cancer, lymphoma, 
leukemia, and melanoma [19–22]. Most human cells do not 
have telomerase activity or human TERT expression [23–
25]. In contrast, a great majority of human tumors exhibit 
strong telomerase activity [23], express human TERT [24–
26], and maintain the lengths of their telomeres [27, 28]. 
Data from both human and murine systems demonstrate 
that CTLs can recognize peptides derived from TERT and 
kill TERT-positive tumor cells [2]. TERT RNA-transfected 
human DCs also stimulated TERT-specific CTLs that 
effectively lysed tumor cells [29].

TAA-specific CD8 and CD4 T cells play a pivotal role 
in anti-tumor immunity. However, this immune surveillance 
system can be circumvented by tumorigenic cells that have 
developed a variety of immune evasion mechanisms, 
including immune editing, antigenic heterogeneity, and 
loss of antigens such as human leukocyte antigen (HLA) 
or TAAs [30, 31], which results in weak T-cell recognition 
and the incomplete elimination of malignant cells [32–35]. 
Most tumor cells express high levels of multiple TAAs [36], 
which accounts for the significantly lower surveillance 
efficiency of single-antigen specific T cells (Single-T cells) 
compared with multiple antigen-specific lymphocytes. 

CTLs specific to several TAAs have a greater ability than 
Single-T cells to effectively kill leukemic cells because they 
can compensate if one antigen is lost or edited [37]. Multi-
TAA-specific T-cells against myeloid malignancies were 
generated by stimulation with 15mer peptide libraries of 
five TAAs (proteinase 3, WT1, human neutrophil elastase 
and melanoma-associated antigen A3) and were able to 
recognize partially HLA-matched myeloid leukemia blasts 
[15]. Combination immunotherapy using adoptive T-cell 
transfer and vaccination on the basis of TERT and survivin 
as universal TAAs was performed after autologous stem 
cell transplantations for myeloma [38]. These multiple 
antigen-specific-T cells have been generated using antigen-
presenting cells loaded with peptides or mixtures of 
peptides [37, 39, 40].

In this study, T cells capable of recognizing the three 
universal TAAs WT-1, survivin and TERT (Tri-T cells) were 
generated to overcome the limitations of known HLA-
restricted epitopes. DCs were electroporated with mRNA 
so they could present functional antigenic peptides to CTLs. 
Additionally, this approach simultaneously stimulated the 
expansion of many antigen-specific CD8+ and CD4+ 
T cells [41, 42]. The Tri-T cells produce anti-leukemia 
immune responses, including the appropriate memory and 
effector T cell phenotypes, against primary myeloblasts, 
and this paves the way for advanced AML immunotherapy.

RESULTS

Viability and antigen expression in human DCs 
transfected with LAA RNAs

DCs were transfected with complete tumor antigen-
coding RNA sequences to overcome the limitations of 
known HLA-restricted epitopes. When different RNA 
transfection methods were compared, the electroporation-
based nucleofection of DCs, using the Nucleofector 
X1 program, demonstrated 60% superior transfection 
efficiency, cell viability, and protein expression compared 
with other methods (Online Supplementary Figure 1A). 
This method was selected to generate three tumor antigens-
specific T cells. Three tumor antigen-encoding RNAs were 
separately expressed in transfected DCs (Mock, 0.1–0.4 
copies; WT1, 1002.7 copies; survivin, 7080.5 copies; 
TERT, 166.5 copies; Table 1), which was confirmed by 
real-time PCR. We also found that, compared with DNA-
transfected DCs, RNA-transfected DCs could induce 
significantly higher CTL responses (data not shown). The 
RNA concentration optimal for DC viability and protein 
expression was established as 20 μg (Online Supplementary 
Figure 1B) and was used throughout the study.

In vitro generation of Tri-T cells is similar to that 
of Single-T cells

To generate Tri-T cells that recognize all three LAAs, 
PBMCs from six healthy donors were co-cultured for 21 
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days in the presence of IL-2 and IL-15 with DCs transfected 
with RNA that was transcribed in vitro from full-length 
human WT1, survivin, and TERT genes. DCs expressing 
whole LAA antigens successfully stimulated Tri-T cells in 
all donors who had different HLA types. Overwhelmingly, 
Tri-T cells could recognize single antigens as well as triple 
LAAs, indicating superior functional activity. The generated 
Tri- and Single-T cells had no difference in cell proliferation 
(Figure 1A) or in their responses to single mRNA-
transfected DCs. Tri- and Single-T cells cultured with single 
LAA-transfected DCs responded to those DCs but not to the 
other LAA-transfected DCs. The frequencies of CD4+, NK, 
and NKT cells was lower than that of CD8+ cells; however, 
there was no difference between Single-T cells and Tri-T 
cells in these categories of immune cells (CD8+ cells: WT1, 
62.7% ± 9.7%; survivin, 58.9% ± 13.7%; TERT, 59.1% 
± 12.3%; Tri, 62.3% ± 11.8%; CD4+ cells: WT1, 29% ± 
3.6%; survivin, 32% ± 16%; TERT, 31.5% ± 11%; Tri, 31% 
± 9.6%; NK+ cells: WT1, 3.9% ± 4.2%; survivin, 3.7% ± 
5.5%; TERT, 4.1% ± 4.3%; Tri, 2.1% ± 1.7%; NKT+ cells: 
WT1, 4.1% ± 2.5%; survivin, 2.3% ± 0.5%; TERT, 4.1% 
± 1.4%; Tri, 2.3% ± 0.4%; Figure 1B). The percentage of 
CD62L-CCR7- effector memory cells was higher (66.8% 
± 11%) than that of other memory cells, including CD62L-

CCR7+, CD62+CCR7-, and CD62L+CCR7+ (25.4% ± 13%, 
5.4% ± 9.7%, and 1.9% ± 3.4%, respectively; Figure 1C). 
These results indicate that Tri-T cells were generated with 
efficiency comparable to that of Single-T cells, and Tri-T 
cells were specific to multiple LAAs, which allows for the 
killing of tumor cells expressing either one or all of the 
tested LAAs, regardless of the expression mode.

Tri-T cells can induce higher immune responses 
to three LAAs than single-T cells

To examine the immune response of Tri-T cells, 
IFN-γ secretion was analyzed by ELISpot in CD8+ (Tri- 
or Single-CD8 T) and CD4+ (Tri- or Single-CD4 T) cells 
sorted from Tri- or Single-T populations. Interestingly, 
IFN-γ production dramatically increased in Tri-CD8 T 
cells, compared with Single-CD8 T cells, suggesting 
that the response of Tri-CD8 T cells to certain tumor 

antigens can be stronger than that of Single-CD8 T cells 
(Figure 2A), which may miss or react weakly to a specific 
subset of leukemic cells. IFN-γ production by Tri-CD8 T 
cells increased most dramatically in donors 2, 3, 5 and 
6. This increase results from upregulated TERT in most 
donors except no. 4. (IFN-γ spot in TERT; Single-CD8 
T cells, 50.2± 34.4; Tri-CD8 T cells, 113.8± 38.3; Figure 
2C). These results suggest that Tri-CD8 T cells may 
simultaneously strengthen a weak response to TERT by 
supportive factors from other tumor antigens and respond 
to other tumor antigens. WT1 and survivin also increased, 
but not significantly. Tri-CD4 T cells also produced 
higher levels of IFN-γ than Single-CD4 T cells, except 
donor no. 5 (Figure 2B). Tri-CD4 T cells had similar 
increases in TERT, survivin, and WT1 (Figure 2D). Tri-T 
cells generated from normal PBMCs displayed differences 
in their ability to recognize LAAs, indicating individual 
variability (Figure 2A, 2B and online Supplementary Table 
1). Despite this variability, results clearly showed the high 
production of IFN-γ in Tri-T cells, suggesting that Tri-T 
cells can be generated in large quantities by using antigen 
combinations and may be beneficial to AML treatment.

The proportion of T cells specificity for three 
LAAs in Tri-T cells

To examine the specificity of Tri-T cells based 
on individual donors, IFN-γ-secreting CD8+ and CD4+ 
T cells were sorted from the total Tri-T population and 
analyzed by ELISpot. CD8+ and CD4+ cells produced 
more IFN-γ when Tri-T cells were stimulated with single 
antigen-expressing DCs compared with the control 
CEA group (Figure 3A and 3B). Tri-T cells stimulated 
by normal PBMCs differed in their ability to recognize 
LAAs, indicating individual variability (Figure 3C, Table 
2). Because three LAAs were used, 45% was determined 
to be the limit for a majority. Based on the proportions 
of Tri-CD8 T cells specific for WT1, survivin and TERT, 
antigen specificity for WT1 appeared to be dominant, as 
it was over 45% in the 8 donors (no. 4, 5, 7, 10, 11, 12, 
13, 14, Figure 3C and 3D). Although TERT was the most 
prominent in one donor (no. 1), no donor stimulated a 

Table 1: WT1, survivin, TERT expression in DCs after transfer of antigen in vitro transcribed mRNA

Cells
mRNA Copies/ 105 beta-Actin

z=2^ΔCtNORMx105

WT1 survivin TERT

Mock-DCs 0.1 0.4 0.4

DCs/WT1 RNA 1002.7 0.4 0.4

DCs/survivin RNA 0.2 7080.5 0.4

DCs/TERT RNA 0.2 0.4 166.5

WT1, survivin, TERT mRNA expression levels were quantified using a quantitative real-time PCR assay.
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majority of Tri-CD8 T cells specific to survivin. Tri-CD8 
T cells showed specificity to WT1, TERT, and survivin, in 
descending order (Figure 3A and 3D). In Tri-CD4 T cells, 
specificity for WT1 and TERT was dominant in 3 donors 
(no. 3, 7, 13) and 2 donors (no. 5, 8), respectively (Figure 
3C and 3E). Similar to what was observed in Tri-CD8 T 
cells; Tri-CD4 T cells were less specific to survivin. Based 
on data from human samples, these proportions of antigen 
specificity were not evenly distributed among generated 
Tri-T cells. Most Tri-T cells had balanced distribution of 
the three LAAs (Tri-CD8 T cells, no. 2, 3, 4, 6, 8, 9; Tri-
CD4 T cells, no. 1, 2, 4, 10, 11, 12), but some Tri-CD8 or 
CD4 T cells were mainly stimulated by WT1 and TERT 
(Tri-CD8 T cells, no. 5, 7, 11, 13; Tri-CD4 T cells, no. 3, 
7, 13) or only one LAA (Tri-CD8 T cells, no. 1, 10, 12, 
14; Tri-CD4 T cells, no. 5, 8, 9) (Figure 3C, 3D and 3E). 
Additionally, 2 donors (no. 6, 14) failed to generate Tri-T 
cells, and ELISpot assays were not performed (Figure 3C). 
Total antigen specificity for WT1, TERT, and survivin was 
stable, regardless of individual specificity. These results 

can be very informative in generating multi-leukemia 
antigen-specific T cells and indicate the successful 
generation of Tri-T cells that recognize 3 LAAs.

Immune responses of Tri-T cells against AML 
patient-derived blasts

Next, we performed the ELISpot assay to analyze 
the immune response of Tri-T cells in myeloblasts isolated 
from AML patients. Previously, we have shown that 90% 
of AML patients express at least one of the LAAs WT1, 
survivin, and TERT and that their bone marrow (BM) 
levels are 13.8–86.7-fold higher compared with normal 
donors [5]. Here, we also detected high expression of 
these antigens in eight patients with AML. Among these 
patients, two (patients no. 1 and 2) expressed all three 
LAAs, three (patients no. 3, 6, and 8) expressed two 
LAAs (survivin + TERT and WT1 + TERT), and three 
patients (no. 4, 5, 7) expressed single antigens (Figure 
4A). K562 cells expressing all three antigens were used 

Figure 1: Generation of single antigen specific (Single)- and triple antigen specific (Tri)-T cells against WT1, survivin, 
and TERT. Tri-T cells were generated using DCs with electroporated IVT mRNA (WT1 and survivin and TERT) in the presence of IL-2 
and IL-15. At day 21, T cells were characterized by FACS and ELISpot assays. (A) Single-T cells generated from the same donors served 
as controls. (B, C) There was no difference in cell proliferation or phenotypes of Single- and Tri-T cells in lymphocytes or effector/central 
memory cells.
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as a positive control [42–44]. To determine the activity 
of Tri-T cells against AML primary blasts, the ELISpot 
assay was first performed using blasts from AML patients 
1 and 2, who expressed all 3 LAAs. As shown in Figure 
4B, in response to blasts from patient 1, IFN-γ production 
by Tri-T cells significantly increased compared with 
Single-T cells (Figure 4B). Next, we examined Tri-T 
cell function in terms of LAA expression. Tri-T cells 
induced with single LAA-expressing myeloblasts (no. 4, 

5, 8) produced the least IFN-γ, and Tri-T cells induced 
with triple LAA-expressing blasts produced the most 
IFN-γ (no. 1, 2) (Figure 4C). IFN-γ levels were higher 
in dual LAA-expressing blast-stimulated cells than in 
single LAA-expressing blasts-stimulated cells, but the 
difference was not statistically significant. These data 
indicates conspicuous function of Tri-T cells against 3 
LAA-expressing myeloblasts.

Figure 2: Comparison of Single- versus Tri-T cells against WT1, survivin, and TERT. (A) ELISpot assays were performed 
using purified CD8 T cells. (B) ELISpot assays were performed using purified CD4 T cells. (C) TERT increased the most in Tri-CD8 T 
cells and led to a dramatic increase in Tri-CD8 T cell activation. (D) No significant difference was detected in Tri-CD4 T cells. Data shown 
represent the means ± SE of six donors. (**, P < 0.01).
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Figure 3: The proportions of T cells specific for WT1, survivin and TERT antigens in Tri-T cells from 14 individual 
donors. In CD8 T cells (A) and CD4 T cells (B), the total specificity for WT1, TERT, and survivin was consistent, regardless of individual 
specificity (A, B). Tri-CD8 T cells and Tri-CD4 T cells were most specific to WT1 and TERT, respectively. (C). A diagram shows individual 
variability in generated Tri-T cells. (D) and (E) depict IFN-γ production in Tri-CD8 and CD4 T cells, revealing a broad distribution for the 
three LAAs. (***, P < 0.001, **, P < 0.01, *, P < 0.05)
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Anti-leukemia effects of Tri-T cells in NSG 
mouse model

Next, we investigated the anti-leukemic effect of 
Tri-T cells against primary AML blasts by calculating 
residual leukemic cells after co-culturing AML blasts with 
Tri-T lymphocytes. Tri-T cells generated from donors 1, 4, 
and 8 showed significant anti-leukemic effects compared 
with the control group without Tri-T cells and eradicated 
leukemic blasts derived from patients 1 and 2 (Figure 
5A). To investigate whether infiltrating Tri-T cells could 
eliminate human myeloblasts in vivo, primary leukemic 
mononuclear cells isolated from patients with AML were 
engrafted into irradiated immunodeficient NSG mice by 
tail vein injection. After 5 weeks, the engrafted AML 
blasts were analyzed for the expression of the leukocyte 
antigen CD45. Human AML blasts have no expression or 
low expression of CD45 (CD45dim/- phenotype), whereas 
normal lymphocytes strongly express CD45 (CD45bright 
phenotype) [45]. Thus, the fraction of CD45dim cells was 
used as an indication of leukemic blast engraftment and 
elimination by injected Tri-T cells in NSG mice. At five 
weeks after blast injection, FACS data showed a decrease 
in the CD45dim cell population in the Tri-T cell-treated 
mice compared with Tri-T-untreated mice (in the BM, 
10.30% ± 5.43% versus 49.03% ± 11.68%; in peripheral 

blood, 2.52% ± 2.00% versus 4.52% ± 1.42%; in the 
spleen, 5.01% ± 2.38% versus 22.14% ± 9.47%; Figure 
5B). In contrast, the levels of CD8+ and CD4+ cells in the 
BM and spleen were higher in AML mice treated with 
Tri-T cell infusion than in the AML mice that were not 
treated with Tri-T cell infusion (for CD8+ cells in the BM, 
26.69% ± 2.10% versus 7.71% ± 4.18%; in the spleen, 
38.65% ± 16.47% versus 3.06% ± 1.75%; for CD4+ cells 
in the BM, 12.83% ± 4.54% versus 5.73% ± 1.81%; in the 
spleen, 26.85% ± 10.01% versus 1.83% ± 0.45%; Figure 
5C), indicating the cytotoxic activity of Tri-T cells against 
leukemic cells in vivo. To observe infiltrated primary 
human leukemic cells, the BM of xenografted mice was 
analyzed by immunohistochemistry. Consistent with 
previous studies, we found that leukemia cell engraftment 
changed the morphology of mouse organs, including 
the enlargement of the spleen and the appearance of 
disseminating masses in the liver [46]. Hematoxylin 
staining of BM sections revealed compacted human AML 
blasts, distinguished from typical hematopoietic cells by 
their large size, round shape, and faint color. Moreover, 
in the BM of Tri-T cell-treated animals, infiltrating 
cells demonstrated an increased ratio of nucleus to 
cytoplasm, prominent nucleoli with high density typical 
of lymphocytes, and enhanced erythropoiesis (Figure 5D). 
Immunohistochemistry also revealed significantly larger 

Table 2: Recognition of individual target antigens in IFN- γ EliSpot assay by Tri- CD8 and CD4 T cells

no. HLA-
A*02:01

IFN-γ spots no./5x105 CD8 T cells IFN-γ spots no. /5x105 CD4 T cells

WT1 SVV TERT CEA WT1 SVV TERT CEA

N1 + 61 83 160 36 93 115 142 0

N2 + 181 195 154 0 66 41 81 0

N3 + 82 47 69 20 50 32 20 4

N4 + 207 118 89 0 70 100 90 5

N5 + 95 25 85 20 1 14 36 7

N6 + 129 157 126 0 ND ND ND ND

N7 + 40 30 20 0 150 87 70 11

N8 + 150 80 140 3 18 30 50 13

N9 + 75 40 65 4 17 23 16 15

N10 + 105 2 11 2 92 115 144 3

N11 + 99 19 59 1 39 56 31 4

N12 + 300 21 21 4 32 46 32 2

N13 − 99 21 79 2 100 50 35 0

N14 + 193 55 40 2 ND ND ND ND

Median
(IQR; 25-75%) 97(56-158) 35(21-92) 67(21-130) 0(0-0) 44.5(13-93) 43.5(21-90) 35.5(19-144) 0(0-0)

IQR: Interquartile range, ND: Not done.
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subsets of human CD8+ cells in the BM of mice treated 
with Tri-T cell infusion, compared with untreated mice 
(Figure 5E), suggesting the effective elimination of human 
AML blasts by Tri-T cells in vivo.

DISCUSSION

Because tumor cells continuously undergo genetic 
mutation, it is important to generate efficient and 
simultaneously activated multi-T cells without needing to 
know the exact epitopes. Multi-antigen specific T cells are 
vital to improve immunotherapy because these cells can 
overcome immune escape that results from tumor antigen 
loss. Previously, we addressed the importance of WT1, 
survivin, and TERT as LAAs. All AML patients express 
at least one of these three antigens [2, 5]. Therefore, this 
study investigated whether DCs simultaneously transfected 
with RNA encoding WT1, survivin, and TERT can induce 
multi-TAA-specific T cells, and we directly compared 
single-TAA-specific T cells and multi-TAA-specific T 
cells for each donor. The use of full RNA sequences for 

the antigens induced high affinity CTLs that recognized 
tumors, regardless of HLA type, and both CD4 and CD8 
cells were produced, thus minimizing antigen escape by 
epitope loss variants. Tri-T cells generated by DCs with 
full TAA RNA were able to stimulate the production of 
both CD4+ effector cells and CD3+CD45RO+ memory cells 
in the population of CD62L-CCR7- effector/memory cells, 
suggesting memory function. Further studies of Tri-T cell 
effects, including memory cell activity, will be required 
to develop efficient AML immunotherapy. TERT RNA-
transfected human DCs can effectively stimulate CTLs and 
induce tumor cell lysis [29, 47]. DC vaccination has been 
shown to increase antigen presentation and production of 
effector T cells but not memory cells [48].

Our results are consistent with those of Weber et al 
[15]. and emphasize the need to generate multi-antigen-
specific T cells that can be obtained in high quantities and 
used as an effective tool in cancer immunotherapy based 
on adoptive cell transfer. Theoretically, all of the T cells 
specific for the three antigens could present in the T cell 
repertoire. Therefore, the stimulation of the three antigens 

Figure 4: Tri-T cells can function as effector cells against AML blasts. (A) RT-PCR analysis of the expression of WT1, survivin 
or TERT in AML blasts from eight patients. IFN-γ production by Tri-T cells depends on antigen combinations. (B) IFN-γ production by 
Single- and Tri-T cells co-cultured with AML blasts no. 1 and no. 2 in ELISpot assay. Tri-T cells produced more IFN-γ compared with 
Single-T cells. (*, P <0.05) (C) Production of IFN-γ by Tri-T cells co-cultured with single, dual or triple tumor antigen-expressing AML 
blasts in ELISpot assay. Values shown are the averages of experiments performed in triplicate. Bars represent the means ± SE of all 
experiments. (**, P <0.01 vs. AML blasts).
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showed higher frequency of IFN-gamma secreting T 
cells compared to the stimulation with single antigen. 
When single T cells recognized WT1 as an dominant 
antigen and activated, cytokines released from this T 
cells and dendritic cells could provide a third signal for 
activation of the other T cells recognizing subdominant 

antigens such as TERT or surviving by modulating the 
TCR signaling threshold. IL-7 and IL-15 mediated TCR 
sensitization enables T cell responses to self-antigens 
such as tumor associated antigens [49]. IL-2 reduces the 
TCR threshold and IL-21 sustains CD28 expression on 
IL-15 activated naïve CD8 T cells [50, 51]. In study on 

Figure 5: A large percentage of residual leukemic cells associated with Tri-T cells and xenograft leukemic mice are 
CD45dim blasts. (A) Recognition of primary AML blasts by Tri-T cells. Co-culture of Tri-T cells with HLA-A*02:01-matched AML blasts 
expressing WT1, survivin, and TERT. The residual leukemia blasts were calculated and expressed as a percentage of 0 day CD33+CD34+ 
“AML blast” group, which was calculated as 100%. Values shown are the averages of experiments performed in triplicate. Bars represent 
the means ± SE of all experiments. (**, P <0.01 vs. AML blasts) (B) FACS analysis reveals high levels of CD45dim blasts in xenograft 
mouse BM and spleen. (C) Increased CD8 and CD4 cells in mice injected with Tri-T cells. (D) H&E staining showed a striking difference 
in leukemic blasts (upper) and lymphocytes (lower) in mouse BM. Scale bar = 100 μm. (E) Immunocytochemistry data shows CD8 T cell 
infiltration in BM. DAPI (blue) for nuclear staining, FITC (green) in enlarged image shows CD8 T cells after injection of Tri-T cells. 20 x 
magnifications.
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the effect of inflammatory cytokines on naïve T cells, 
IL-1 increased CD4 T cells but the proliferation of CD8 
T cells required IL-12 in response to antigen and IL-2 
[52]. To treat lymphoma, CTLs targeting multiple tumor-
associated antigens have been simultaneously generated 
in vitro by stimulation with DCs pulsed with overlapping 
peptide libraries including the targeted antigens [15, 37]. 
However, the combination of five different antigens in the 
TAA mix did not lead to inhibition of any single antigen 
response.

Interestingly, the T-cell response to tumors was 
higher in leukemic blasts that simultaneously expressed 
WT1, survivin, and TERT compared with leukemic 
blasts expressing any single antigen (Figure 4C). This 
suggests not only a way of overcoming immune escape 
but also an amplification of immunogenicity in response 
to multi-tumor antigen expression. Because T cells are 
activated by peptide epitopes when the antigens are 
bound to self-MHC molecules, MHC restriction and T 
cells from each donor can vary in terms of tumor antigen 
expression. Our data showed that WT1 and TERT were 
predominantly produced in CD8+ and CD4+ T cells, 
respectively (Figure 3), but our study was limited by the 
number of donors and patients. This individual human 
data hints at strategies to further study tumor antigens. 
Further studies of correlation with HLA types must be 
conducted. Although human WT1 and survivin have high 
amino acid sequence similarity with mouse antigens, 
syngeneic mouse models do not necessarily represent 
the activity of human antigen-specific T cells in vivo. 
Based on a previous study [47], we used a leukemia 
xenograft mouse model to examine anti-tumoral effects 
of Tri-T cells. Tri-T cells suppressed human blasts that 
expressed WT1, survivin, and TERT and remained in 
the BM. We will use the leukemia xenograft model to 
further investigate immunotherapeutic effects of Tri-T 
cells, including their combinations with anticancer drugs 
and immunomodulating agents, on overall survival 
of AML blasts [55]. AML is a heterogeneous disease 
with diverse LAAs and a great deal of antigen epitope 
variation. Because Tri-T cells can simultaneously target 
multi-LAA-expressing blasts, they are highly efficient 
against a complicated cancer. Tumors often recur after 
conventional T-cell therapy as a result of immune 
evasion through mutations in the genes encoding tumor 
antigens [53]. However, Tri-T cells can treat even multi-
tumor antigen-expressing tumors.

In summary, we generated cost- and labor-effective 
Tri-T cells that can prevent AML recurrence. Multiple 
TAA-transfected DCs effectively induced production of 
multi-Tri T cells, resulting in the regression of leukemia, 
as demonstrated by low minimal residual blasts and 
engraftment in BM. Successful generation of triple antigen 
specific T cells and proper induction of Tri-T cell immune 
responses achieved in AML. Tri-T cells may be valuable 
for AML treatment.

MATERIALS AND METHODS

Human samples, mice and cell lines

Human peripheral blood was obtained from 
HLA-A*02:01 or HLA-A*24:02 healthy donors with the 
consent of the donors and approval from the Institutional 
Review Board of our institution. NOD/ShiLtSz-scid/
IL2R_null (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ, termed 
NSG) mice were purchased from Jackson Laboratory 
and maintained in our animal facilities under pathogen-
free conditions. Animal care and experiments were 
conducted according to our Institutional Animal Care 
and Use Committee guidelines. Cells were isolated using 
Ficoll-Paque™ PLUS (GE Healthcare Life Sciences, 
Piscataway, NJ, USA), followed by anti-CD14, anti-
CD4 and anti-CD8 magnetic microbeads (Miltenyi 
Biotec, Bergisch Gladbach, Germany) according to the 
manufacturer's instructions. TF-1a and K562 cell lines 
were purchased from American Type Culture Collection 
(ATCC, Manassas, VA, USA).

RNA electroporation into dendritic cells

To enhance proteasomal degradation and increase 
immune responses, we constructed antigen fusions, 
combining WT1, survivin and TERT with ubiquitin 
and ornithine decarboxylase in the pcDNA3 vector 
(Invitrogen, Grand Island, NY, USA) as previously 
described [30]. In vitro transcription and RNA electro-
transfer into DCs were performed as previously described 
[15]. To achieve maturation, DCs were subsequently 
cultured in medium containing tumor necrosis factor alpha 
(10 ng/ml), IL-6 (10 ng/ml), IL-1β (10 ng/ml) (PeproTech) 
and prostaglandin E2 (1 μg/ml) (Sigma) for 24 hours.

In vitro generation of leukemia-associated 
antigen-specific CD4 and CD8 T cells

LAA-specific CTLs were generated using 
autologous DCs as previously described [54]. Briefly, 
purified CD8 and Th1-polarized CD4 T cells were 
stimulated with WT1, WT1-survivin or TERT IVT mRNA-
electroporated DCs. Seven days later, the cells were 
restimulated with RNA-electroporated DCs in medium 
containing 10 U/ml IL-2, 5 ng/ml IL-15. On day 20 after 
initial stimulation, the cells were harvested, and their 
phenotypes, specificity and functional capacity were 
analyzed. Cells were stained with PEcy5-CD4, FITC-CD8 
and APC-Cy7-CD45RO (BD Pharmingen) and analyzed 
using a FACSCalibur flow cytometer (BD Biosciences, 
San Diego, CA, USA).

RT-PCR for WT1, survivin and TERT mRNA

RNA extraction and RT-PCR analysis was performed 
as described previously [5]. The primers are as follows: for 



Oncotarget44069www.impactjournals.com/oncotarget

WT1, 5′-GCGGCGCAGTTCCCCAACCA-3′ (sense) and 
5′ATGGTTTCTCACCAGTGTGCTT-3′ (antisense); for 
survivin, 5′- ATGGGTGCCCCGACGTTGCC-3′ (sense) 
and 5′- ATCCATGGCAGCCAGCTGCT-3′ (antisense); 
for TERT, 5′- GGGCCCGAATTCATGCGTCCCTGG
GACACGCCTTG-3′ (sense) and 5′- GCTGTGCTGG
CGGAGCAGAAACAGGGGCCG-3′ (antisense); for 
Beta-actin, 5′- TCACCCACACTGTGCCCAT-3′ (sense), 
5′TCCTTAATGTCACGCACGATTT-3′ (antisense).

ELISpot assay

To detect IFN-γ secretion, ELISpot assays were 
performed according to the manufacturer's instructions 
(552138, BD Bioscience). Briefly, T cells were serially 
diluted from 5 × 105 to 5 × 104 cells/well and then co-
cultured with DCs that were either un-transfected or 
transfected with WT1, survivin and TERT mRNA in 
triplicate. The numbers of IFN-γ spots were analyzed using 
an AID-ELISpot-Reader (AID, Strassberg, Germany).

Evaluation of Tri-T cell recognition of AML 
blasts

AML blasts were analyzed by RT-PCR for 
expression of WT1, survivin and TERT. Tri-T cells 
recognized HLA-A*02:01-partially matched AML blasts 
at 1:1 ratios (AML blasts: T cells) in the presence of IL-2 
(25 U/ml). Un-stimulated T cells from the same donor 
were used as a control. On day three after co-culturing, 
CD3+ T cells and CD33+CD34+ residual AML blasts were 
detected by FACS. To detect IFN-γ production, ELISpot 
assays were performed according to the manufacturer's 
instructions (552138, BD Bioscience). Briefly, T cells 
were serially diluted from 5 × 105 to 5 × 104 cells/well 
and co-cultured with DCs that were either un-transfected 
or transfected with WT1, survivin, and TERT mRNA. This 
was performed in triplicate.

Human xenograft model and adoptive transfer 
of Tri-T cells

All protocols for animal experiments were 
approved by the Institutional Animal Care and Use 
Committee of the Catholic University of Korea. For the 
xenograft model, NOD/ShiLtSz-scid/IL2R_null (NOD.
Cg-PrkdcscidIl2rgtm1 Wjl/SzJ, termed NSG) mice were 
irradiated with 300 cGy prior to AML tumor cell injection. 
One day later, AML tumor cells were prepared at a final 
concentration of 1 × 107 cells/200 μl PBS per mouse 
for intravenous injection. On days 20 and 27 after the 
injection of AML tumor cells, mice intravenously received 
Tri-T cells (1 × 107 cells per mouse). Mice were analyzed 
for 15 weeks. Eight to 15 weeks after Tri-T cell injection, 
tissues were prepared to examine the function of the Tri-T 
cells.

Histology and immunostaining

BM samples were fixed in paraformaldehyde 
(PFA), decalcified with 5% formic acid and embedded 
in paraffin. Prepared slides were counterstained with 
Meyer’s hematoxylin. To confirm leukemic blasts in 
BM, hematoxylin and eosin (H&E) staining was used 
after fixation. For immunohistochemistry, BM samples 
were incubated with anti-human CD3 (Abcam, USA). 
All procedures were performed on a DAKO autostainer 
(DAKO Autostainer Plus, Dako, Glosrup, Denmark) 
at room temperature. Slides were counterstained with 
Meyer’s hematoxylin. For fluorescent images, cells were 
fixed with 2% PFA for 10 min at room temperature. After 
washing with PBS, the cells were blocked with 5% horse 
serum and incubated with anti-human CD8 (Abcam, USA) 
and secondary antibodies. DAPI was used for nuclear 
staining, and the tissue was visualized under a fluorescence 
microscope (Carl Zeiss, Axiovert 200, Germany).

Statistical analysis

All results are presented as the means ± SE. P values 
were calculated using paired student t tests with GraphPad 
Prism ver. 5 software (La Jolla, CA, USA). Values of 
P<0.05 were considered statistically significant.

ACKNOWLEDGMENTS

This study was supported by grants from the Korean 
Health Technology R&D Project, Ministry of Health & 
Welfare, Republic of Korea (HI12C0718) and the National 
R&D Program for Cancer Control, Ministry for Health 
and Welfare, Republic of Korea (1020370). The authors 
declare no potential conflict of interest.

CONFLICTS OF INTEREST

The authors declare no conflicts of interests

REFERENCES

1. Oka Y, Udaka K, Tsuboi A, Elisseeva OA, Ogawa H, Aozasa 
K, Kishimoto T, Sugiyama H. Cancer immunotherapy 
targeting wilms' tumor gene WT1 product. J Immunol. 
2000;164:1873-1880.

2. Vonderheide RH. Telomerase as a universal tumor-
associated antigen for cancer immunotherapy. Oncogene. 
2002;21:674-679.

3. Otto K, Andersen MH, Eggert A, Keikavoussi P, Pedersen 
LO, Rath JC, Bock M, Brocker EB, Straten PT, Kampgen 
E, Becker JC. Lack of toxicity of therapy-induced T cell 
responses against the universal tumour antigen survivin. 
Vaccine. 2005;23:884-889.



Oncotarget44070www.impactjournals.com/oncotarget

4. Rosenberg SA, Yang JC, Schwartzentruber DJ, Hwu P, 
Marincola FM, Topalian SL, Restifo NP, Dudley ME, 
Schwarz SL, Spiess PJ, Wunderlich JR, Parkhurst MR, 
Kawakami Y, et al. Immunologic and therapeutic evaluation 
of a synthetic peptide vaccine for the treatment of patients 
with metastatic melanoma. Nat Med. 1998;4:321-327.

5. Kim HJ, Choi EJ, Sohn HJ, Park SH, Min WS, Kim TG. 
Combinatorial molecular marker assays of WT1, survivin, 
and TERT at initial diagnosis of adult acute myeloid 
leukemia. Eur J Haematol. 2013;91:411-422.

6. Greiner J, Bullinger L, Guinn BA, Dohner H, Schmitt 
M. Leukemia-associated antigens are critical for the 
proliferation of acute myeloid leukemia cells. Clin Cancer 
Res. 2008;14:7161-7166.

7. Ambrosini G, Adida C, Altieri DC. A novel anti-apoptosis 
gene, survivin, expressed in cancer and lymphoma. Nat 
Med. 1997;3:917-921.

8. Miyagi T, Ahuja H, Kubota T, Kubonishi I, Koeffler HP, 
Miyoshi I. Expression of the candidate wilm's tumor gene, 
WT1, in human leukemia cells. Leukemia. 1993;7:970-977.

9. Jager E, Chen YT, Drijfhout JW, Karbach J, Ringhoffer M, 
Jager D, Arand M, Wada H, Noguchi Y, Stockert E, Old 
LJ, Knuth A. Simultaneous humoral and cellular immune 
response against cancer-testis antigen ny-eso-1: Definition 
of human histocompatibility leukocyte antigen (HLA)-A2-
binding peptide epitopes. J Exp Med. 1998;187:265-270.

10. Miwa H, Beran M, Saunders GF. Expression of the wilms' 
tumor gene (WT1) in human leukemias. Leukemia. 
1992;6:405-409.

11. Oji Y, Inohara H, Nakazawa M, Nakano Y, Akahani 
S, Nakatsuka S, Koga S, Ikeba A, Abeno S, Honjo Y, 
Yamamoto Y, Iwai S, Yoshida K, et al. Overexpression of 
the wilms' tumor gene wt1 in head and neck squamous cell 
carcinoma. Cancer Sci. 2003;94:523-529.

12. Miyoshi Y, Ando A, Egawa C, Taguchi T, Tamaki Y, Tamaki 
H, Sugiyama H, Noguchi S. High expression of wilms' 
tumor suppressor gene predicts poor prognosis in breast 
cancer patients. Clin Cancer Res. 2002;8:1167-1171.

13. Inoue K, Sugiyama H, Ogawa H, Nakagawa M, Yamagami 
T, Miwa H, Kita K, Hiraoka A, Masaoka T, Nasu K. WT1 as 
a new prognostic factor and a new marker for the detection 
of minimal residual disease in acute leukemia. Blood. 
1994;84:3071-3079.

14. Ogawa H, Tamaki H, Ikegame K, Soma T, Kawakami M, 
Tsuboi A, Kim EH, Hosen N, Murakami M, Fujioka T, 
Masuda T, Taniguchi Y, Nishida S, et al. The usefulness 
of monitoring WT1 gene transcripts for the prediction 
and management of relapse following allogeneic stem 
cell transplantation in acute type leukemia. Blood. 
2003;101:1698-1704.

15. Weber G, Gerdemann U, Caruana I, Savoldo B, Hensel 
NF, Rabin KR, Shpall EJ, Melenhorst JJ, Leen AM, Barrett 
AJ, Bollard CM. Generation of multi-leukemia antigen-
specific T cells to enhance the graft-versus-leukemia 

effect after allogeneic stem cell transplant. Leukemia. 
2013;27:1538-1547.

16. Chapuis AG, Ragnarsson GB, Nguyen HN, Chaney 
CN, Pufnock JS, Schmitt TM, Duerkopp N, Roberts IM, 
Pogosov GL, Ho WY, Ochsenreither S, Wolfl M, Bar M, 
et al. Transferred WT1-reactive CD8+ T cells can mediate 
antileukemic activity and persist in post-transplant patients. 
Sci Transl Med. 2013;5:174ra127.

17. Velculescu VE, Madden SL, Zhang L, Lash AE, Yu J, 
Rago C, Lal A, Wang CJ, Beaudry GA, Ciriello KM, Cook 
BP, Dufault MR, Ferguson AT, et al. Analysis of human 
transcriptomes. Nat Genet. 1999;23:387-388.

18. Carter BZ, Qiu Y, Huang X, Diao L, Zhang N, Coombes 
KR, Mak DH, Konopleva M, Cortes J, Kantarjian HM, 
Mills GB, Andreeff M, Kornblau SM. Survivin is highly 
expressed in CD34(+)38(-) leukemic stem/progenitor 
cells and predicts poor clinical outcomes in AML. Blood. 
2012;120:173-180.

19. Idenoue S, Hirohashi Y, Torigoe T, Sato Y, Tamura Y, 
Hariu H, Yamamoto M, Kurotaki T, Tsuruma T, Asanuma 
H, Kanaseki T, Ikeda H, Kashiwagi K, et al. A potent 
immunogenic general cancer vaccine that targets survivin, 
an inhibitor of apoptosis proteins. Clin Cancer Res. 
2005;11:1474-1482.

20. Schmidt SM, Schag K, Muller MR, Weck MM, Appel 
S, Kanz L, Grunebach F, Brossart P. Survivin is a shared 
tumor-associated antigen expressed in a broad variety of 
malignancies and recognized by specific cytotoxic T cells. 
Blood. 2003;102:571-576.

21. Sorensen RB, Svane IM, Straten PT, Andersen MH. A 
survivin specific T-cell clone from a breast cancer patient 
display universal tumor cell lysis. Cancer Biol Ther. 
2008;7:1885-1887.

22. Kameshima H, Tsuruma T, Torigoe T, Takahashi A, 
Hirohashi Y, Tamura Y, Tsukahara T, Ichimiya S, Kanaseki 
T, Iwayama Y, Sato N, Hirata K. Immunogenic enhancement 
and clinical effect by type-I interferon of anti-apoptotic 
protein, survivin-derived peptide vaccine, in advanced 
colorectal cancer patients. Cancer Sci. 2011;102:1181-1187.

23. Kim NW, Piatyszek MA, Prowse KR, Harley CB, West 
MD, Ho PL, Coviello GM, Wright WE, Weinrich SL, Shay 
JW. Specific association of human telomerase activity with 
immortal cells and cancer. Science. 1994;266:2011-2015.

24. Meyerson M, Counter CM, Eaton EN, Ellisen LW, Steiner 
P, Caddle SD, Ziaugra L, Beijersbergen RL, Davidoff MJ, 
Liu Q, Bacchetti S, Haber DA, Weinberg RA. HEST2, 
the putative human telomerase catalytic subunit gene, is 
up-regulated in tumor cells and during immortalization. 
Cell. 1997;90:785-795.

25. Nakamura TM, Morin GB, Chapman KB, Weinrich SL, 
Andrews WH, Lingner J, Harley CB, Cech TR. Telomerase 
catalytic subunit homologs from fission yeast and human. 
Science. 1997;277:955-959.



Oncotarget44071www.impactjournals.com/oncotarget

26. Ramakrishnan S, Eppenberger U, Mueller H, Shinkai 
Y, Narayanan R. Expression profile of the putative 
catalytic subunit of the telomerase gene. Cancer Res. 
1998;58:622-625.

27. Counter CM, Avilion AA, LeFeuvre CE, Stewart NG, 
Greider CW, Harley CB, Bacchetti S. Telomere shortening 
associated with chromosome instability is arrested in 
immortal cells which express telomerase activity. EMBO 
J. 1992;11:1921-1929.

28. Counter CM, Hirte HW, Bacchetti S, Harley CB. 
Telomerase activity in human ovarian carcinoma. Proc Natl 
Acad Sci U S A. 1994;91:2900-2904.

29. Nair SK, Heiser A, Boczkowski D, Majumdar A, Naoe M, 
Lebkowski JS, Vieweg J, Gilboa E. Induction of cytotoxic T 
cell responses and tumor immunity against unrelated tumors 
using telomerase reverse transcriptase RNA transfected 
dendritic cells. Nat Med. 2000;6:1011-1017.

30. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: 
Integrating immunity's roles in cancer suppression and 
promotion. Science. 2011;331:1565-1570.

31. Khong HT, Restifo NP. Natural selection of tumor variants 
in the generation of “tumor escape” phenotypes. Nat 
Immunol. 2002;3:999-1005.

32. Reker S, Meier A, Holten-Andersen L, Svane IM, 
Becker JC, thor Straten P, Andersen MH. Identification 
of novel survivin-derived ctl epitopes. Cancer Biol Ther. 
2004;3:173-179.

33. Baba T, Hanagiri T, Takenoyama M, Shiota H, Kuroda K, 
Shigematsu Y, Ichiki Y, Uramoto H, So T, Yasumoto K. 
Identification of a lung cancer antigen evading CTL attack 
due to loss of human leukocyte antigen (HLA) class I 
expression. Cancer Sci. 2010;101:2115-2120.

34. Meissner M, Reichert TE, Kunkel M, Gooding W, 
Whiteside TL, Ferrone S, Seliger B. Defects in the human 
leukocyte antigen class I antigen processing machinery in 
head and neck squamous cell carcinoma: Association with 
clinical outcome. Clin Cancer Res. 2005;11:2552-2560.

35. Hicklin DJ, Wang Z, Arienti F, Rivoltini L, Parmiani G, 
Ferrone S. Beta2-microglobulin mutations, HLA class I 
antigen loss, and tumor progression in melanoma. J Clin 
Invest. 1998;101:2720-2729.

36. Guinn BA, Mohamedali A, Mills KI, Czepulkowski B, 
Schmitt M, Greiner J. Leukemia associated antigens: Their 
dual role as biomarkers and immunotherapeutic targets for 
acute myeloid leukemia. Biomark Insights. 2007;2:69-79.

37. Gerdemann U, Katari U, Christin AS, Cruz CR, Tripic T, 
Rousseau A, Gottschalk SM, Savoldo B, Vera JF, Heslop 
HE, Brenner MK, Bollard CM, Rooney CM, Leen AM. 
Cytotoxic T lymphocytes simultaneously targeting multiple 
tumor-associated antigens to treat EBV negative lymphoma. 
Mol Ther. 2011;19:2258-2268.

38. Rapoport AP, Aqui NA, Stadtmauer EA, Vogl DT, Fang HB, 
Cai L, Janofsky S, Chew A, Storek J, Akpek G, Badros A, 
Yanovich S, Tan MT, et al. Combination immunotherapy 

using adoptive T-cell transfer and tumor antigen vaccination 
on the basis of hTERT and survivin after asct for myeloma. 
Blood. 2011;117:788-797.

39. Quintarelli C, Dotti G, Hasan ST, De Angelis B, Hoyos 
V, Errichiello S, Mims M, Luciano L, Shafer J, Leen 
AM, Heslop HE, Rooney CM, Pane F, et al. High-avidity 
cytotoxic T lymphocytes specific for a new PRAME-
derived peptide can target leukemic and leukemic-precursor 
cells. Blood. 2011;117:3353-3362.

40. Quintarelli C, Dotti G, De Angelis B, Hoyos V, Mims M, 
Luciano L, Heslop HE, Rooney CM, Pane F, Savoldo B. 
Cytotoxic T lymphocytes directed to the preferentially 
expressed antigen of melanoma (PRAME) target chronic 
myeloid leukemia. Blood. 2008;112:1876-1885.

41. Van Nuffel AM, Benteyn D, Wilgenhof S, Pierret L, 
Corthals J, Heirman C, van der Bruggen P, Coulie PG, 
Neyns B, Thielemans K, Bonehill A. Dendritic cells loaded 
with mRNA encoding full-length tumor antigens prime 
CD4+ and CD8+ T cells in melanoma patients. Mol Ther. 
2012;20:1063-1074.

42. Chai JH, Zhang Y, Tan WH, Chng WJ, Li B, Wang X. 
Regulation of hTERT by BCR-ABL at multiple levels in 
K562 cells. BMC Cancer. 2011;11:512.

43. Barragan E, Cervera J, Bolufer P, Ballester S, Martin G, 
Fernandez P, Collado R, Sayas MJ, Sanz MA. Prognostic 
implications of wilms' tumor gene (WT1) expression 
in patients with de novo acute myeloid leukemia. 
Haematologica. 2004;89:926-933.

44. Nestal de Moraes G, Silva KL, Vasconcelos FC, Maia 
RC. Survivin overexpression correlates with an apoptosis-
resistant phenotype in chronic myeloid leukemia cells. 
Oncol Rep. 2011;25:1613-1619.

45. Lacombe F, Durrieu F, Briais A, Dumain P, Belloc F, 
Bascans E, Reiffers J, Boisseau MR, Bernard P. Flow 
cytometry CD45 gating for immunophenotyping of acute 
myeloid leukemia. Leukemia. 1997;11:1878-1886.

46. Lee JY, Park S, Han AR, Lim J, Min WS, Kim HJ. High 
aldhdim-expressing CD34+CD38- cells in leukapheresed 
peripheral blood is a reliable guide for a successful 
leukemic xenograft model of acute myeloid leukemia. 
Oncol Rep. 2014;32:1638-1646.

47. Kim CH, Yoon JS, Sohn HJ, Kim CK, Paik SY, Hong YK, 
Kim TG. Direct vaccination with pseudotype baculovirus 
expressing murine telomerase induces anti-tumor immunity 
comparable with RNA-electroporated dendritic cells in a 
murine glioma model. Cancer Lett. 2007;250:276-283.

48. Mehlhop-Williams ER, Bevan MJ. Memory CD8+ T cells 
exhibit increased antigen threshold requirements for recall 
proliferation. J Exp Med. 2014;211:345-356.

49. Deshpande P, Cavanagh MM, Le Saux S, Singh K, 
Weyand CM, Goronzy JJ. IL-7- and IL-15-mediated TCR 
sensitization enables T cell responses to self-antigens. J 
Immunol. 2013;190:1416-1423.



Oncotarget44072www.impactjournals.com/oncotarget

50. Byron B. Au-Yeung, Geoffrey Alexander Smith, James L 
Mueller, Cheryl S. Heyn, Rebecca Garrett Jaszczak, Arthur. 
Weiss, Julie Zikherman. IL-2 Modulates the TCR signaling 
threshold for CD8 but Not CD4 T cell proliferation on a 
single-cell level. J Immunol. 2017;198:2445-2456.

51. Alves NL, Arosa FA, van Lier RA. Il-21 sustains CD28 
expression on IL-15-activated human naive CD8+ T cells. J 
Immunol. 2005;175:755-762.

52. Curtsinger JM, Schmidt CS, Mondino A, Lins DC, Kedl 
RM, Jenkins MK, Mescher MF. Inflammatory cytokines 
provide a third signal for activation of naive CD4+ and 
CD8+ T cells. J Immunol. 1999;162:3256-3262.

53. Kaluza KM, Thompson JM, Kottke TJ, Flynn Gilmer HC, 
Knutson DL, Vile RG. Adoptive T cell therapy promotes the 
emergence of genomically altered tumor escape variants. Int 
J Cancer. 2012;131:844-854.

54. Park MJ, Kim EK, Han JY, Cho HW, Sohn HJ, Kim SY, 
Kim TG. Fusion of the human cytomegalovirus pp65 
antigen with both ubiquitin and ornithine decarboxylase 
additively enhances antigen presentation to CD8(+) T cells 
in human dendritic cells. Hum Gene Ther. 2010;21:957-967.


