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Abstract

The development of novel T cell therapies to target leukemia has facilitated the translation of this 

approach for hematologic malignancies. Different methods of manufacturing leukemia-specific T 

cells have evolved, along with additional measures to increase the safety of this therapy. This is an 

overview of expanded T cell therapeutics with a focus on how the manufacturing strategies have 

been refined, and where the research is heading.
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INTRODUCTION

T cells are versatile effectors involved in the adaptive cell-mediated immune response. The 

great diversity generated in the construction of their receptors allows recognition of antigens 

on both malignant and pathogen-infected cells. These cells directly lyse their targets and 

secrete immunostimulatory cytokines that recruit and activate other cells [1]. T cells can 

home to tumor sites, recognize tumor cells with potentially high specificity and confer long 

term antitumor immunity [2]. The early studies that examined the graft versus tumor effects 

in allogeneic hematopoietic stem cell transplantation provided one of the first areas of 

evidence that these cells can be used to elicit a response against cancer.

THE GRAFT VERSUS LEUKEMIA EFFECT: ALLOTRANSPLANTS TO DLI

A study by a group from the Atomic Energy Research Establishment [3] first showed 

evidence for a graft versus leukemia effect coinciding with a syndrome now known as graft 

versus host disease (GVHD). This was demonstrated in leukemia mouse models, since mice 

treated with total body irradiation and allogeneic splenocytes concomitantly developed 

GVHD [3, 4]. Another group showed that splenocytes derived from donor mice pretreated 
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by injections of leukemic cells conferred protection in recipients [4, 5]. The antileukemic 

effect was further confirmed in 1981, when a group in Seattle led by E. Donnall Thomas 

observed in over two hundred bone marrow transplant recipients that lower relapse rates 

occurred in those who developed GVHD post transplant [4, 6].

Strategies to enhance the graft versus leukemia (GVL) effect confirmed the crucial role of 

lymphocytes for tumor elimination [4, 7]. The use of donor lymphocyte infusions (DLI) to 

mediate antileukemia effects is a potent immunotherapeutic approach in some settings [4, 8–

10]. For example, while early attempts failed to separate GVL from GVHD [10], the results 

from the studies using DLI for CML showed promising effects [4, 8]. Hence, both allogeneic 

stem cell transplantation and donor lymphocyte infusions demonstrate the potency of 

adoptive cell therapy for leukemia, [11] especially CML [4, 12, 13].

In acute leukemia, however, poorer responses to DLI are thought to arise from deficiencies 

in antigen presentation by malignant cells, as well as from complications related to GVHD 

[4, 11]. Recent efforts to limit GVHD, while also limiting immune suppression, have been 

explored. For example, administration of cyclophosphamide post transplant resulted in a 

reduced incidence of graft versus host disease and minimized the use of additional post graft 

immune suppression in an attempt to better preserve the GVL effect [14].

Several methodologies have been developed that seek to separate cells involved in GVL 

from cells involved in GVHD including: (i) the depletion of alloreactive cells (for example 

with anti CD25-immunotoxin [15]) (ii) photodynamic purging, [16] or (iii) the introduction 

of suicide genes [17].

Depletion

Prior incubation of allogeneic donor lymphocytes with recipient cells theoretically results in 

upregulation of activation markers (like CD25 and CD134) - which could then allow 

selection of the responding allogeneic cells prior to infusion into the recipient. In the case of 

clinical trials with the anti CD25 immunotoxin, targeting CD25 resulted in improved T cell 

reconstitution and lower rates of GVHD [18]. A related strategy targeting CD134-expressing 

alloreactive cells showed that depletion of alloreactive T cells mediating GVHD did not 

concurrently deplete tumor antigen-specific T cells [19].

Photodynamic Purging

Photodynamic purging of alloreactive cells makes use of a photosensitizing agent whose 

entry and exit into cells is altered following activation (in this case, following exposure to 

alloreactive targets). The photosensitizing agent is effectively trapped in responding 

allogeneic cells, and following exposure to the appropriate wavelength of light, apoptosis is 

induced in susceptible cells [20]. A clinical trial using this approach, however, showed 

delayed immune reconstitution and increased risks for infections and relapse [21].

Modification With Suicide Genes

A different approach to separating GVL from GVHD takes advantage of different 

sensitivities to alloreactive targeting. A model of susceptibility to alloreactive T cells 
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proposes that hematopoietic cells (including leukemic targets) are more prone to alloreactive 

T cells than gut, liver, and other epithelial cells that feature prominently in GVHD [22]. 

Administering donor T cells should target cancer cells first, and if they start targeting normal 

host cells, a signal can be delivered to eliminate them from circulation. Such a signal can be 

provided by suicide genes - the first of which involves the herpes simplex virus thymidine 

kinase system. This kinase is activated by ganciclovir administration, and confers 

susceptibility to cells transduced with this transgene to ganciclovir cytotoxicity. Following 

infusion, the first signs of GVHD serves as a signal to administer ganciclovir – which results 

in elimination of the GVHD causing cells. In a study from Italy, the antitumor activity of 

donor lymphocytes was mediated by HSV-TK-transduced cells in 65% of patients who 

received the T cells post allogeneic HSCT for hematologic malignancies [23]. One 

limitation of the HSV-TK approach is that the foreign HSV transgene elicits immune 

reactions, and the apoptotic signal takes a while to exert its effect. Therefore, efforts to 

improve suicide gene strategies resulted in a landmark study from Baylor College of 

Medicine utilizing an inducible caspase system (whose activation results in apoptosis) 

activated by an inert synthetic drug (dimerizer). In a clinical trial of five patients with acute 

leukemia receiving donor lymphocytes following haploidentical stem cell transplants, 

administration of the dimerizer drug eliminated GVHD-causing alloreactive T cells within 

30 minutes (see Fig. 1) [24].

Another strategy to extend GVL and limit GVHD involves the generation of antigen specific 

T cells, where selective expansion of antigen specific populations crowds out potentially 

allogeneic responses that cause GVHD. To dissociate GVL from GVHD, products 

containing ex vivo expanded T cells have thus been developed [4, 25].

THE GRAFT VERSUS LEUKEMIA EFFECT: ALLOTRANSPLANTS TO DLI

Ex vivo expanded T cells, in contrast to genetically modified T cells (expressing chimeric 

antigen receptors, for example, discussed briefly at the end of this review) use their 

endogenous T cell receptors to recognize antigens in the context of MHC molecules. Not all 

targetable antigens in leukemia are expressed on the surface, so the ability of ex vivo 
expanded T cells to target overexpressed intracellular proteins provides a mechanism for 

increasing GVL in high risk leukemic patients.

The use of ex vivo expanded T cells for therapy grew from studies with antiviral T cells, 

where pioneering studies by investigators led to the prevention and treatment of viral 

infections post transplant and the prevention and treatment of EBV-associated post 

transplant lymphoproliferative disease [26, 27].

EBV-specific T cells, in particular, have had great success in the clinics. At Baylor College 

of Medicine, these cells been given to more than 120 patients either at high risk for post 

transplant lymphoproliferative disease (PTLD) or with active disease after allogeneic HSCT 

[28–31]. The infused cells were shown to expand 1000-fold or more in vivo, [28–31] persist 

for a decade, [29] prevent lymphoma in the immunocompromised host, [32] and eradicate 

established disease (even as single agent) [29, 32]. Successful use of EBV-specific T cells 

led to subsequent attempts to develop “off the shelf” therapies. In a study using allogeneic 
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EBV CTL, infusion of products matching with the donor through at least one HLA allele, 

showed more than 50% response rates among patients who already failed standard therapies 

[4, 33]. In another study, more than 60% of patients achieved complete and partial 

remissions after infusion of EBV-specific T cells [4, 34]. Based on these successes using 

donor-derived antigen specific T-cells for EBV associated diseases, investigators have 

attempted to develop a similar approach to target leukemia.

THE MANUFACTURE OF EX VIVO EXPANDED LEUKEMIA-SPECIFIC T 

CELLS

Several leukemia specific antigens have been identified, reviewed in greater depth elsewhere 

in literature [35]. The ex vivo expansion of T cells relies on repeated stimulations with these 

defined antigens to expand clinically significant numbers of T cells from an initial (often 

small) volume of blood [36]. Studies show that ex vivo expansion of T cells decreases 

alloreactivity in vitro [37], likely due to cell death or outgrowth by the antigen-specific T 

cells. Indeed, any residual alloreactivity detected did not translate into clinical morbidity 

[38]. Several studies have shown that T-cells targeting leukemia- and lymphoma-associated 

antigens can be generated from donor and patient PBMC and show cytolytic activity against 

lymphoma cell lines and primary tumor cells in vitro [39–44]. The ex vivo expansion of T 

cells requires (i) a cell source, (ii) optimized culture conditions, and (iii) specific target 

antigens.

Cell Sources

In the case of autologous T cells, the population being expanded has theoretically been 

previously primed against the leukemia antigen, and expansion should be closer to that seen 

in the virus-specific T cell setting. Indeed, leukemia-specific T cells can be detected and 

expanded from patients with leukemia [39]. One major drawback to the use of autologous T 

cells is the immunoediting that may have occurred in vivo: where leukemic cells recognized 

by the patient’s leukemia-specific T cells have already undergone negative selection, and 

those that remain do not express immunogenic antigens [22]. Allogeneic T cells, on the 

other hand, more closely resemble DLI, and may be used to target additional antigens 

besides leukemia-specific antigens (minor histocompatibility antigens, in particular). The 

disadvantage with the use of allogeneic ex vivo expanded T cells is the fact that they are 

derived from a naïve population: requiring optimized priming conditions and subsequent 

massive expansions.

Optimized Culture Conditions

In general, the culture conditions for expanding leukemia antigen-specific T cells is more 

complex than the ones used for expanding virus-specific T cells – owing to the nature of 

their targets. As self proteins, leukemia-specific antigen targets need to prime CTL in vitro. 

Antigen presenting cells play an important role in priming; consequently more potent 

antigen presenting cells like dendritic cells have been used in this setting. In the cord blood 

setting for example, the use of dendritic cells have been shown to prime otherwise naïve 

populations against an antigen [45]. More recently, the use of artificial antigen presenting 

cells genetically modified to express costimulatory molecules like CD137 and CD80 have 
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been used to expand tumor antigen specific T cells [46]. The choice of cytokines also 

influences the product. Because of the need for priming (or reversing anergy, in the case of 

autologous/patient-derived T cells), generation of tumor-specific CTL has shown increased 

needs for cytokines, including IL12, IL6, IL7, IL15, and IL2 (generation of virus-specific 

CTLs, in contrast, requires only IL2 or IL4 and IL7, depending on the specific virus) [40, 

42, 47, 48]. An unfortunate consequence of prolonged culture in vitro is exhaustion of the T-

cells and shortening of telomeres. From previous T cell therapy studies, “younger cells” with 

longer telomeres have been shown to correlate with both in vivo persistence and anti-tumor 

activity [49]. To address this, alternative culture conditions utilizing gas permeable devices 

have been evaluated [50]. These newer bioreactors are capable of rapidly expanding antigen-

specific cells to clinically significant numbers, drastically decreasing the time required to 

expand T-cells ex vivo and thus increasing the proportion of T-cells that are not exhausted 

[50]. Recently, several T-cell populations have been identified that appear to have prolonged 

in vivo persistence and better cytolytic activity. Naïve T-cells and a putative memory stem 

cell compartment appear to both allow for improved expansion of antigen-specific cells. To 

generate antigen-specific CTL from naïve populations, Albrecht et al. used CD45RA 

selection followed by culture in the presence of IL21 [51]. To generate antigen-specific CTL 

from the memory stem cell compartment, Gattinoni et al. activated Wnt signaling using 

GSK3b inhibitors to arrest differentiation of cells and allow for expansion of cell 

populations with better therapeutic properties [52]. Efforts to utilize this population in the 

clinics using more GMP compliant protocols are currently underway [53].

Target Antigens

In the virus-specific CTL setting, early trials used virus-infected cells (e.g. EBV transformed 

lymphoblastoid cell lines) to present viral antigens to responding T cells [32, 54, 55]. 

Subsequent trials, however, took advantage of overlapping peptide libraries spanning entire 

viral proteins – the 15 amino acid peptides overlapping by 11 amino acids. This allowed for 

virus-free generation of T cells while conserving most of the CD4 and CD8 epitopes within 

the immunogenic proteins [56, 57]. In the leukemia-specific CTL setting, recipient cells 

expressing non-self antigens, peptides, and overlapping peptide pools have been used 

extensively as antigens. These antigens fall into two broad categories: minor 

histocompatibility antigens and leukemia specific antigens (see Table 1). Minor 

histocompatibility antigens are non-self peptides expressed differently among individuals 

resulting from nucleotide polymorphisms [58]. These antigens can be recognized by 

allogeneic T cells. Leukemia-specific antigens, on the other hand, are antigens that are either 

mutated in leukemic cells (e.g. bcr-abl), lineage-restricted (e.g. CD19), or overexpressed in 

leukemia as a result of the genomic instability or malignant phenotype but absent or 

minimally expressed in healthy tissue (e.g. survivin). Identification of leukemia-specific 

antigens is an ongoing effort in several laboratories [59].

T CELLS TARGETING MINOR HISTOCOMPATIBILITY ANTIGENS

In many ways, minor histocompatibility antigen-specific T cells are a direct extension of 

donor lymphocyte infusions, whose effector T cells presumably recognize at least some of 

these same antigens in recipients. Several minor histocompatibility antigens (mHAg) 
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representing genetic polymorphisms that resulted in slightly different MHC presentation 

among individuals have been tested in vitro and in murine models.

Different groups have shown T cells recognizing mHAgs can kill leukemic blasts derived 

from patients in vitro. Falkenburg et al. showed that T cell clones recognizing the mHAgs 

HA-1, HA-2, HA-3, HA-4, HA-5, and H-Y can lyse myeloid leukemic cells and inhibit 

clonogenic leukemic growth in vitro [60]. Mutis et al. showed that HA-1 and HA-2 synthetic 

peptide pulsed dendritic cells can prime naïve T cells from HA-1/HA-2-negative healthy 

donors which can subsequently lyse tumor cells derived from ALL and AML patients [61].

Difficulties with the manufacture of minor histocompatibility antigen-specific T cells, 

however, have hampered their translation into the clinics. What is more, the limited number 

of identified mHAgs present a less than ideal pool from which to select a target that can be 

applicable to multiple donor-recipient combinations in the post transplant leukemia 

population (i.e. a substantial number of mHAg targets need to be identified to account for 

many potential donor-recipient HLA types) [58]. To facilitate mHAg discovery, Riddell and 

Bleakely in Seattle stimulated CD8 T cells from GCSF mobilized PBSC with recipient cells, 

and selected for T cell clones by testing their ability to lyse recipient (but not donor) 

lymphoblastoid cell lines. T cell clones identified were subsequently screened for their 

ability to lyse fibroblasts and a panel of unrelated lymphoblastoid cells sharing at least one 

HLA allele with the recipient. Subsequent analysis allowed for characterization of leukemia 

associated minor antigens [62].

A similar approach was used in a recent clinical trial where Warren et al. used ex vivo 
expanded donor-derived CD8+ T cells directed against unknown minor histocompatibility 

antigens following leukemia relapse post allogeneic transplant. The transplant donor T cells 

were stimulated with recipient peripheral blood mononuclear cells, depleted of CD4+ T 

cells, and further selected for reactive clones capable of lysing EBV-transformed cells from 

the recipient but not fibroblasts or EBV-transformed cells from the donor. Seven patients 

who relapsed at a median of seven months post transplant received cytoreductive 

chemotherapy followed by mHAg-specific CD8+ T cells. Four of the 7 patients had transient 

complete remissions. However, while MHAg-specific T cells were detected in the bone 

marrow, persistence was minimal. Further, the GVL effect observed occurred concurrently 

with GVHD since of the six patients previously diagnosed with GVHD or BOOP, four had a 

recurrence of their GVHD or BOOP post T cell therapy. Further, pulmonary toxicity was 

seen in patients who received high T-cell doses likely due to the expression of minor H 

antigens on respiratory epithelial cells [63]. Nevertheless, this study demonstrated that 

generating T cells recognizing minor histocompatibility antigens from healthy donor cells is 

feasible, and these cells are capable of mediating antileukemic activity.

As the clinical trial above emphasizes, very few minor histocompatibility antigens are solely 

expressed in hematologic cells making the choice of mHAgs as targets difficult as a tumor-

specific T-cell therapy approach [63]. Even the most specific mHAgs will target healthy 

hematopoietic cells as well as malignant cells. Although these studies suggest that this 

strategy is superior to DLI, mHAg-specific CTL can potentially target healthy recipient cells 

and cause GVHD. More ideal targets are leukemia associated antigens (LAAs) which are 
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restricted to leukemic cells, either overexpressed relative to healthy cells or uniquely seen in 

malignant cells.

T CELLS TARGETING LEUKEMIA-ASSOCIATED ANTIGENS

Leukemia-associated antigens (LAAs) comprise a diverse group of antigens seen in acute 

leukemias, including cancer/testis antigens like MAGE A3, developmental proteins like 

WT1, and prosurvival/antiapoptotic proteins like survivin. Compared to mHAgs, LAAs are 

self proteins – requiring even more potent priming conditions in vitro (see Fig. 2).

Studies have suggested that expansion of LAA-specific T cells in the peripheral blood of 

patients post allogeneic HSCT contribute to the GVL effect [64, 65]. Based on these results, 

several groups have explored the potential to ex vivo expand these LAA-specific T cells 

from healthy donors for adoptive T cell transfer post allogeneic HSCT. WT1 (Wilm’s tumor 

antigen 1) in particular, appears to be a promising target. WT1 is overexpressed in in 60–

100% of ALL [66] and 73–100% of AML [66]. Altered expression of WT1 in patients with 

ALL was associated with increased relapse [67]. In AML, increased WT1 expression 

correlated with increased disease burden, relapse, and poor overall survival [68–71]. While 

WT1 is also seen in healthy hematopoietic stem cells, anti-WT1 cytotoxic therapy did not 

result in adverse effects in this population [66].

WT-1 appears to be essential to leukemic cells – with increased expression correlating with 

enhanced proliferation [72]. Several studies showed that WT-1 is an immunogenic protein, 

with WT-1 specific T cells capable of lysing WT-1 expressing leukemia cells [40, 48, 72–

74]. O’Reilly’s group at MSKCC mapped WT-1 epitope responses in healthy donors, and 

showed majority of WT-1 specific T cells from healthy donors were capable of lysing 

partially HLA-matched leukemic targets [72]. A group from Osaka University expanded 

HLA-A2-positive WT-1 specific T cells that lysed HLA-A2-positive WT-1 expressing 

leukemia cells [73], as well as established a CD4-T cell clone recognizing WT-1-expressing 

hematopoietic cells and apoptotic WT1 expressing cells presented by autologous dendritic 

cells [74]. Another group from Universitätsklinikum Benjamin-Franklin was able to 

demonstrate spontaneous WT1 specific T cells from patients with AML [75]. Another group 

at Baylor College of Medicine and NIH manufactured multi leukemia specific antigens 

(recognizing WT-1, proteinase 3, PRAME, neutrophil elastase, and MAGE A3) from healthy 

donors with the goals of enhancing GVL post stem cell transplant. Immunogenic peptides of 

WT-1 were mapped in several donors, and in vitro experiments showed that partially HLA-

matched leukemic blasts were lysed and killed by these T cells. This approach can thus be 

used in the transplant setting without limitation to certain HLA types [40]. Additionally, 

tumor-specific T cells targeting WT1, survivin, MAGE A3, and PRAME were also 

expanded from 50 patients with ALL receiving maintenance therapy despite low lymphocyte 

counts. Specificity was observed in more than 90% of patients after three stimulations (as 

measured by IFNg ELISPOT), and reductions in autologous leukemia blasts in coculture 

experiments demonstrated tumor-lysing abilities of these generated T cells [48].

Preliminary findings from a phase I trial show that these T cells are well tolerated and 

effective. Infusions of WT-1 specific CTL into patients with AML, ALL, or MDS following 
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allogeneic HSCT were able to transiently reduce or eliminate cells expressing WT1, without 

mediating toxicities or GVHD. These cells were generated from healthy donors of allo 

HSCT recipients, using autologous dendritic cells pulsed with a pool of overlapping peptides 

spanning the WT1 protein [76]. Additionally, another trial safely administered HLA A2 

restricted T cells specific for WT1 into leukemia patients and showed some clinical efficacy 

(5 with CR post CTL while 3 had relapse and 3 progressed) [77].

Other groups are evaluating other antigens or epitopes. At the NHLBI and the MD Anderson 

Cancer Center, Molldrem et al. targeted PR-1 by stimulating HLA A2+ T cells with a PR-1 

peptide presented by an HLAA2+ T2 cell line. Cells were capable of lysing CML and AML 

blasts, with only background killing of normal allogeneic marrow cells [78]. A group from 

Gutenberg University expanded HLA A1+ autologous T cells from a patient with FLT3-ITD 

AML with an immunogenic peptide within the mutated receptor tyrosine kinase, and 

expanded T cells were able to target both FLT3-ITD transfected cells and the patient’s own 

AML blasts but not wild type FLT3-expressing targets [79]. Yasukawa’s group from Ehime 

University in Japan expanded HLA A2+ T cells targeting a single peptide derived from 

Aurora-A-kinase (a kinase implicated in tumorigenesis) that were capable of targeting both 

leukemia cell lines and primary leukemia cells but not healthy hematopoietic stem cells [80]. 

Finally, another group at Baylor College of Medicine targeted the cancer/testis antigen 

PRAME (seen in most hematologic malignancies) by using dendritic cells and artificial 

antigen presenting cells that were an overlapping peptide library spanning the protein to 

stimulate CTLs. The resulting CTLs had high avidity against PRAME could be generated 

from healthy donors and patients with PRAME+ malignancies, and could lyse PRAME-

expressing leukemic blasts and leukemic progenitor cells [44].

GENETIC MODIFICATION OF EXPANDED T CELLS

One of the main problems using T-cells that recognize tumor associated antigens through 

their endogenous TCR is that T cells derived from both cancer patients and healthy donors 

require multiple stimulations to increase the LAA-specific T cell population. This is due to 

the fact that LAA-specific T-cells with sufficient and therapeutic affinity directed against 

tumor antigens are rare because of central and peripheral tolerance mechanisms [81].

Alternatively, researchers have used genetic modification to allow expression of such TCRs 

from a high affinity clone into other T-cells. This involves the cloning and subsequent 

transfer of the α and β genes of the TCR from patients with detectable high affinity T-cell 

clones. This abTCR construct can then be cloned into a viral vector to transduce T cells 

enabling these cells to now have the high affinity and specificity characteristics of the 

original donor clone [82].

Several leukemia antigens (both mHAgs and leukemia-specific antigens) have been targeted 

successfully by TCR-modified T cells, including some of the most commonly targeted 

mHAgs (e.g. HA-1 and HA-2) and leukemia-specific antigens (e.g. WT1) [83–85].

A T cell clone derived from a patient where HA-2 specific T cells emerged following DLI 

post allo HSCT provided the TCR sequences that were used to transduce T cells with a 
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retroviral vector. TCR-modified T cells were able to recognize and lyse HA-A2 positive 

CML cells [83]. A novel approach was explored by a group in Japan to target HA-1. Instead 

of transducing T cells with a TCR recognizing HA-1, the group used the single chain 

variable fragment of an antibody which recognized HA-1 like a TCR in the context of MHC 

presentation. The antibody, derived from immunized animals administered with HA-1 

antigen and B2-microglobulin peptides, was coupled to CD28 and CD3 zeta domains (like 

chimeric antigen receptors discussed below). Pseudo-TCR-transduced T cells induced potent 

inflammatory cytokines in response to leukemia cells expressing HA-1 [84].

The transfer of TCRs recognizing WT1 is not as straightforward since most TCRs against a 

self protein will still possess suboptimal binding efficiencies. To facilitate identification of a 

highly avid TCR against WT1, Stauss’ group in London used the T cell receptor derived 

from alloreactive T-cells obtained from HLA A2-negative donors to target WT1 expressed 

by leukemias in HLA-A2+ patients. The retrovirus WT1 construct was then used to 

transduced T cells derived from HLA A2+ donors. WT1-TCR-expressing T cells acquired 

specificity against the WT1 antigen, and were able to eliminate leukemia cells from patients 

in a NOD/SCID murine model [86].

More potently, T cells engineered to express a chimeric antigen receptor (CAR) targeting the 

CD19 molecule on B cell malignancies elicited rapid and sustained responses observed by 

several groups [87–90] providing some of the most potent demonstrations of the clinical 

utility of T cell therapies. Chimeric antigen receptor T cells are beyond the scope of this 

review.

COUNTERACTING/OPTIMIZING THE IN VIVO TUMOR ENVIRONMENT

Ex vivo expanded T cells rely heavily on antigen presentation in leukemic cells to mediate 

their cytotoxicity. Unfortunately, leukemias can modulate antigen presentation (by 

downregulation of tumor antigen, MHC, or costimulatory molecule expression) and the 

immune environment (by secreting immunosuppressive cytokines) to counteract the T cell 

response.

Several strategies have been identified to subvert these tumor-mediated processes. To 

prevent loss of tumor antigen presentation, multiple tumor antigens can be targeted. Indeed, 

such an approach has been shown to be feasible using overlapping peptide libraries spanning 

multiple tumor proteins [40, 42]. T cells simultaneously recognizing multiple leukemia 

antigens (proteinase 3 (Pr3), preferentially expressed antigen in melanoma, Wilms tumor 

gene 1 (WT1), human neutrophil elastase (NE) and melanoma-associated antigen A3) can be 

generated from a single culture platform [40]. Another approach to mitigating loss of 

antigen expression is forced re-expression using epigenetic modifying drugs. In AML, 

tumors and tumor cell lines upregulated antigen expression following co-culture in vitro 
with epigenetic modifying drugs, and similarly, in patients, the frequency of MAGE-specific 

T cells increased following therapy with epigenetic-modifying drugs [91]. To counteract 

TGFb blockade the group at Baylor College of Medicine generated a retrovirus vector 

expressing the dominant-negative TGFβ type II receptor (DNR) that eliminates signaling 
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from the endogenous receptor. T cells genetically modified to express the TGFb DNR 

showed resistance to the immunosuppressive properties of the cytokine [92].

Finally, early findings from the T cell immunotherapy field - particularly with the use of 

tumor infiltrating lymphocytes and chimeric antigen receptor expressing T cells - suggest 

that a lymphodepleted environment allows for better expansion of infused T cells: less 

competition, the absence of a cytokine sink, and elimination of regulatory cells have all been 

cited as potential reasons for this phenomenon [93]. Recently, immunomodulatory drugs 

have been shown to influence endogenous immune activity. Lenalidomide, anti CTLA4, and 

anti PD1 have been shown to enhance antitumor immunity, [94, 95] and combinations with 

ex vivo expanded T cells are potential new strategies.

SAFETY OF T CELL THERAPIES

The use of ex vivo expanded CTL for acute leukemias is a very promising therapeutic 

approach, but as the experience with chimeric antigen expressing T cells highlights, the 

occurrence of severe adverse events [96, 97] is a reminder that T cells are extremely potent.

Ex vivo expanded T cells can potentially mediate a variety of unintended effects, as a result 

of inflammatory mediator release or cytokine secretion [98]. These cells can release 

significant amounts of cytokines like TNF-α, IL-1β, and IL-6 which may damage the host’s 

environment [99]. Lethal consequences have occurred in the CAR setting. For example, one 

patient, who received a CAR T cell targeting ERBB2 experienced respiratory distress 

immediately following cell infusion, and died five days later despite medical intervention. 

Patient serum showed markedly elevated levels of IFNg, GMCSF, TNFa, IL6, and IL10 [97]. 

Additionally, a rapid elimination of bulky malignancy may lead to tumor lysis syndrome 

since another patient who received CAR T cells targeting CD19 showed increased levels of 

uric acid, phosphorus, and lactate dehydrogenase approximately three weeks following 

infusion. Although there were accompanying sings of an acute kidney injury the patient 

responded well to the treatment they received for this complication [89].

Another risk with the use of ex vivo expanded antigen specific T cells is their potential for 

causing GVHD although this should be less than with DLI given their specificity. 

Fortunately, the same approaches to limit DLI (discussed above) can be used to limit the 

alloreactive T cell effects. These include suicide gene strategies such as the herpes simplex 

thymidine kinase (HSVtk) system and the iCaspase 9 system. These suicide genes can be 

introduced into T cells and activated when necessary (using ganciclovir and dimerizer drug, 

respectively) to prevent GVHD.

CONCLUSION

Cancer immunotherapy has been heralded as 2013 “breakthrough of the year,” [100] and 

promising studies using ex vivo expanded T cell immunotherapies increase optimism that 

they will be an important option for patients with cancer. Improved identification of 

leukemia antigens, optimal culture conditions, and methods to overcome the inhospitable 

tumor microenvironment should result in better T cell therapies for patients with acute 

leukemia.
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Fig. 1. 
Schematic of mechanisms used to activate iCaspase suicide gene system. Cells are 

genetically modified to express caspase 9 that has been separated into two halves, and 

require dimerization to be functional. Dimerization occurs as a result of coupling with a 

domain that is brought together by an inert dimerizer drug. Upon iCaspase dimerization, the 

protein becomes activated and initiates the apoptotic cascade.
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Fig. 2. 
Schematic of manufacture of multileukemia antigen specific T cells. Peripheral blood 

mononuclear cells (PBMC) from blood serve as source of effector cells and antigen 

presenting cells (APC), including the most potent - dendritic cells. To expand the rare cell 

with the appropriate specificity against leukemia antigens, an overlapping peptide library 

spanning the antigens of choice, in this case, is presented by dendritic cells in the presence 

of cytokines to prime the naïve response ex vivo. After this initial stimulation, cells are then 

expanded either by dendritic cells or alternative APC (e.g. PHA blasts with artificial antigen 

presenting cells) to expand the selected leukemia specific T cell. Subsequent expansion steps 

in the presence of cytokines will generate multi-leukemia antigen T cells.
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Table 1

Targeting minor histocompatibility antigens vs. leukemia specific antigens.

T Cells Targeting Minor Histocompatibility 
Antigens T Cells Targeting Leukemia-specific Antigens

Targets Minor histocompatibility proteins expressed as a 
result of genetic polymorphisms

Unique or upregulated proteins expressed specifically by tumors 
and not expressed or minimally expressed by healthy cells

HLA Restriction Yes No

Cell Source Allogeneic only Autologous and allogeneic

Other Advantages Potent allogeneic T cells available in matched donors Targets can be unique and required by tumors for malignant 
phenotype

Disadvantages Antigens potentially present in all cells, thus may 
increase risks for GVHD
Difficult to identify antigens for different donor-
recipient pairs

Difficult to grow/not as immunogenic
Downregulation by tumors occur
Some expression in some healthy cells
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