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The rapid expansion of available cancer immunotherapies has resulted in 

favorable early outcomes. Specifically the use of gene therapy to introduce chimeric 

antigen receptors (CARs) and T cell receptors (TCRs) in T cells creates new 

immunotherapy options for patients. While showing early success with these 

approaches, limitations remain that can be overcome by the use of modification of 

hematopoietic stem cells (HSCs) to express CARs and TCRs. With modern gene 

therapy technologies, increased safety and control of the modification of the HSCs can 

be achieved through the use of a suicide gene. 

Introduction 

The first gene therapy trial in humans aimed to correct adenosine deaminase-deficient 

severe combined immunodeficiency (ADA-SCID).1 Since that time this approach has been 
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expanded and numerous clinical trials for varying diseases have been performed utilizing gene 

therapy. Although the initial development sought to correct gene deficiencies, the use of gene 

transfer for cancer immunotherapy has gained considerable excitement and attention given the 

recent success of TCRs and CARs in T cells for the treatment of malignancy.2-4 The gene-

modified T cell approach has produced clear successes; however, it continues to have limitations, 

primarily related to the length of persistence of effector cells, need for massive ex vivo 

expansion and non-sustained function of the modified T cells. Modification of HSCs can 

overcome these limitations by allowing a renewing source of immunotherapy that does not 

require ex vivo expansion or extensive manipulation. 

Hematopoietic stem cell transplantation (HCT) is incorporated into therapy of both 

hematologic malignancies and solid tumors. Table 1 outlines the diagnoses currently treated 

with HCT. The collection of HSCs for transplantation allows modification of these cells 

providing an ideal platform for the use of immunotherapy. The ability to transduce HSCs for 

gene therapy in the context of autologous stem cell transplant has clearly been demonstrated in 

the genetic diseases.5-7 Successfully engrafted gene-modified HSCs will continuously generate 

new effector cells for cancer immunotherapy, presenting a solution for the limitations of effector 

cell persistence and functional exhaustion. While overcoming these limitations as compared with 

the T cell approach, the need for further control arises with transduction of HSCs due to the 

potential for insertional oncogenesis.6-9 Here we will comment on the use of TCRs and CARs in 

HSCs, as well as the feasible control by a suicide gene. 

T Cell Receptors in HSCs 

The clinical success of lymphocyte expressing exogenous TCR directed against NY-

ESO10 led to the evaluation of TCRs in HSCs. A series of publications have demonstrated the 
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preclinical models of NY-ESO and MART-1,11-13 and these targets are both being evaluated in 

ongoing clinical trials. In the setting of modification of lymphocytes to express exogenous TCRs 

there is the concern of mispairing of the patient’s endogenous TCR with an engineered TCR, 

creating targeting of antigens other than the one for which the TCR is designed and potentially 

autoimmunity.14 This potential toxicity is eliminated by the use of TCRs expressed through 

modification of HSCs, as allelic exclusion favoring the exogenous TCR has been demonstrated.15 

Furthermore, in vivo T cell proliferation and expansion may lead to establishment of 

immunological memory. 

The use of engineered TCRs expands the potential antigens of interest as it does not have 

to be expressed on the cell surface. However, TCRs are HLA-dependent and well-described 

mechanisms of tumor immune system evasion include decreased antigen processing, 

downregulation of MHC and immunomodulatory pathways resulting in decreased effector T-cell 

function. 

Chimeric Antigen Receptors into HSCs 

Compared with TCRs, modification of HSCs with CAR brings the added advantage of a 

multi-lineage immunotherapy that is not HLA restricted. The vast majority of experience lies in 

the expression of CAR-modified T cells, but the efficacy of CAR expression on NK and myeloid 

cells has been demonstrated.16-19 Following HCT, the first cells to recover consist of myeloid 

cells followed by NK cells, which would result in an earlier anti-cancer therapy until de novo 

thymopoiesis. The theoretical benefits of modification of HSCs rather than T cells with CAR are 

described in Table 2. 

Early studies with first-generation CARs showed minimal success. The necessity of co-

stimulation for effective T cell response is well described and likely explains the limited efficacy 
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of the early attempts at CAR therapy using first-generation constructs containing the CD3ζ 

signaling domain alone.20,21 The constructs currently in use are mostly second-generation 

constructs that incorporate the CD28 or 4-1BB co-stimulatory domains, with each bringing a 

potential advantage. Third-generation CARs containing two of the domains (CD28, 4-1BB, OX-

40) have also been developed, but there is concern that the increased number of co-stimulatory 

domains may escalate toxicity. The most studied CD28 and 4-1BB domains have yielded 

successful early results in clinical trials, with persistence of gene-modified cells being a relevant 

issue.4,22,23 

We have demonstrated that first and second-generation anti-CD19 CARs can effectively 

transduce HSCs and lead to CAR expression on myeloid, T cells, and NK cells. In our work, the 

transduction efficiency of human umbilical cord blood CD34+ cells is consistently between 40–

50%.24,25 The gene-modified HSCs were then transplanted into irradiated NSG mice, which were 

subsequently harvested to evaluate for the presence and function of CAR. The CAR expressing 

cells were detected in the bone marrow, spleen, and peripheral blood, and the presence of CAR 

did not affect the ability of the cells to differentiate or to maintain effective cytotoxicity. Further, 

the presence of the CAR induced B cell aplasia serving as a surrogate of CAR activity. Engrafted 

mice presented significant protection against CD19-positive tumors, with inhibition or 

elimination of tumor development and consequent survival advantage.24 

Suicide Gene Therapy 

Addition of a suicide gene, a gene activated upon administration of a prodrug, to the 

modification of HSCs for gene therapy allows increased safety as concern for insertional 

oncogenesis exists. In the trials using LTR regulated gamma retrovirus to correct X-linked SCID, 

four patients developed acute leukemia.6 Further, patients treated with CAR T cells have shown 
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increased inflammatory responses that resemble sepsis, which has been termed cytokine release 

syndrome.2-4,22,23 The nonrandom vector integration patterns and immune stimulation potential 

highlight the need for control of the gene-modified cells, which can be achieved through the 

addition of a suicide gene to the CAR vector. The currently used suicide genes include HSV-TK, 

icaspase 9, CD20, and a truncated epidermal growth factor receptor (EGFRt).26-29 Table 3 

provides an overview of some of the currently available suicide genes. 

The most extensive experience exists with the HSV-TK gene in order to eliminate graft-

vs.-host disease (GVHD) in the setting of donor lymphocyte infusion (DLI). In the 1990s Bonini 

et al.26 treated 8 patients with relapsed disease or Epstein Barr Virus post-transplant 

lymphoproliferative disorder with DLI using cells modified to express HSV-TK. In the three 

patients that developed GVHD the prodrug ganciclovir (GCV) was administered and the 

transduced cells were no longer detected. Since then, over 100 patients have been treated with 

cells modified with the HSV-TK.30,31 

Despite the extensive experience with HSV-TK, the efficacy in HSC was unclear until 

recently due to the quiescent nature of the cells. In a rhesus macaque autologous stem cell 

transplant model Barese et al.32 demonstrated the ability of the hyperactive sr39tk HSV-TK 

mutant to effectively remove HSCs transduced with a gamma retrovirus vector and transplanted 

into rhesus macaques. Following treatment with GCV, no transduced cells were detected up to 

18 months later.32 This provided the proof of principle for HSV-TK as an effective suicide gene 

in HSCs, which was previously lacking. 

The inducible caspase 9 (icasp9) suicide gene is gaining interest due to the rapid onset of 

action within one hour, and inert, non-toxic, chemical inducer of dimerization (CID) prodrug 

AP1903. This gene is created by fusion of the human caspase 9 gene to a modified human FK 
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binding protein. Dimerization leads to initiation of the apoptosis pathway. Di Stasi et al.33 

demonstrated the efficacy of this suicide gene in the setting of DLI for patients receiving a 

haploidentical HCT. The patients received T cells transduced with the icasp9. In the four patients 

that developed GVHD, administration of the AP1903 resulted in rapid eradication of the T cells 

and in resolution of the skin and liver GVHD symptoms within 24–48 h.33 

Other possible suicide system approaches are cell surface inert molecular markers 

encoded by genes delivered by the same gene therapy vector, for targeting with monoclonal 

antibodies, such as the expression of a truncated CD20 molecule and targeting with rituximab,28 

or truncated epidermal growth factor receptor and targeting with cetuximab.29 

Conclusions and Perspectives 

The incorporation of gene transfer into cancer immunotherapy is creating promising new 

therapies, primarily driven by the results seen with TCRs and CARs modifying mature T cells. 

Modification of HSCs with these immunotherapies provides a sustained anti-cancer therapy that 

can be controlled with the use of a suicide gene. The TCR-based therapies provide a wide range 

of potential targets, but are limited by the HLA restriction. CARs in particular have gained recent 

attention to the excellent success of the anti-CD19 CAR in the early phase I trials. The optimal 

design of the CAR including the co-stimulatory domain and the epitope recognition is not yet 

know and is part of ongoing trials. Modification of HSCs with either CAR or TCR could provide 

the solution to the limitations of T cell modification approaches, including persistence, sustained 

anti-cancer effector function and generation of immunological memory. 

Disclosure of Potential Conflicts of Interest 

No potential conflicts of interest were disclosed. 



Journal: HV; Manuscript #: 2013HV0386 

Page 7 of 10 

Acknowledgments 

We acknowledge the mentorship and guidance by Drs Donald B Kohn and Antoni Ribas, 

and support provided by the UCLA Clinical and Translational Science Institute, Grant 

UL1TR000124, the 5T32 CA 9297-29 Grant, Today’s and Tomorrow’s Children Fund (TTCF), 

Hyundai Hope on Wheels, and St. Baldrick’s Foundation. 

References 

<jrn>1. Blaese RM, Culver KW, Miller AD, Carter CS, Fleisher T, Clerici M, Shearer G, Chang L, Chiang Y, 

Tolstoshev P, et al. T lymphocyte-directed gene therapy for ADA- SCID: initial trial results after 4 years. Science 

1995; 270:475-80; PMID:7570001; http://dx.doi.org/10.1126/science.270.5235.475</jrn> 

<jrn>2. Brentjens RJ, Rivière I, Park JH, Davila ML, Wang X, Stefanski J, Taylor C, Yeh R, Bartido S, Borquez-

Ojeda O, et al. Safety and persistence of adoptively transferred autologous CD19-targeted T cells in patients with 

relapsed or chemotherapy refractory B-cell leukemias. Blood 2011; 118:4817-28; PMID:21849486; 

http://dx.doi.org/10.1182/blood-2011-04-348540</jrn> 

<jrn>3. Kochenderfer JN, Dudley ME, Feldman SA, Wilson WH, Spaner DE, Maric I, Stetler-Stevenson M, Phan 

GQ, Hughes MS, Sherry RM, et al. B-cell depletion and remissions of malignancy along with cytokine-associated 

toxicity in a clinical trial of anti-CD19 chimeric-antigen-receptor-transduced T cells. Blood 2012; 119:2709-20; 

PMID:22160384; http://dx.doi.org/10.1182/blood-2011-10-384388</jrn> 

<jrn>4. Grupp SA, Kalos M, Barrett D, Aplenc R, Porter DL, Rheingold SR, Teachey DT, Chew A, Hauck B, 

Wright JF, et al. Chimeric antigen receptor-modified T cells for acute lymphoid leukemia. N Engl J Med 2013; 

368:1509-18; PMID:23527958; http://dx.doi.org/10.1056/NEJMoa1215134</jrn> 

<jrn>5. Cartier N, Hacein-Bey-Abina S, Bartholomae CC, Veres G, Schmidt M, Kutschera I, Vidaud M, Abel U, 

Dal-Cortivo L, Caccavelli L, et al. Hematopoietic stem cell gene therapy with a lentiviral vector in X-linked 

adrenoleukodystrophy. Science 2009; 326:818-23; PMID:19892975; 

http://dx.doi.org/10.1126/science.1171242</jrn> 

<jrn>6. Hacein-Bey-Abina S, Hauer J, Lim A, Picard C, Wang GP, Berry CC, Martinache C, Rieux-Laucat F, 

Latour S, Belohradsky BH, et al. Efficacy of gene therapy for X-linked severe combined immunodeficiency. N Engl 

J Med 2010; 363:355-64; PMID:20660403; http://dx.doi.org/10.1056/NEJMoa1000164</jrn> 

<jrn>7. Kohn DB, Pai SY, Sadelain M. Gene therapy through autologous transplantation of gene-modified 

hematopoietic stem cells. Biol Blood Marrow Transplant 2013; 19(Suppl):S64-9; PMID:23032601; 

http://dx.doi.org/10.1016/j.bbmt.2012.09.021</jrn> 

<jrn>8. Boztug K, Schmidt M, Schwarzer A, Banerjee PP, Díez IA, Dewey RA, Böhm M, Nowrouzi A, Ball CR, 

Glimm H, et al. Stem-cell gene therapy for the Wiskott-Aldrich syndrome. N Engl J Med 2010; 363:1918-27; 

PMID:21067383; http://dx.doi.org/10.1056/NEJMoa1003548</jrn> 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7570001&dopt=Abstract
http://dx.doi.org/10.1126/science.270.5235.475
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21849486&dopt=Abstract
http://dx.doi.org/10.1182/blood-2011-04-348540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22160384&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22160384&dopt=Abstract
http://dx.doi.org/10.1182/blood-2011-10-384388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23527958&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa1215134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19892975&dopt=Abstract
http://dx.doi.org/10.1126/science.1171242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20660403&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa1000164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23032601&dopt=Abstract
http://dx.doi.org/10.1016/j.bbmt.2012.09.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21067383&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21067383&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa1003548


Journal: HV; Manuscript #: 2013HV0386 

Page 8 of 10 

<jrn>9. Rivat C, Santilli G, Gaspar HB, Thrasher AJ. Gene therapy for primary immunodeficiencies. Hum Gene 

Ther 2012; 23:668-75; PMID:22691036; http://dx.doi.org/10.1089/hum.2012.116</jrn> 

<jrn>10. Robbins PF, Morgan RA, Feldman SA, Yang JC, Sherry RM, Dudley ME, Wunderlich JR, Nahvi AV, 

Helman LJ, Mackall CL, et al. Tumor regression in patients with metastatic synovial cell sarcoma and melanoma 

using genetically engineered lymphocytes reactive with NY-ESO-1. J Clin Oncol 2011; 29:917-24; 

PMID:21282551; http://dx.doi.org/10.1200/JCO.2010.32.2537</jrn> 

<jrn>11. van Lent AU, Nagasawa M, van Loenen MM, Schotte R, Schumacher TN, Heemskerk MH, Spits H, 

Legrand N. Functional human antigen-specific T cells produced in vitro using retroviral T cell receptor transfer into 

hematopoietic progenitors. J Immunol 2007; 179:4959-68; PMID:17911580</jrn> 

<jrn>12. Zhao Y, Parkhurst MR, Zheng Z, Cohen CJ, Riley JP, Gattinoni L, Restifo NP, Rosenberg SA, Morgan 

RA. Extrathymic generation of tumor-specific T cells from genetically engineered human hematopoietic stem cells 

via Notch signaling. Cancer Res 2007; 67:2425-9; PMID:17363559; http://dx.doi.org/10.1158/0008-5472.CAN-06-

3977</jrn> 

<jrn>13. Vatakis DN, Koya RC, Nixon CC, Wei L, Kim SG, Avancena P, Bristol G, Baltimore D, Kohn DB, Ribas 

A, et al. Antitumor activity from antigen-specific CD8 T cells generated in vivo from genetically engineered human 

hematopoietic stem cells. Proc Natl Acad Sci U S A 2011; 108:E1408-16; PMID:22123951; 

http://dx.doi.org/10.1073/pnas.1115050108</jrn> 

<jrn>14. Bendle GM, Linnemann C, Hooijkaas AI, Bies L, de Witte MA, Jorritsma A, Kaiser AD, Pouw N, Debets 

R, Kieback E, et al. Lethal graft-versus-host disease in mouse models of T cell receptor gene therapy. Nat Med 

2010; 16:565-70, 1p, 570; PMID:20400962; http://dx.doi.org/10.1038/nm.2128</jrn> 

<jrn>15. Giannoni F, Hardee CL, Wherley J, Gschweng E, Senadheera S, Kaufman ML, Chan R, Bahner I, Gersuk 

V, Wang X, et al. Allelic exclusion and peripheral reconstitution by TCR transgenic T cells arising from transduced 

human hematopoietic stem/progenitor cells. Mol Ther 2013; 21:1044-54; PMID:23380815; 

http://dx.doi.org/10.1038/mt.2013.8</jrn> 

<jrn>16. Roberts MR, Cooke KS, Tran AC, Smith KA, Lin WY, Wang M, Dull TJ, Farson D, Zsebo KM, Finer 

MH. Antigen-specific cytolysis by neutrophils and NK cells expressing chimeric immune receptors bearing zeta or 

gamma signaling domains. J Immunol 1998; 161:375-84; PMID:9647246</jrn> 

<jrn>17. Badowski MS, Zhang T, Tsang TC, Harris DT. Chimeric antigen receptors for stem cell based 

immunotherapy. J Exp Ther Oncol 2009; 8:53-63; PMID:19827271</jrn> 

<jrn>18. Li L, Liu LN, Feller S, Allen C, Shivakumar R, Fratantoni J, Wolfraim LA, Fujisaki H, Campana D, 

Chopas N, et al. Expression of chimeric antigen receptors in natural killer cells with a regulatory-compliant non-

viral method. Cancer Gene Ther 2010; 17:147-54; PMID:19745843; http://dx.doi.org/10.1038/cgt.2009.61</jrn> 

<jrn>19. Schirrmann T, Pecher G. Specific targeting of CD33(+) leukemia cells by a natural killer cell line modified 

with a chimeric receptor. Leuk Res 2005; 29:301-6; PMID:15661266; 

http://dx.doi.org/10.1016/j.leukres.2004.07.005</jrn> 

<jrn>20. Kowolik CM, Topp MS, Gonzalez S, Pfeiffer T, Olivares S, Gonzalez N, Smith DD, Forman SJ, Jensen 

MC, Cooper LJ. CD28 costimulation provided through a CD19-specific chimeric antigen receptor enhances in vivo 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22691036&dopt=Abstract
http://dx.doi.org/10.1089/hum.2012.116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21282551&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21282551&dopt=Abstract
http://dx.doi.org/10.1200/JCO.2010.32.2537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17911580&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17363559&dopt=Abstract
http://dx.doi.org/10.1158/0008-5472.CAN-06-3977
http://dx.doi.org/10.1158/0008-5472.CAN-06-3977
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22123951&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1115050108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20400962&dopt=Abstract
http://dx.doi.org/10.1038/nm.2128
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23380815&dopt=Abstract
http://dx.doi.org/10.1038/mt.2013.8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9647246&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19827271&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19745843&dopt=Abstract
http://dx.doi.org/10.1038/cgt.2009.61
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15661266&dopt=Abstract
http://dx.doi.org/10.1016/j.leukres.2004.07.005


Journal: HV; Manuscript #: 2013HV0386 

Page 9 of 10 

persistence and antitumor efficacy of adoptively transferred T cells. Cancer Res 2006; 66:10995-1004; 

PMID:17108138; http://dx.doi.org/10.1158/0008-5472.CAN-06-0160</jrn> 

<jrn>21. Savoldo B, Ramos CA, Liu E, Mims MP, Keating MJ, Carrum G, Kamble RT, Bollard CM, Gee AP, Mei 

Z, et al. CD28 costimulation improves expansion and persistence of chimeric antigen receptor-modified T cells in 

lymphoma patients. J Clin Invest 2011; 121:1822-6; PMID:21540550; http://dx.doi.org/10.1172/JCI46110</jrn> 

<jrn>22. Brentjens RJ, Davila ML, Riviere I, Park J, Wang X, Cowell LG, Bartido S, Stefanski J, Taylor C, 

Olszewska M, et al. CD19-targeted T cells rapidly induce molecular remissions in adults with chemotherapy-

refractory acute lymphoblastic leukemia. Sci Transl Med 2013; 5:77ra38; PMID:23515080; 

http://dx.doi.org/10.1126/scitranslmed.3005930</jrn> 

<jrn>23. Kochenderfer JN, Dudley ME, Carpenter RO, Kassim SH, Rose JJ, Telford WG, Hakim FT, Halverson 

DC, Fowler DH, Hardy NM, et al. Donor-derived CD19-targeted T cells cause regression of malignancy persisting 

after allogeneic hematopoietic stem cell transplantation. [Epub ahead of print]. Blood 2013; 122:4129-39; 

PMID:24055823; http://dx.doi.org/10.1182/blood-2013-08-519413</jrn> 

<jrn>24. De Oliveira SN, Ryan C, Giannoni F, Hardee CL, Tremcinska I, Katebian B, Wherley J, Sahaghian A, Tu 

A, Grogan T, et al. Modification of hematopoietic stem/progenitor cells with CD19-specific chimeric antigen 

receptors as a novel approach for cancer immunotherapy. Hum Gene Ther 2013; 24:824-39; PMID:23978226; 

http://dx.doi.org/10.1089/hum.2012.202</jrn> 

<conf>25. Larson SM, Tu A, Senadheera S, et al. Anti-CD19 chimeric antigen receptor controlled by the 

suicide gene HSVsr39TK in hematopoietic stem cells for immunotherapy of B-lineage malignancies. American 

Society of Hematology Annual Meeting. 2013. Abstract 1659.</conf> 

<jrn>26. Bonini C, Ferrari G, Verzeletti S, Servida P, Zappone E, Ruggieri L, Ponzoni M, Rossini S, Mavilio F, 

Traversari C, et al. HSV-TK gene transfer into donor lymphocytes for control of allogeneic graft-versus-leukemia. 

Science 1997; 276:1719-24; PMID:9180086; http://dx.doi.org/10.1126/science.276.5319.1719</jrn> 

<jrn>27. Straathof KC, Pulè MA, Yotnda P, Dotti G, Vanin EF, Brenner MK, Heslop HE, Spencer DM, Rooney 

CM. An inducible caspase 9 safety switch for T-cell therapy. Blood 2005; 105:4247-54; PMID:15728125; 

http://dx.doi.org/10.1182/blood-2004-11-4564</jrn> 

<jrn>28. Serafini M, Manganini M, Borleri G, Bonamino M, Imberti L, Biondi A, Golay J, Rambaldi A, Introna M. 

Characterization of CD20-transduced T lymphocytes as an alternative suicide gene therapy approach for the 

treatment of graft-versus-host disease. Hum Gene Ther 2004; 15:63-76; PMID:14965378; 

http://dx.doi.org/10.1089/10430340460732463</jrn> 

<jrn>29. Wang X, Chang WC, Wong CW, Colcher D, Sherman M, Ostberg JR, Forman SJ, Riddell SR, Jensen MC. 

A transgene-encoded cell surface polypeptide for selection, in vivo tracking, and ablation of engineered cells. Blood 

2011; 118:1255-63; PMID:21653320; http://dx.doi.org/10.1182/blood-2011-02-337360</jrn> 

<jrn>30. Traversari C, Marktel S, Magnani Z, Mangia P, Russo V, Ciceri F, Bonini C, Bordignon C. The potential 

immunogenicity of the TK suicide gene does not prevent full clinical benefit associated with the use of TK-

transduced donor lymphocytes in HSCT for hematologic malignancies. Blood 2007; 109:4708-15; PMID:17327417; 

http://dx.doi.org/10.1182/blood-2006-04-015230</jrn> 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17108138&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17108138&dopt=Abstract
http://dx.doi.org/10.1158/0008-5472.CAN-06-0160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21540550&dopt=Abstract
http://dx.doi.org/10.1172/JCI46110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23515080&dopt=Abstract
http://dx.doi.org/10.1126/scitranslmed.3005930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24055823&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24055823&dopt=Abstract
http://dx.doi.org/10.1182/blood-2013-08-519413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23978226&dopt=Abstract
http://dx.doi.org/10.1089/hum.2012.202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9180086&dopt=Abstract
http://dx.doi.org/10.1126/science.276.5319.1719
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15728125&dopt=Abstract
http://dx.doi.org/10.1182/blood-2004-11-4564
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14965378&dopt=Abstract
http://dx.doi.org/10.1089/10430340460732463
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21653320&dopt=Abstract
http://dx.doi.org/10.1182/blood-2011-02-337360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17327417&dopt=Abstract
http://dx.doi.org/10.1182/blood-2006-04-015230


Journal: HV; Manuscript #: 2013HV0386 

Page 10 of 10 

<jrn>31. Ciceri F, Bonini C, Stanghellini MT, Bondanza A, Traversari C, Salomoni M, Turchetto L, Colombi S, 

Bernardi M, Peccatori J, et al. Infusion of suicide-gene-engineered donor lymphocytes after family haploidentical 

haemopoietic stem-cell transplantation for leukaemia (the TK007 trial): a non-randomised phase I-II study. Lancet 

Oncol 2009; 10:489-500; PMID:19345145; http://dx.doi.org/10.1016/S1470-2045(09)70074-9</jrn> 

<jrn>32. Barese CN, Krouse AE, Metzger ME, King CA, Traversari C, Marini FC, Donahue RE, Dunbar CE. 

Thymidine kinase suicide gene-mediated ganciclovir ablation of autologous gene-modified rhesus hematopoiesis. 

Mol Ther 2012; 20:1932-43; PMID:22910293; http://dx.doi.org/10.1038/mt.2012.166</jrn> 

<jrn>33. Di Stasi A, Tey SK, Dotti G, Fujita Y, Kennedy-Nasser A, Martinez C, Straathof K, Liu E, Durett AG, 

Grilley B, et al. Inducible apoptosis as a safety switch for adoptive cell therapy. N Engl J Med 2011; 365:1673-83; 

PMID:22047558; http://dx.doi.org/10.1056/NEJMoa1106152</jrn> 

 

Table 1. Malignancies with indication for HCT, listed by type of transplant and clinical setting 
Disease Type of transplant Clinical setting 

Acute leukemias Allogeneic High risk disease, R/R 
Chronic leukemias Allogeneic R/R, TKI resistant 

Myelodysplastic syndromes Allogeneic High risk disease, R/R 
Non-Hodgkin lymphoma Primarily autologous R/R 

Hodgkin lymphoma Primarily autologous R/R 
Multiple myeloma Autologous Early vs. late debated 
Germ cell tumors Autologous R/R 

Central nervous system tumors Autologous R/R 
Sarcoma Autologous Rarely used 

R/R, refractory or recurrent disease; TKI, tyrosine kinase inhibitor. 

 
 
Table 2. Theoretical benefits of CAR-modification of HSCs as compared with T cells 

Persistent production of CAR-enabled immune cells 
Multilineage immune cells armed with CAR 

In vivo proliferation of tumor-specific T-cells leading to establishment of immunological memory 
Intervention using a standard medical procedure 

Decreased side-effects 
Harnessing the immune system to fight cancer 

Enables the use of different targets for same disease 
Enables targeting of any type of cancer 

 
 
Table 3. Examples of suicide gene approaches listed by clinical experience, strengths, and limitations 

 Prodrug 
Clinical 

experience 
Strength Limitation 

HSV-TK Ganciclovir Extensive 
Experience, 

PET imaging 
Potential immunogenicity, prodrug, 

time to activity 
iCaspase 

9 
AP1903 Phase I, DLI 

Rapid onset, no 
immunogenicity 

Lack of experience 

CD20 Rituximab Limited Rapid onset 
Monoclonal antibody biodistribution, 

prodrug infusion reaction 

EGFRt Cetuximab Limited 
In vivo tracking 

Rapid onset 
 

Monoclonal antibody biodistribution, 
prodrug infusion reaction 
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