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The safety of cell therapy applications can be enhanced 
by the introduction of Cell Fate Control (CFC) ele-
ments, which encode pharmacologically controlled 
cellular suicide switches. CFC Gene Therapy (CFCGT) 
offers the possibility of establishing control over gene-
modified cells (GMCs) with regards to their prolifera-
tion, differentiation, or function. However, enzymes 
commonly employed in these approaches often possess 
poor kinetics and high immunogenicity. We describe a 
novel CFCGT system based on engineered variants of 
human deoxyCytidine Kinase (dCK) that overcomes 
limitations of current modalities. Mutants of dCK 
with rationally designed active sites that make them 
thymidine-activating were stably introduced into cells 
by recombinant lentiviral vectors (LVs). Transduced cells 
maintained growth kinetics and function. These dCK 
mutants efficiently activate bromovinyl-deoxyuridine 
(BVdU), l-deoxythymidine (LdT), and l-deoxyuridine 
(LdU), which are otherwise not toxic to wild-type cells. 
We show that mutant dCK-expressing Jurkat, Molt-4, 
and U87mg cells could be efficiently eliminated in vitro 
and in xenogeneic leukemia and tumor models in vivo. 
We also describe a fusion construct of the thymidine-
activating dCK to the cytoplasmic tail-truncated LNGFR 
molecule and applications to in vivo eradication of pri-
mary human T cells. This novel CFCGT system offers 
unique plasticity with respect to the wide range of 
prodrugs it can potentiate, and can be used as a reliable 
safety switch in cell and gene therapy.

Received 29 March 2011; accepted 16 December 2011; advance online 
publication 24 January 2012. doi:10.1038/mt.2011.298

Introduction
The safety of cell therapies in general can be compromised by 
the ex vivo manipulation of the transplanted cells or by the mere 
placement outside of their natural context in vivo. As a result, 
adverse events can range from graft-versus-host disease (GvHD)1 

to donor cell-derived leukemias2 to the development of brain 
tumors3 in treated patients. Moreover, deleterious complications 
from cell therapy can even manifest more than a decade follow-
ing the initial treatment.4 This reality warrants the development 
and application of methods that can offer a universal and reliable 
safety net for cell therapy-based approaches that would endure 
long term. A solution is offered by Cell Fate Control Gene Therapy 
(CFCGT), which aims to establish permanent pharmacological 
controls over the proliferation, differentiation, and/or function 
of gene-modified cells (GMCs). Transplanted cells, engineered to 
express such a Cell Fate Control (CFC) element, could then be 
selectively deleted in vivo by the specific activation of an otherwise 
nontoxic prodrug in such cells.

Historically, the most commonly employed CFCGT strategy 
relies on the stable delivery of the herpes simplex virus-derived 
thymidine kinase sequence, which renders transduced cells sensi-
tive to ganciclovir or acyclovir.5 While clinical studies performed 
to date have documented the utility of this system, they have also 
highlighted several limitations of this approach.6–9 This modal-
ity is suboptimal due to poor prodrug activation kinetics,10–12 
escape from drug selection,7,13–15 and immunological rejection 
of GMCs due to the foreign nature of the transgene product.16,17 
The widespread reliance on prophylactic ganciclovir to control 
opportunistic cytomegalovirus infections in patients undergoing 
transplantation further limits the broad implementation of herpes 
simplex virus-derived thymidine kinase-based CFCGT.18

We have previously described a novel CFCGT strategy based 
on the lentiviral delivery of a thymidylate monophosphate kinase 
variant that potentiates the activation of the prodrug azidothymi-
dine.19 While this system overcomes some of the major limitations 
of currently employed approaches, we sought to develop addi-
tional CFCGT strategies to improve and possibly complement our 
thymidylate monophosphate kinase/azidothymidine axis. Firstly, 
we sought an enzyme-prodrug system that would act earlier in the 
prodrug activation pathway enabling the rapid accumulation of 
the active metabolites in the cells. Secondly, we sought an enzyme 
that overcomes the rate-limiting step in the activation pathway 
of its substrates. And, thirdly, we sought a system that has the 
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potential capacity for tracking therapeutic progress in a clinically 
applicable manner.

We now describe a next-generation CFCGT strategy based 
on active site-engineered variants of the human deoxyCytidine 
Kinase (dCK) enzyme. This enzyme is an essential kinase in the 
salvage pathway of nucleotide synthesis. dCK normally catalyzes 
the monophosphorylation of deoxyadenosine, deoxyguanos-
ine, and deoxycytidine nucleosides, but not deoxythymidine or 
deoxyuridine. Activation of a multitude of nucleoside analogue-
based prodrugs is mediated by dCK, and it is also capable of phos-
phorylating nucleosides with the nonphysiological L-chirality.20–22 
The determination of the X-ray crystal structures of this enzyme 
in complex with different substrates facilitated the rational mod-
ification of its active site to improve the catalytic efficiency and 
alter substrate specificity.23 In one embodiment, human dCK was 
modified to generate the dCK.R104M.D133A double mutant that 
accommodates deoxythymidine and deoxyuridine nucleoside 
analogs (NAs) at its active site.24 Phosphorylation of several well-
characterized prodrugs, such as bromovinyl-deoxyuridine (brivu-
dine or BVdU), l-deoxythymidine (LdT), and l-deoxyuridine 
(LdU) is catalyzed by this thymidine-activating mutant of dCK 
with high efficiency (kcat/Km of 1.0–2.3 × 104 l/mol s–1).25 The 
nucleoside kinase activity of dCK is further regulated in the cell 
by phosphorylation of the Ser74 residue, and mimicking this 
phosphorylation by a S74E mutation was shown to dramatically 
increase dCK activity—up to 11-fold.26,27 Furthermore, dCK is the 
rate-limiting enzyme in the phosphorylation pathway of nucleo-
sides in the cell.28 Lastly, the ability of these dCK mutants to facili-
tate rapid retention of thymidine-based radiotracers also provides 
capabilities for direct imaging of GMCs in situ by positron emis-
sion tomography.29

Here, we report that stable recombinant lentiviral vector (LV)-
mediated delivery of dCK.R104M.D133A (dCK.DM, for double 
mutant), dCK.R104M.D133A.S74E (dCK.DM.S74E), and dCK.
DM.S74E fused to truncated LNGFR renders human cells highly 
sensitive to the prodrugs BVdU, LdT, and LdU via induction of apop-
tosis. We further demonstrate that our mutant dCK-based CFCGT 
is highly selective for cells expressing the thymidine-activating 
mutants of dCK, but not for cells overexpressing wild-type dCK. 
We also show that the mutant dCK/BVdU-based CFCGT induces 
apoptosis via an additional pathway that is distinct from the incor-
poration of the cytotoxic BVdU metabolites into newly synthesized 
DNA. This pathway allows for cell cycle-independent killing of 
nondividing cells via BVdU activation. Finally, we demonstrate the 
utility of the dCK-based CFCGT in stringent murine models of 
xenogeneic tumors and aggressive leukemias in vivo. These dCK 
mutants thus provide for robust activation and accumulation of a 
multitude of NA-based prodrugs, overcome the rate-limiting prod-
rug activation step, and act early in the activation pathway enabling 
rapid accumulation of activated NAs in target cells.

Results
Construction and validation of novel LVs  
for dCK-based CFCGT
The constructs developed in this study for the lentivirus-mediated 
delivery of engineered human dCK variants are diagrammed 
in Figure  1a. We used a bicistronic design we have employed 

previously.19 For initial studies, we simultaneously expressed the 
dCK mutants and a cell surface-expressed marker, cytoplasmic-
tail-truncated version of the human CD19 molecule, from the same 
mRNA transcript by use of an internal ribosome entry site (IRES) 
element.30 We transduced Jurkat and Molt-4 T cell lymphoma cell 
lines along with the U87mg glioblastoma–astrocytoma cell line at a 
multiplicity of infection of 20 with LVs engineering the expression 
of either the wild-type dCK (dCK.WT), dCK.R104M.D133A dou-
ble-mutant (dCK.DM), dCK.R104M.D133A.S74E triple-mutant 
(dCK.DM.S74E), or the enhanced green fluorescent protein (eGFP). 
Marked overexpression of the dCK proteins in transduced Jurkat 
cells was confirmed by western blotting with an anti-dCK mono-
clonal antibody, which detected the expected dCK band of ~31 kDa 
(Figure 1b). Expression levels of wild-type dCK in nontransduced 
Jurkat cells were below the detection limit in this experiment.

To confirm the feasibility of immunoaffinity enrichment of 
transduced cells based on huCD19Δ marker expression and to 
ensure all cells further used in this study expressed the dCK CFC 
element, we isolated transduced Jurkat, Molt-4, and U87mg cells 
by fluorescence-activated cell sorting (FACS). The resulting popu-
lations were of 96–99% purity (Figure 1c–e). LV-eGFP-transduced 
U87mg cells were also successfully sorted to above 98% purity by 
FACS (data not shown). Importantly, we have not observed sig-
nificant differences in cell proliferation rates between transduced 
cells and controls (data not shown). To confirm the genetic and 
expressional stability of our transduced Jurkat cell populations, 
the average copy number of integrated provirus was assessed by 
quantitative real-time PCR (Q-PCR). We found that all of our 
enriched long-term-cultured Jurkat cells harbored an average of 
three copies of integrated provirus per genome (Figure 1f).

Determination of intracellular accumulation  
of activated BVdU metabolites
To confirm the functionality of the dCK mutants, we assessed 
the accumulation of phosphorylated forms of BVdU by high-
performance liquid chromatography analyses of cell extracts of 
transduced Jurkat cells following prodrug treatment. BVdU-treated 
cells that expressed the thymidine-activating dCK.DM or dCK.
DM.S74E mutants demonstrated a significant accumulation of intra-
cellular BVdU monophosphate, which was further phosphorylated 
by cellular kinases into BVdU-diphosphate and BVdU-triphosphate 
forms (Figure 1g). Importantly, we did not observe accumulation 
of BVdU monophosphate in nontransduced controls or cells over-
expressing wild-type dCK, consistent with the inability of wild-type 
dCK to phosphorylate thymidine-based NAs.24 Significant accumu-
lation of BVdU-diphosphate and BVdU-triphosphate metabolites 
during this short 12-hour treatment indicated that we successfully 
overcame the rate-limiting step for BVdU activation in cells express-
ing the dCK.DM.S74E CFC element.

Sensitivity of human cell lines to BVdU and  
LdT prodrugs in vitro
Transduced and enriched polyclonal cultures of Jurkat, Molt-4, 
and U87mg cells were cultured in the presence of increasing con-
centrations of BVdU (Figure 2a,c,e) or LdT (Figure 2b,d,f) for a 
period of 5 days, after which cell viability was determined. Cells 
expressing the thymidine-activating dCK.DM and dCK.DM.S74E 
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mutants demonstrated significantly increased sensitivity to both 
prodrugs. Underlining the high selectivity of the system, no loss 
of viability was observed in treated cultures of nontransduced 
controls or controls overexpressing wild-type dCK, with only 
limited toxicity in Jurkat and Molt-4 control cells treated with 
the highest, millimolar concentration of BVdU. U87mg and 
Jurkat cells expressing dCK.DM and dCK.DM.S74E were more 
sensitive to BVdU (EC50 of 0.3 µmol/l and 210 µmol/l for dCK.
DM.S74E, respectively) than Molt-4 cells (EC50 of 62 µmol/l 
for dCK.DM.S74E), with complete cell killing at 100 µmol/l of 
BVdU as confirmed by trypan blue exclusion staining (data not 
shown). U87 and Jurkat cells expressing dCK.DM.S74E were 
similarly sensitive to LdT (EC50 of 210 µmol/l and 230 µmol/l, 

respectively), and were also more sensitive to LdT than Molt-4 
cells (EC50 of 1 mmol/l). Jurkat and Molt-4 cells were also sensi-
tive to LdU (EC50 of 30 µmol/l and 230 µmol/l, respectively, data 
not shown), but this prodrug is somewhat toxic to wild-type cells 
at high concentrations owing to the substrate promiscuity of 
wild-type dCK.

Identification of mechanisms of cell killing induced  
by BVdU-activation
Since BVdU has proven to be most effective for dCK-mediated 
CFCGT in these target cell populations, we investigated its under-
lying mechanisms of cell killing in depth. As evidenced by a sig-
nificant increase in Annexin-V staining of Jurkat cells expressing 
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Figure 1 C haracterization of lentiviral vector (LV)-driven dCK variant expression and prodrug activation in vitro. (a) Diagrammatic represen-
tation of LV expression constructs used in these studies. The transcription of the expression cassettes is driven off the elongation factor 1-α (EF1-α) 
promoter. The deoxyCytidine Kinase (dCK)-encoding vectors carry a bicistronic cassette, with the translation of the second cDNA, cytoplasmic tail-
truncated human CD19 (huCD19Δ) marker, driven by the internal ribosomal entry site (IRES) derived from the encephalomyocarditis virus (EMCV). 
Ψ, human immunodeficiency virus packaging signal; cPPT, central polypurine tract; EGFP, enhanced green fluorescent protein; LNGFRΔ, cytoplasmic 
tail-truncated low-affinity nerve growth factor receptor; LTR, long-terminal repeat; RRE, rev response element; SA, splice acceptor; SD, splice donor; 
SIN, self-inactivating LTR; WPRE, woodchuck hepatitis virus post-transcriptional regulatory element. (b) Detection of overexpressed dCK enzyme by 
Western blotting of lysates from transduced Jurkat cells. Next, (c) Jurkat, (d) Molt-4, and (e) U87mg cells transduced with different LV/dCK constructs 
and sorted by fluorescence-activated cell sorting (FACS) were analyzed by flow cytometry for human CD19 expression (dotted line, nontransduced 
control cells; alternating dash/dot line, dCK.WT; dashed line, dCK.DM; solid line, dCK.DM.S74E). (f) Average provirus copy numbers in sorted popula-
tions of transduced Jurkat cells were quantified by WPRE-based quantitative-PCR (Q-PCR) and standardized against a cell line known to express a single 
proviral copy (error bars represent SE of the mean; n = 3; *indicates statistically significant difference, P < 0.005). (g) Lysates of transduced and non-
transduced control Jurkat cells treated with 10 µmol/l bromovinyl-deoxyuridine (BVdU) for 12 hours were analyzed by high-performance liquid chro-
matography (HPLC) for intracellular accumulation of phosphorylated BVdU metabolites, immediate dCK product BVdU-monophosphate (BVdU-MP), 
BVdU-diphosphate and- triphosphate (BVdU-DP/TP) (error bars represent SD; n = 3; *indicates statistically significant difference, P < 0.005).
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dCK.DM.S74E following BVdU-treatment for 5 days, we con-
firmed that BVdU activation induced cell death by apoptosis 
(Figure  3a). We further observed loss of mitochondrial inner 
membrane potential in cells expressing dCK.DM.S74E and treated 
with BVdU (Figure 3b).

BVdU-monophosphate is a competitive inhibitor of thymi-
dylate synthase (TS) (Ki of 4.5 µmol/l).31 Since TS inhibition in 
cells is known to induce cell proliferation arrest and caspase-
dependent apoptosis, at least in part via the mitochondrial 
pathway,32 we wanted to assess if TS inhibition by BVdU activation 
contributed to the cell killing observed in our hands. Indeed, the 
addition of exogenous thymidine (dThd) partially rescued cells 
from BVdU-mediated cell killing (Figure 3c). To evaluate BVdU-
mediated cell killing of nondividing cells, CFSE-labeled cells 
were treated with a cell cycle progression inhibitor, nocodazole, 
and cultured in the presence or absence of 100 µmol/l BVdU. The 
apoptotic index of the CFSEhigh cell-cycle progression-inhibited 
cell population increased approximately twofold in the BVdU-
treated group compared to untreated controls (Figure 3d). This 
increase in apoptosis was largely rescued by exogenous thymi-
dine (Figure 3d). To assess BVdU-mediated cell killing in natu-
rally nondividing cell populations, we transduced and enriched 
primary human T  cells, activated them with anti-CD3/CD28 

beads and interleukin (IL)-2, and then removed stimulation 
after 1 week to derive cell cycle-arrested T cells. In cell cultures 
that had stimulation removed, >95% of cells arrested in the G0/
G1 phase of the cell cycle (Supplementary Figure S2 and Table 
in Figure  3e). Importantly, the populations derived could be 
reactivated by addition of anti-CD3/CD28 beads and IL-2 back 
into the cell culture media (data not shown); thereby they mimic 
quiescent-state T cells that have the potential to cause GvHD. 
As shown in Figure  3e, stimulation-withdrawn, G0/G1-arrested 
T cells were still selectively killed by treatment with 100 µmol/l 
BVdU (Figure 3e), albeit to a lesser extent than activated, rapidly 
dividing T cells (Figure 5c, below). Taken together, these findings 
suggest that dCK-mediated activation of BVdU can drive cell kill-
ing of nondividing cells by apoptosis.

Tumor formation is repressed by dCK-based CFCGT 
in vivo in a xenogeneic murine model
To assess the efficiency of dCK-based cell killing in vivo, we estab-
lished U87mg-derived subcutaneous tumors in Non-Obese/
Diabetic Severe Combined Immunodeficient (NOD/SCID) mice. 
Long-term growth of tumors derived from transduced U87mg 
cells expressing the thymidine-activating dCK.DM.S74E, but not 
from eGFP-expressing control cells, was efficiently inhibited by a 
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Figure 2 S ensitivity of deoxyCytidine Kinase (dCK)-transduced cells to prodrug treatment in vitro. Transduced and fluorescence-activated cell 
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3-week treatment with 60 mg/kg/day BVdU injected intraperito-
neally (Figure 4a). Palpable tumors were first detected in control 
mice at about 4 weeks (data not shown). After a long-term follow 
up of 12 weeks, only 4 out of the 11 mice (36%) in the U87mg-dCK.

DM.S74E BVdU-treated group developed sizable tumors, compared 
to 100% of the mice in all the other groups (n = 7–10). Dissociated 
tumor cells from the U87mg-dCK.DM.S74E BVdU-treated group, 
analyzed by flow cytometry, showed either no expression or a 
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20 µmol/l dThd, or both for 4 days. Induction of apoptosis in CFSEhigh nondividing cells was assessed by Annexin V staining. (Apoptotic index measures 
the fold increase in Annexin-V positive cells in BVdU-treated cells over untreated control. Error bars represent SD; data was acquired in duplicate; 
*indicates statistically significant differences between groups, P < 0.05). (e) Human T cells transduced with LNGFRΔ.dCK.DM.S74E vector and non-
transduced controls were cultured with anti-CD3/CD28 beads and IL-2 stimulation removed (stimulation-withdrawn (S.-W.) cells). Cell-cycle distribu-
tion was assessed by propidium iodide staining of fixed cells, and analyzed by flow cytometry, with the results tabulated. Cell viability following a 
4-day exposure of the cells to 100 µmol/l BVdU was assessed by the MTS assay. (Error bars represent SE; data acquired in quadruplicate; *indicates 
statistically significant differences between BVdU-treated and untreated groups, P < 0.01).
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marked reduction of huCD19Δ levels (data not shown), suggesting 
that populations of nontransduced cells or cells expressing very low 
levels of dCK.DM.S74E may have been preferentially amplified in 
that case.

CFCGT based on a thymidine-activating dCK  
mutant increased survival in a stringent model  
of T cell leukemia
To test the limits of dCK-based CFCGT, we employed a model 
of aggressive xenogeneic T cell leukemia in NOD/SCID animals. 
Tail-vein injections of Molt-4 cells resulted in a disseminated leu-
kemia in 100% of injected animals with a median survival of ~5 
weeks (Figure 4b,c). A 2-week treatment of animals with estab-
lished leukemias derived from dCK.DM.S74E-transduced Molt-4 
cells with 50 mg/kg/day of BVdU (Figure 4b) or LdT (Figure 4c) 
significantly increased median survival by 1 week, compared 
to untreated controls. No survival increase was observed in 
mice injected with Molt-4 cells overexpressing wild-type dCK 
(Figure  4b,c). Since the enriched cell populations were only 
~96% positive for marker expression, we expected some selec-
tive amplification of residual, nontransduced cell populations or 
cells expressing low levels of dCK.DM.S74E. Indeed, analyses of 
internal tumors collected from several euthanized BVdU-treated 
animals showed a marked presence of nontransduced cells or 
huCD19Δlow cells that ranged from 5 to 90%.

Effective CFCGT based on a truncated LNGFR-dCK 
mutant fusion in primary human T cells
We engineered and constructed the LNGFRΔ-dCK.DM.S74E 
direct fusion for applications involving cells that did not express 
high levels of our truncated huCD19, such as primary human 
T cells. Such a fusion also combines the cell marking and suicide 
functions into a single unit, allowing constructs of a bicistronic 
nature to be generated that may have different therapeutic foci. To 
ensure that the LNGFR-dCK fusion was stably expressed, we first 
transduced Jurkat cells with the LV engineering the expression 
of the LNGFRΔ-dCK.DM.S74E fusion and analyzed cell lysates 
by Western blotting (Figure  5a). Probing with both dCK- and 
LNGFR-directed antibodies yielded bands of the expected size. No 
bands of reduced apparent molecular weight were observed, sug-
gesting that the fusion construct is proteolytically stable. Primary 
human T cells transduced with a LV engineering expression of 
the LNGFRΔ-dCK.DM.S74E fusion could be enriched by mag-
netic cell sorting to >99% purity based on the cell surface com-
ponent of the fusion (Figure 5b). No significant changes in CD4/
CD8 ratios following transduction, or changes in the ability of the 
transduced T cells to produce IFN-γ or IL-2 upon stimulation 
were observed (Supplementary Figure S1). Transduced human 
primary T cells, cultured in the presence of increasing concentra-
tions of BVdU (Figure 5c) or LdT (Figure 5d) for 5 days, could be 
rapidly and selectively killed in vitro with an EC50 of ~2.5 µmol/l 
and ~350 µmol/l, for BVdU and LdT, respectively, with no sig-
nificant toxicity to nontransduced cell controls at these prodrug 
concentrations. Finally, LNGFRΔ-dCK.DM.S74E-transduced pri-
mary T cells infused into NOD/SCID mice engrafted, and could 
be selectively and efficiently cleared from circulation with BVdU 
treatment (Figure 5e).
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Figure 4 U 87mg and Molt-4 cells transduced with the thymidine-
activating mutant of deoxyCytidine Kinase (dCK) are sensitive to 
prodrug-mediated cell killing in vivo in tumor and leukemia models of 
cancer. (a) Subcutaneous tumors in NOD/SCID mice formed by U87mg 
cells transduced with dCK.DM.S74E but not control eGFP-transduced cells 
were efficiently eradicated in vivo by treatment with bromovinyl-deoxyuri-
dine (BVdU) (eGFP, U87mg cells transduced with LV-eGFP; dCK.DM.S74E, 
U87mg cells transduced with LV-dCK.DM.S74E; +BVdU, treated with 
60 mg/kg/day of BVdU for 21 days). (Error bars represent SE of the mean; 
percentages above the bars represent proportion of mice that had measur-
able tumors; n = 7–11 for treatment groups and n = 3 for PBS controls; 
*indicates statistically significant difference, P<0.005). (b,c) Kaplan-Meier 
survival curves of mice with Molt-4-derived leukemias. Aggressive T cell leu-
kemia was induced in pre-conditioned NOD/SCID animals by intravenous 
tail vein administration of human Molt-4 cells (dCK.WT, Molt-4 cells trans-
duced with LV-dCK.WT; dCK.DM.S74E, Molt-4 cell transduced with LV-dCK.
DM.S74E; PBS, PBS-injected control animals; +LdT, treated with 50 mg/kg/
day of l-deoxythymidine (LdT); +BVdU, treated with 50 mg/kg/day of BVdU; 
dotted line below x-axis underlines the drug treatment window). Survival of 
mice with established leukemias derived from Molt-4 cells-expressing dCK.
DM.S74E was increased with LdT (b) or BVdU (c) treatments (median sur-
vival increase of 1 week) administered for 14 days starting day 15 after cell 
injection (n = 3–10; *indicates statistically significant difference compared to 
control, P < 0.05). LV, lentiviral vector.
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Discussion
CFCGT is potentially useful across a wide spectrum of therapeutic 
applications in cell and gene therapy, where it can provide a safety 
net against adverse outcomes. Such applications include, but are 
not limited to, managing GvHD in hematopoietic cell transplanta-
tion, improving safety of therapies based on embryonic stem cells 
and induced pluripotent stem cells, and safeguarding against onco-
genic transformation that could be caused by integrating vectors in 
gene therapy. In addition, CFCGT can be used proactively in treat-
ing cancer, primarily relying on bystander effects in solid tumors 
(Neschadim, A, Wang, JCM, Lavie, A, and Medin, JA manuscript 
submitted, ref. 33). For successful application in the clinic, CFCGT 
must fulfill a number of criteria: it should be nonimmunogenic, 
have good prodrug-activation kinetics, and be able to affect differ-
ent cell types, both dividing and nondividing. These criteria could 
be fulfilled by CFCGT based on the human thymidine-activating 
variant of dCK we describe herein, which provides several addi-
tional advantages as well. Firstly, the thymidine-activating variant 
of human dCK is predicted to have low immunogenicity in patients. 
Secondly, dCK, being a nucleoside kinase, permits effective imag-
ing of genetically modified cells to assess both the progress of the 
therapy and the progress of CFCGT in situ by positron emission 
tomography using the 18F-2′-fluoro-2′-deoxyarabinofuranosyl-5-
ethyluracil radiotracer.29 Thirdly, our novel dCK-based CFCGT 

permits the use of a range of thymidine-based (BVdU, LdT) and 
uridine-based (LdU) prodrugs with favorable pharmacokinetic 
properties and safety profiles. Finally, we have shown that dCK 
mutants can be directly fused to cell-surface markers, enforcing a 
1:1 correlation in the expression of the marker and the cell fate con-
trol protein that would facilitate more complex vector construction 
involving other therapeutic sequences.

In this study, we have demonstrated the applicability of two 
clinically relevant prodrugs, BVdU and LdT, with our novel dCK-
based CFCGT. We also reasoned that validating our dCK-based 
CFCGT efficiency using polyclonal cell populations (as opposed 
to single-cell-derived clonal populations) better reflected a level 
of heterogeneity expected following gene transfer into primary 
cells and is more relevant to clinical protocols. The two prod-
rugs, LdT and BVdU, have well-known toxicity profiles and are 
well-tolerated in patients.34,35 Furthermore, both prodrugs pos-
sess good oral bioavailability that enables administration in the 
clinical setting.

BVdU is well-tolerated in mice at doses of 500–1,000 mg/kg/day 
administered over long periods of time.35 Concentrations as high 
as 15 mg/kg/day have been successfully used in pediatric patients 
with no toxic side effects.36 In a single 250 mg administration (for 
a 60–70 kg patient) Baba et al.37 observed 1.2–2.2 µg/ml BVdU in 
the  plasma at 1 hour post-administration. This dose is roughly 
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4 mg/kg and those concentrations translate into ~3.6–6.6 µmol/l. 
BVdU is well-absorbed if given orally and has been used in the 
clinic for over 30 years in some European countries for the treat-
ment of herpes zoster. While active BVdU metabolites can inhibit 
DNA replication in dividing cells, BVdU is also effective against 
nondividing cells through the inhibition of TS, an essential enzyme 
in the de novo pathway of nucleotide synthesis.38 Inhibition of TS 
by BVdUMP, a major intracellular metabolite of BVdU, induces cell 
proliferation arrest and caspase-dependent apoptosis via the mito-
chondrial pathway—at least in part.32 In contrast, herpes simplex 
virus-derived thymidine kinase-mediated cell killing requires cell 
proliferation for the cytotoxic effect of ganciclovir, whereby gan-
ciclovir triphosphate is incorporated into DNA of dividing cells 
causing DNA chain termination.

Like BVdU, LdT is well-tolerated in a range of animal species 
at doses of 2,000 mg/kg/day and higher.39 Once monophosphory-
lated, LdT is efficiently phosphorylated further by nonstereospecific 
cellular kinases and inhibits cellular DNA polymerases.40 Its plasma 
half-life in humans is 2.5–5 hours,34 and it has been approved by the 
US Food and Drug Administration and the European Commission 
in 2006 for treatment of chronic hepatitis B.

Implementation of CFCGT that can activate multiple different 
prodrugs offers advantages for the clinic, permitting the selection 
of the most suitable prodrugs on an individual patient-by-patient 
basis. The different cell lines used in the current experiments, 
Jurkat, Molt-4, and U87mg, exhibited varying degrees of sensi-
tivity to BVdU and LdT. In Jurkat cells, but not in the other cell 
lines tested, dCK.DM performed poorer than dCK.DM.S74E in 
response to BVdU (EC50 of 115 µmol/l and 6.5 µmol/l, respec-
tively) and LdT (EC50 of >1 mmol/l and 230 µmol/l, respectively). 
One possibility is that the activity of dCK in this cell line could 
be under tight regulation by hypophosphorylation of its Ser74 
residue, which has been documented in other studies.41 Our S74E 
variant of dCK clearly overcomes this dependency. Of the three 
cell lines tested, U87mg cells showed an increased degree of sensi-
tivity to BVdU, but not to LdT. The unusually high cytotoxicity in 
U87mg cells expressing dCK.DM.S74E following BVdU treatment 
may indicate the increased sensitivity of this cell line to TS inhibi-
tion. Importantly, we also demonstrated that primary human T 
cells could be efficiently transduced, enriched, and killed in vitro 
and in vivo with CFCGT based on the LNGFRΔ-dCK.DM.S74E 
fusion, highlighting the clinical utility of this vector construct for 
T cell-based therapies, in particular.

NOD/SCID models with human-origin malignancies repre-
sent an extreme scenario, whereby an aggressive tumor is growing 
in the absence of cancer immuno-editing present in immunocom-
petent hosts. We achieved efficient suppression of dCK.DM.S74E-
expressing subcutaneous tumors in mice following BVdU treatment. 
Nevertheless, a few smaller tumors did manifest in some treated 
animals following the 12-week follow-up in this study. The tumors 
consisted of nontransduced cells or cells expressing lower trans-
gene levels. However, this result is expected when polyclonal cell 
populations are used. Additionally, genetic and epigenetic insta-
bilities of tumor cells have previously been identified as a serious 
limitation of suicide gene therapy in general, with either polyclonal 
or clonal cell populations.42 Likewise, the preferential expansion of 
prodrug-nonresponsive cell populations is a limiting caveat of our 

stringent disseminated leukemia model. Additionally, all animals 
succumbed to malignancy, and this is likely due to cells migrat-
ing into areas of decreased accessibility of the prodrug, such as the 
CNS (since most animals had to be euthanized due to hind-limb 
paralysis). Other reasons could have contributed to this. Very high 
doses of BVdU and LdT are well-tolerated in mice. However, LdT 
and BVdU have poor aqueous solubility (~20 mg/ml and ~3 mg/
ml, respectively), which does not permit the delivery by injection 
of much larger doses than those used in these current experi-
ments. Other drug delivery schemas may need to be employed. 
Furthermore, there is some species variability in the plasma persis-
tence of BVdU that could account for its poorer activity in mice. In 
one study, BVdU plasma half-life was measured in mice and in rats 
to be ~45 minutes, but in mice the prodrug was completely cleared 
after 6 hours, whereas in rats low levels of BVdU still persisted after 
that time.43 These factors, however, should not be limiting in larger 
animal models and in human patients, where the plasma half-life 
of LdT and BVdU is >2 hours, and the terminal half-life of these 
drugs is much longer.34,44

Our studies demonstrate the broad applicability and utility of 
dCK-based CFCGT, which overcomes limitations of most cur-
rent modalities. A new approach utilizing an inducible caspase-9 
CFCGT has been recently evaluated in the clinic. That system 
enabled rapid clearance of gene-modified T cells and control of 
acute GvHD with complete remission for at least 12 months.45 
However, the clearance was still not optimized and re-expansion 
of gene-modified T cells that are less susceptible to prodrug-me-
diated killing was still observed.45 Overall, the tunability of the 
threshold of inducible caspase-9 expression levels required for effi-
cient cell killing and the basal toxicity of this construct, stemming 
from chemical dimerizer-independent activation of inducible cas-
pase-9, need to be better defined in the context of long-term clini-
cal follow-up and chronic GvHD.46 Finally, the immunogenicity 
of the 20 amino acid-long 2A-like cleavable peptide of viral origin 
employed in that system, and largely retained with the cleaved cas-
pase-9, has not been investigated yet.47 We thus believe that novel 
CFCGT strategies based on fully human transgenes, such as the 
dCK-based system described here, provide for robust and tunable 
means of eradicating cells in case of adverse events. The ability to 
utilize multiple drugs, acting via complementary mechanisms, to 
eradicate GMCs, coupled with the ability to image the progress of 
the therapy by whole-body imaging in situ, are the major attrac-
tive features of this system.

Materials and Methods
Construction of LV expression vectors and production of high-titer virus. 
Plasmids containing the cDNA for wild-type dCK and dCK.R104M.
D133A were previously described.24 Recombinant LV vectors for bicis-
tronic expression of wild-type dCK and the R104M.D133A dCK double 
mutant (DM) were constructed by first subcloning the corresponding 
dCK cDNA into the pSV-IRES-huCD9Δ vector also described previ-
ously.19 The resulting dCK-IRES-huCD19Δ cassette was then subcloned 
downstream of the EF1-α promoter into our HIV1-based recombinant LV 
expression plasmid, pHR′-cPPT-EF-WPRE-SIN, described previously.48 
The resulting pHR′-EF-dCK.DM-WPRE-SIN vector was then modified 
by QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, 
CA), following the manufacturer’s instructions, to generate the pHR′-EF-
dCK.DM.S74E-WPRE-SIN vector, coding for the R104M.D133A.S74E 
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dCK triple-mutant (DM.S74E).24 The mutagenesis primers used were: 
S74E Forward 5′-CAAGATGAATTTGAGGAACTTACAATGGAGCAG 
AAAAATGGTGGGAATGTTC-3′ and S74E Reverse 5′-GAACATTCCC 
ACCATTTTTCTGCTCCATTGTAAGTTCCTCAAATTCATCTTG-3′. 
The LV vector encoding the eGFP cDNA, pHR′-EF-eGFP-WPRE-SIN, was 
described previously.48 To construct an LNGFR-dCK fusion, the human 
LNGFR-encoding cDNA sequence was truncated in the intracellular region 
of the protein (after the Ser277 residue), and, through a cDNA encod-
ing a flexible Ala-Gly-Gly-Ala-Ala-Gly spacer, fused directly in-frame to 
the cDNA of the dCK.DM.S74E mutant. The LNGFRΔ-dCK.DM.S74E 
sequence was codon optimized and synthesized to contain flanking 
5′ AscI and 3′ BamHI restriction sites by GenScript (Piscataway, NJ). The 
LNGFRΔ-dCK.DM.S74E cDNA was then subcloned into the pHR′-cPPT-
EF-WPRE-SIN plasmid to give the final pHR′-cPPT-EF-LNGFR-ΔdCK.
DM.S74E-WPRE-SIN construct. Fidelity of all constructs was confirmed by 
sequencing. VSV-g-pseudotyped LVs were generated by transient transfec-
tion of 293T cells (ATCC, Manassas, VA) with PEI (Sigma, Oakville, ON) 
using the three-plasmid system (pHR′ plasmid construct, packaging plas-
mid pCMVΔR8.91 packaging plasmid, and the pMD.G VSV-g expression 
plasmid). Viral supernatant was harvested, concentrated by ultracentrifuga-
tion, assessed for titer, and stored until use as described previously.19

Cell culture and transduction of cell lines. Human T cell lymphoma cell 
lines, Jurkat (ATCC) and Molt-4 (ATCC), were maintained in Roswell Park 
Memorial Institute 1640 media (RPMI-1640; Sigma) and supplemented 
with 10% fetal bovine serum (PAA, Toronto, ON), 100 U/ml penicillin, 100 
µg/ml streptomycin, and 2 mmol/l glutamine (Invitrogen, Carlsbad, CA). 
Cells of the human glioblastoma-astrocytoma cell line, U87mg (ATCC), 
were maintained in Dulbecco’s modified Eagle’s medium (Sigma) supple-
mented as for RPMI-1640 above. Cells were infected with concentrated 
LVs at an approximate multiplicity of infection of 20 in the presence of 
8 µg/ml of protamine sulfate (Sigma) over a culture period of 16 hours. 
Human primary T lymphocytes were expanded from Ficoll–Hypaque 
(Amersham, Piscataway, NJ) separations of peripheral blood mononu-
clear cells from peripheral blood of healthy volunteers. Briefly, peripheral 
blood mononuclear cells were maintained at 1 × 106 cells/ml in X-Vivo-20 
(Lonza, Walkersville, MD) supplemented with 5% heat-inactivated human 
AB serum (Invitrogen). The T cells were activated using anti-CD3/CD28 
beads (3 × 106 beads per peripheral blood mononuclear cells) and 20 IU/ml  
of recombinant human interleukin-2 (AbD Serotec, Raleigh, NC) in the 
presence of 1 µmol/l rapamycin (Sigma). T cells were infected at 48 hours 
of culture with concentrated LV at an approximate multiplicity of infection 
of 100.

Analysis of human CD19 and LNGFR expression along with enrichment 
of transduced cells. Expression of truncated human CD19 or LNGFR 
was assessed by flow cytometry on transduced cells at least 72 hours post-
transduction. Transduced cells and nontransduced controls were immu-
nostained at a 1:20 dilution with anti-CD19-PE, anti-CD19-APC, or 
anti-LNGFR-PE antibodies (BD Biosciences, San Jose, CA) and analyzed 
on a FACS Calibur flow cytometer (BD Biosciences) using the CellQuest 
software (BD Biosciences). To establish polyclonal transduced cell lines 
with high CD19 marker expression, cells were immunostained as above 
and sorted for the top 10% CD19 high-expressing cells on a BD FACS 
Aria (BD Biosciences). Following brief re-expansion in culture, cells were 
resorted again at least one or two times. Cells transduced with eGFP-cod-
ing LV were sorted similarly for high eGFP expression. Transduced pri-
mary T cells were enriched for high LNGFRΔ-dCK.DM.S74E expression 
by indirect magnetic cell sorting (MACS; Miltenyi Biotec, Auburn, CA), 
following the manufacturer’s instructions. Briefly, cells were stained on ice 
with 1:20 diluted anti-LNGFR-PE antibody (BD Biosciences) and the sup-
plied FcR-blocking reagent, then washed and stained on ice with rat anti-
mouse IgG1 MicroBeads (Miltenyi Biotec). To obtain high-purity LNGFR+ 
populations, labeled cells were passed through two sequential positive 

selection MS MACS separation columns (Miltenyi Biotec), following the 
manufacturer’s instructions. To obtain cell cycle-arrested T cells, anti-
CD3/CD28 beads and IL-2 stimulation was withdrawn following 1 week 
of culture.

Analysis of human CD4 and CD8 expression on transduced primary 
human T cells along with IFN-γ and IL-2 production in response to 
stimulation. Expression of human CD4 and CD8 was assessed by flow 
cytometry analyses of transduced cells at >72 hours post-transduction. 
Transduced cells and nontransduced controls were immunostained 
at a 1:20 dilution with anti-CD4-FITC and anti-CD8-APC antibodies 
(BD Biosciences) and analyzed on a FACS Calibur flow cytometer 
(BD Biosciences) using the CellQuest software (BD Biosciences). For 
stimulation with CD3/CD28 beads and/or IL-2, T cells were washed, 
plated at 106 cells/ml in the appropriate conditions, and cultured for 2 
days. On day 3, stimulated T cells were fixed with 4% paraformaldehyde, 
permeabilized with 0.5% Triton-X100, blocked with phosphate-buffered 
saline (PBS) + 2.5% fetal bovine serum, and stained with a 1:20 dilution of 
either the antihuman IFN-γ or antihuman IL-2 antibody (BD Biosciences), 
and analyzed as above.

Analysis of dCK protein expression by western blotting. 5 × 106 dCK-
transduced and nontransduced Jurkat cells were lysed by boiling in reduc-
ing Laemmli lysis buffer, resolved by a 10% SDS-PAGE, and transferred 
onto a polyvinylidene fluoride membrane (Millipore, Billerica, MA) by 
semidry transfer following the manufacturer’s instructions. The membrane 
was blocked overnight at 4 °C (with shaking) in PBS-T (0.1% Tween-20 vol/
vol in PBS) with 5% wt/vol nonfat dry milk. The membrane was stained 
for 4 hours at room temperature with an anti-dCK monoclonal antibody 
(Clone # 2243C2; Abcam, Cambridge, MA) diluted to 0.5 µg/ml in PBS-T 
with 5% wt/vol nonfat dry milk, washed with PBS-T, and then stained with 
secondary sheep anti-mouse immunoglobulin G antibody conjugated 
to horseradish peroxidase (Amersham) diluted 1:10,000 in PBS-T with 
5% wt/vol nonfat dry milk for 4 hours at room temperature. Following 
washing with PBS-T, the membrane was then developed with Western 
Lightning Plus Enhanced Chemiluminescence Substrate (Perkin Elmer, 
Woodbridge, ON) and exposed onto Kodak X-Omat LS Film (Sigma). 
To probe the expression of LNGFR in cell lysates, Western blotting was 
performed as above with a primary anti-LNGFR-PE monoclonal antibody 
(Clone ME20.4; Cedarlane, Hornby, Ontario, Canada) diluted 1:200, and 
a secondary stabilized goat anti-rabbit immunoglobulin G (H+L) conju-
gated to horseradish peroxidase (Thermo Fischer Scientific, Nepean, ON) 
diluted 1:2,500.

Analysis of vector copy number by Q-PCR. Genomic DNA was isolated 
from transduced Jurkat cells and nontransduced control cells with the 
Gentra Puregene Blood Kit (Qiagen, Mississauga, ON) following the man-
ufacturer’s instructions. Q-PCR was carried out using a Rotor Gene RG300 
system (Corbett Research, San Francisco, CA) as described previously.49 
Each DNA sample was tested in triplicate. Serial dilutions of DNA from 
a 293T cell line containing one copy of the WPRE sequence with non-
transduced 293T cell line DNA were analyzed to establish a standard curve 
for interpolation of average copy number per genome for the unknown 
samples.

High-performance liquid chromatography analysis of intracellular 
BVdU metabolites. Transduced Jurkat cells and nontransduced control 
cells were cultured in the presence or absence of 10 µmol/l BVdU ((E)-5-
(2-bromovinyl)-2′-deoxyuridine; Alfa Aesar, Ward Hill, MA) for 12 hours. 
107 cells were washed and homogenized by sonication in 100 μl of 5% (wt/
vol) trichloroacetic acid. The supernatant was collected after centrifuga-
tion at 10,000g for 15 minutes at 4 °C. trichloroacetic acid was removed 
by extraction with an equal volume of 20% tri-n-octylamine in pentane. 
The neutralized aqueous fraction was directly injected into the high-
performance liquid chromatography apparatus (Waters, Milford, MA) 
in 20-µl aliquots for triplicate analyses. The method for the separation 
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and detection of BVdU metabolites was adopted from Ayisi et al., with 
modifications.50 Briefly, separation of BVdU metabolites was performed 
on a Symmetry C18 column (Waters) with a mobile phase composed of 
a linear methanol gradient rising from 25 to 50% (vol/vol) in 12 min-
utes, and the aqueous component containing 0.025 mol/l tetrabutylam-
monium bromide (Sigma) and 0.01 mol/l monobasic sodium phosphate 
(pH 5) at a flow rate of 1 ml/minute in a 33 minutes analysis cycle. The UV 
absorbance was monitored at 292 nm and 250 nm. Phosphorylated BVdU 
metabolite peaks were identified based on subtracted spectra for extracts 
from BVdU-treated and untreated cells expressing the thymidine-activat-
ing dCK.DM.S74E mutant or not, along with the expected elution order 
of the metabolites.50

Determination of BVdU, LdT, and LdU sensitivity of dCK-transduced cells 
in vitro. Transduced Jurkat, Molt-4, U87, and primary human T cells were 
plated at a density of 5 × 104 cells per well in 6-well tissue culture plates, 
and were cultured in the presence or absence of increasing concentrations 
of BVdU, LdT (β-l-2′-deoxythymidine (LdT), ChemGenes, Wilmington, 
MA), or LdU (β-l-2′-deoxyuridine (LdU); ChemGenes) for a period of 
5 days. Fresh culture medium, with or without the drug, was added daily 
or every 2 days, as needed. Following treatment, cell viability was assessed 
using the Cell Titer 96 Aqueous One Solution Cell Proliferation Assay Kit 
(Promega, Madison, WI) following the manufacturer’s instructions and 
scaled proportionately to a 6-well plate format. Following assay comple-
tion, 200 µl aliquots of culture supernatant were transferred in triplicate or 
quadruplicate onto a 96-well plate for absorbance measurements. Percent 
cell viability for each group was calculated by normalizing individual 
(blank-subtracted) absorbance values in drug-treated samples against 
the average absorbance of the nondrug-treated samples. For evaluation of 
apoptosis induction, cells were stained with Annexin-V conjugated to APC 
(BD Biosciences) following the manufacturer’s instructions, propidium 
iodide was added to 1 µg/ml, and the cells were analyzed by flow cytometry 
as above. The apoptotic index was calculated based on the fold increase in 
the percentage of apoptotic (Annexin V-positive) cells in drug-treated over 
nondrug-treated groups.

Measurement of mitochondrial inner membrane potential following 
BVdU treatment. Changes to the mitochondrial membrane potential 
were assessed using the JC-1 Assay Kit for Flow Cytometry (Molecular 
Probes, Eugene, OR) following the manufacturer’s instructions. Briefly, 
2 × 105 transduced and nontransduced Jurkat cells were cultured in the 
presence or absence of 100 µmol/l BVdU for 48 hours. Following the treat-
ment period, cells were incubated with 2 µmol/l JC-1 [5,5,6,6-tetrachloro-
1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide] dye for 15 minutes 
at 37 °C, washed with warm PBS, and then analyzed by flow cytometry 
as above. 50 µmol/l carbonyl cyanide 3-chlorophenylhydrazone was used 
as the mitochondrial membrane potential disrupter in the positive con-
trol group. The ratio of mean fluorescence intensity of the green channel 
to red channel fluorescence was calculated for BVdU-treated and BVdU-
untreated groups.

Measurement of cell killing due to inhibition of TS activity. Transduced 
and nontransduced Molt-4 cells were seeded at a density of 5 × 104 cells/
well in a 6-well plate and treated (or not) with 500 µmol/l BVdU, in the 
presence or absence of 20 µmol/l exogenous thymidine (dThd; Sigma). Cell 
viability following 5 days of treatment was assessed with the Cell Titer 96 
Aqueous One Kit (Promega) as above. The cytotoxicity index was calcu-
lated as the ratio of relative cell killing in the dCK.DM.S74E-transduced 
group to the nontransduced group.

Measurement of cell-cycle-independent cell killing in cell-cycle 
progression-inhibited cells. Molt-4 cells transduced with dCK.DM.S74E 
were labeled with 10 µmol/l CFSE (Invitrogen) following the manufactur-
er’s instructions, and cultured in 6-well plates in the presence or absence of 
100 µmol/l BVdU, and in the presence or absence of 0.1 µg/ml nocodazole, 

20 µmol/l dThd, or both for 4 days. Induction of apoptosis in CFSEhigh 
cells was assessed by Annexin V staining as above in BVdU-treated and 
untreated groups, and expressed as an apoptotic index.

Subcutaneous tumor model in NOD/SCID mice. All experimental 
procedures involving animals were carried under a protocol approved 
by the Animal Care Committee of the University Health Network 
(Toronto, Ontario, Canada). NOD/SCID mice (male, 6–10 weeks old) 
were maintained at the Animal Resource Centre, Princess Margaret 
Hospital (Toronto, Ontario, Canada). Mice were injected into the 
right dorsal flank with 0.5 × 106 dCK-transduced or eGFP-transduced 
U87mg cells suspended in 200 µl of PBS on day 0. Animals in drug-
treated groups received a dose of 60 mg/kg/day of BVdU intraperitone-
ally for 21 days starting day 1. The experimental groups were as follows: 
U87-dCK.DM.S74E +BVdU, U87-dCK.DM.S74E –BVdU, U87-eGFP 
+BVdU, and U87-eGFP –BVdU, PBS controls. Animals were eutha-
nized at week 12, when the first animals reached a tumor-size endpoint 
(>1.5 cm3). Tumors were extracted and weighed (with the exception 
of U87mg-eGFP animals that reached large tumor sizes quickly and 
were euthanized several weeks earlier). Cells from the tumors of the 
U87-dCK.DM.S74E +BVdU group were dispersed by individually pass-
ing each tumor through a 40 µ cell strainer and washing. These cells 
were further stained with anti-CD19-PE antibody and analyzed by flow 
cytometry as above.

Systemic leukemia model in NOD/SCID mice. NOD/SCID mice (male, 
6–10 weeks old) were maintained as above. Mice were injected with 200 µg 
of anti-CD122 antibody (anti-IL-2 receptor β chain) from the TM-β1 
hybridoma, described previously,51 and sublethally irradiated at a 200 
cGy dose on day 0. Cells (4.5–5 × 106), suspended in PBS, were injected 
intravenously via the tail-vein on day 1. LdT or BVdU were injected 
intraperitoneally at a dose of 50 mg/kg/day for 14 days starting day 15. 
Experimental groups were as follows: Molt4-dCK.WT + drug, Molt4.
dCK.WT – drug, Molt4.dCK.DM.S74E + drug, Molt4.dCk.DM.S74E – 
drug, PBS controls. Peripheral blood was collected weekly starting on 
day 15 of the experiment and analyzed for the presence of human CD19+ 
cells by flow cytometry. Briefly, 50–200 µl of collected blood was treated 
with red blood cell lysis buffer (8.3 g/l ammonium chloride in 0.01 mol/l 
Tris–HCl; Sigma), blocked with normal rabbit serum (Sigma) and puri-
fied rat anti-mouse CD16/32 antibody (BD Biosciences), and then stained 
with antihuman CD19 antibodies as above. Mice were euthanized when 
they reached an experimental endpoint (limb paralysis, in the majority 
of cases).

Primary human T cell xenograft model in NOD/SCID mice. NOD/
SCID mice (male, 6–10 weeks old) were maintained as above. Mice were 
injected with 200 µg of anti-CD122 antibody (anti-IL-2 receptor β chain) 
and sublethally irradiated at a 250 cGy dose on day 0. Sorted primary 
T cells (2 × 106), suspended in PBS, were injected intravenously via the 
tail-vein on day 1. BVdU was injected intraperitoneal at a dose of 50 mg/
kg/day on days 2, 3, 5, and 6, and then escalated to 80 mg/kg/day on days 
8–13. Experimental groups were as follows: huT.LNGFRΔ-dCK.DM.S74E 
+drug and huT.LNGFRΔ-dCK.DM.S74E –drug. Peripheral blood was 
collected weekly starting on day 1 of the experiment, and analyzed for 
the presence of human CD45+ (and human LNGFR-positive) cells by 
flow cytometry. Briefly, 50–200 µl of collected blood was treated with red 
blood cell lysis buffer (8.3 g/l ammonium chloride in 0.01 mol/l Tris–HCl; 
Sigma), blocked with normal rabbit serum (Sigma) and purified rat 
anti-mouse CD16/32 antibody (BD Biosciences), and then stained with 
1:20 diluted antihuman CD45-APC (BD Biosciences) and antihuman-
LNGFR-PE antibodies. Mice were euthanized on day 14 and analyzed for 
presence of human T cells.

Statistical analyses. All experiments were performed in triplicate or qua-
druplicate (unless otherwise indicated), and repeated where applicable. 
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Data is presented as mean ± SE of the mean or SD, as per figure legends. 
Statistical analysis was performed by a two-tailed, two-sample Student’s 
t-test, with post-hoc Bonferroni correction where multiple testing was 
applied. The F-test for variances was performed to determine the appli-
cable Student’s t-test. Statistical analyses of survival data were conducted 
using the log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests 
(GraphPad Prism Version 5.03 for Windows; GraphPad Software, San 
Diego, CA).

SUPPLEMENTARY MATERIAL
Figure  S1.  Characterization of LNGFRΔ.dCK.DM.S74E-transduced 
primary human T cells.
Figure  S2.  Characterization of cell cycle in nontransduced and 
LV.LNGFRΔ.dCK.DM.S74E-transduced primary human T cells, in both 
stimulated and stimulation-withdrawn populations.
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