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Human embryonic stem cells 
(hESCs) are an attractive alterna-

tive cell source for hematopoietic gene 
therapy applications as the cells are eas-
ily modified with lentiviral or other vec-
tors and can be subsequently induced 
to differentiate into hematopoietic 
progenitor cells. However, demonstra-
tion of the full hematopoietic potential 
of hESC-derived progeny is challeng-
ing due to low marrow engraftment 
and the difficulty of detecting cells in 
the peripheral blood of human/mouse 
xenografts. Methotrexate (MTX) che-
motherapy coupled with expression of 
a drug resistant dihydrofolate reductase 
such as Tyr22 (Tyr22DHFR) has the 
potential to selectively increase engraft-
ment of gene-modified human hema-
topoietic cells in mice, which would 
allow for better phenotypic character-
ization of hESC-derived cells in vivo. 
We showed that hESCs transduced 
with Tyr22DHFR-GFP encoding len-
tivirus vectors differentiate into MTX 
resistant (MTXr) hemato-endothelial 
cells. MTX treatment of immunodefi-
cient mice infused with Tyr22DHFR 
hESC-derived hemato-endothelial cells 
increased the long-term engraftment 
of human cells in the bone marrow of 
MTX-treated mice. In contrast to previ-
ous studies, these results indicate that 
MTX administration has the potential 
to support in vivo selection that is main-
tained after cessation of treatment. The 
MTX/Tyr22DHFR system may there-
fore be useful for enrichment of gene-
modified cell populations in human 
stem cell and gene therapy applications.
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Hematopoietic stem cells (HSCs) are 
defined by their ability to self-renew and 
give rise to clonal progenitors that further 
differentiate to reconstitute the mature 
components of the blood system.1 While 
HSCs can be isolated from bone marrow 
based on phenotypic surface antigens, self-
renewal and ex vivo expansion of HSCs 
has been a challenging goal as culture of 
HSCs typically results in the loss of self-
renewal and repopulation ability in vivo.2 
However, HSCs are maintained in the 
bone marrow as any losses due to normal 
turnover or injury is compensated by an 
increase in asymmetric cell division to re-
establish equilibrium in the stem cell pool.3 
Together, these characteristics make HSCs 
a compelling cell population for regenera-
tive medicine and gene therapy.

Alternative cell populations, such as 
hematopoietic progenitors derived from 
hESCs or induced pluripotent stem cells 
(iPSCs), provide another option for gene 
therapy applications. Human ESCs are 
derived from the inner cell mass of the 
pre-implantation embryo. Unlike primary 
HSCs, hESCs maintain their pluripotency 
in vitro and may be expanded essentially 
indefinitely without undergoing differen-
tiation or senescence.4,5 Multiple studies 
have now been done over the past decade 
to support differentiation of hESCs and 
iPSCs into diverse cell lineages, including 
hematopoietic cells.6

One way in which gene therapy has 
been applied to transplantation of HSCs is 
by the introduction and expression of drug 
resistance genes. In this strategy, when 
the engrafting donor HSCs (or other cell 
type) do not inherently possess a selective 
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Our study is the first to demonstrate 
long-term expression of a drug resistance 
gene in hESCs and differentiated progeny 
without in vitro selection.14 In addition, we 
are the first to show that short-term MTX 
treatment is sufficient to support selective 
long-term engraftment of Tyr22-DHFR-
expressing human hematopoietic cells in 
the bone marrow. The Tyr22DHFR-GFP+ 
hESCs gave rise to hematopoietic pro-
genitors and MTXr-hematopoietic colony 
forming cells (CFC) in vitro under condi-
tions with or without MTX (Fig. 1). The 
nucleoside transport inhibitor dipyridam-
ole (DP) was included with MTX to pro-
vide more stringent selective conditions.15 
As previously demonstrated for other 
hESC populations, the gene-modified 
hESCs routinely produced hematopoietic 
progenitor cells, as quantified in this CFC 
assay. Incubation with MTX alone did not 
inhibit colony formation by control GFP-
transduced cells. However, in the presence 
of both MTX and DP, CFCs were main-
tained for all Tyr22DHFR-transduced 
cells and significantly reduced for GFP-
transduced populations. Hematopoietic 
cells within the colonies retained GFP 
expression. These data demonstrate that 
Tyr22DHFR+ CFC have a survival advan-
tage over control GFP-only cells when 
both folate metabolism and nucleoside 
transport are inhibited.

For in vivo studies, we also demonstrate 
MTX treatment significantly increased 
long-term engraftment of hESC-derived 
gene-modified hematopoietic cells in the 
bone marrow of nonobese diabetic/severe 
combined immunodeficient/IL-2Rγcnull 
(NSG) mice. Higher percentages of 
CD34+ and CD45+ populations were 
detected in the blood and bone marrow of 
treated mice to show that MTX selection 
does occur at the level of CD34+ progeni-
tor cells, as well as more mature CD45+ 
hematopoietic cells (Fig. 2). If selection is 
achieved using the MTX/DHFR system, 
it is likely that other drug resistance genes 
may also support selective engraftment of 
hESC-derived hematopoietic progenitors. 
Reprogramming of human somatic cells 
into iPSCs that possess phenotypic and 
functional characteristics of ESCs pres-
ents another alternative cell source for gene 
therapy applications.5,16,17 In the event that 
hESC- or iPSC-derived hematopoietic 

and the incorporation of new scientific 
advances that will drive progress to effec-
tive clinical trials. Given that MTX acts on 
highly proliferative cells, blocking nucleo-
tide synthesis and therefore DNA synthesis 
through competitive inhibition of DHFR,9 
it is unlikely that a MTX-based in vivo 
selection strategy would support expansion 
of relatively quiescent HSCs. Indeed, pre-
vious studies by our group and others have 
shown that MTX-related in vivo selective 
effects on DHFR-expressing hematopoietic 
cells are only transient and are dependent 
upon continued drug administration.10-12 
Historically, long-term selection has not 
been achieved by MTX administration 
alone, because the inhibitory activity of 
MTX affects primarily highly proliferative 
cells, such as myeloid and lymphoid prog-
eny. In vivo selection has been achieved 
using the anti-folate trimetrexate when 
administered along with the nucleoside 
transport inhibitor nitrobenzylmercapto-
purine ribose phosphate.11-13

advantage compared to resident recipient 
HSC, expression of a drug resistance gene 
in donor cells, coupled with drug adminis-
tration, has the potential to simultaneously 
protect the healthy donor cells from post-
transplantation drug toxicity and support 
selective engraftment and expansion of 
the gene-modified donor cells. Therefore, 
drug resistance gene expression has the 
potential to facilitate reconstitution with 
donor HSCs for the purpose of hemato-
poietic recovery during chemotherapy or 
phenotype correction. This approach is 
conceptually applicable to reconstitution 
with HSCs derived from hESCs or iPSCs 
as well.

The folate analog MTX is a reliable 
cancer chemotherapeutic and is also widely 
used for GvHD prophylaxis after alloge-
neic hematopoietic cell transplantation.7,8 
This extensive clinical experience provides 
the basis for achieving bona fide chemopro-
tection and in vivo selection using MTX/
DHFR through strategic development 

Figure 1. Hematopoietic differentiation of DHFR-GFP hESC. (A) Co-expression of CD34 and GFP 
in gene-modified hESC after 21 days in M2-10B4 co-culture. Cell populations as indicated: GFP-
negative isotype control, CD34-APC-stained H9, and DHFR-GFP H9 hESC-derived hematopoietic 
progeny. For flow cytometric analysis, gates were determined by isotype controls for each popu-
lation. (B) MTXr-hematopoietic CFC from hESC-derived hematopoietic progenitors. At day 18 of 
co-culture with M2-10B4 stromal cells, populations were evaluated for CFC using no drug (-/-), 30 
nM MTX (+/-), or both MTX and 5 µM dipyridimole (+/+). Drug-resistant GFP+ colonies differentiat-
ed from gene-modified hESC formed in the presence and absence of selective conditions. DHFR, 
dihydrofolate reductase; GFP, green fluorescent protein; CFC, colony-forming cells; DP, dipyridi-
mole; hESC, human embryonic stem cell; MTX, methotrexate; MTXr, methotrexate-resistant.
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cells are considered for clinical trials in 
humans, MTXr-DHFR expression during 
post transplantation immunosuppressive 
prophylaxis may prevent graft rejection of 
these cells.

In our studies of hESCs, we demonstrate 
that MTX supports long-term selective 
expansion of Tyr22DHFR-hematopoietic 
cells in vivo. One important clinical 
application is to assess the feasibility of 
synergizing chemotherapeutic and immu-
notherapeutic approaches to cancer treat-
ment. Given the studies described by 
Woll and colleagues showing that hESC-
derived natural killer (NK) cells possess 
potent anti-tumor activity,18,19 one poten-
tial application would be to generate NK 
cells from MTXr-DHFR-hESCs and then 
compare the persistence and ability of 
MTXr-NK cells to kill both MTXr and 
MTX-sensitive tumor cells in vivo. As long 
as graft rejection presents a risk following 
transplantation of gene-modified HSCs, 
regardless of the cell source, MTX/DHFR 
may be incorporated as an important part 
of a gene therapy strategy for inherited, 
acquired and malignant diseases.
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Figure 2. Persistence of hESC-derived hematopoietic cells in the peripheral blood and long-term 
engraftment in the bone marrow of recipient mice. After 10 days in co-culture with M2-10B4 
stromal cells, DHFR-GFP+ hESC-derived hematopoietic cells were infused into DHFR-BMT mice 
(HDM group) or non-irradiated mice (LDM, PBS groups). One week after transplantation, mice 
were treated daily with PBS, 0.5 mg kg-1 MTX (LDM), or 2 mg kg-1 MTX (HDM) for 4 weeks. (A) GFP 
marking and human cell content (as detected by staining with TRA-1-85 antibody) in the periph-
eral blood was evaluated at 12 weeks post cell transplantation. Mean percentages for each group 
are shown (bars). (B) Long-term engraftment of hESC-derived hematopoietic cells in mouse BM. 
Animals were evaluated 12–16 weeks after DHFR-GFP hESC-derived hematopoietic cell transplan-
tation and 8 weeks after withdrawal of MTX chemotherapy. Total GFP marking and engrafted cell 
phenotypes were evaluated by flow cytometry. Mean percentages are shown. Levels of statistical 
significance: *p < 0.05. **p < 0.005 and ***p < 0.0005. BMT, bone marrow transplanted; DHFR, 
dihydrofolate reductase; GFP, green fluorescent protein; HDM, high-dose methotrexate; LDM, 
low-dose methotrexate; MTX, methotrexate; PBS, phosphate-buffered saline.


