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II. THESIS ABSTRACT 

Gene modification of hematopoietic stem cells (HSCs) has the potential to cure genetic, 

malignant and acquired diseases. Despite success in pre-clinical gene therapy studies, 

achieving genetic correction or a therapeutic response in humans has been challenging. 

HIV-1-based lentivirus vectors have come to the forefront of pre-clinical studies due to 

their ability to more effectively transduce quiescent HSCs. Drug resistance gene 

expression coupled to chemotherapy after HSC transplantation may support in vivo 

selection of gene-modified cells while protecting the patient from chemotoxicity. We 

hypothesized that lentivirus-mediated transfer of a methotrexate (MTX) resistance gene, 

Tyr22-dihydrofolate reductase (Tyr22-DHFR), into stem cells would support long-term 

stable gene expression in vivo  and protect hematopoietic daughter cells from MTX 

toxicity. To test our hypothesis, we first generated high-titer lentivirus vectors expressing 

Tyr22-DHFR and green fluorescent protein (GFP) in different genetic configurations, and 

then compared MTX resistance, enzyme activity and GFP fluorescence in mouse and 

human cell lines including human embryonic stem cells (hESCs). Tyr22-DHFR-HSCs 

protected transplanted mice from MTX myelotoxicity, and conferred a significant 

survival advantage compared to MTX treated GFP-HSC transplanted mice. To assess the 

feasibility of a physiologic scale-up in a large animal model, we demonstrated DHFR-

GFP expression in canine CD34+ cells and long-term engraftment of gene-modified cells 

in vivo. MTX administration increased gene-marking in the peripheral blood of one dog, 

without causing cytopenia.  We also defined the optimal priming of HSCs (c-G-CSF/c-

SCF BM), transduction conditions and MTX tolerated doses in dogs. Finally, we present 

a novel application of selective expansion of hESCs-derived cells in mouse xenografts. 

Methotrexate-resistant (MTXr)-DHFR hESCs gave rise to MTXr-GFP+ teratomas, 

indicating that that gene-modified cells retain their pluripotency during MTX treatment. 

MTXr-hESCs placed in stromal cell co-culture differentiated into GFP+ hemato-

endothelial cells, including CD34+CD45+ subsets, which subsequently gave rise to 

MTXr-hematopoietic colony forming cells (CFCs). Finally, we showed that MTX 

administration of mice bearing hESC xenografts supported in vivo selection of Tyr22-

DHFR-hESC-hematopoietic cells and increased engraftment of gene-modified cells in the 
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bone marrow of treated mice. Taken together, these results show that lentivirus vectors 

effectively transduce MTXr-DHFR into HSCs, thereby preventing life-threatening 

myelotoxicity (as observed in our mouse studies), and supporting long-term engraftment 

of gene-modified cells in vivo.  These studies mark significant progress of MTX 

resistance gene therapy toward clinical trials in humans.   
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OVERVIEW 

Myeloablative radiation and chemotherapy (i.e. Methotrexate) followed by autologous 

hematopoietic stem cell transplantation (HSCT) is routinely used for malignancies in 

which the patient is likely to relapse 1. Methotrexate drug resistance gene expression in 

hematopoietic stem cells confers protection from MTX toxicity. MTX resistance gene 

transfer into HSCs before transplantation could support a more dose-intense treatment by 

reducing chemotoxicity, should the malignancy recur.  MTX induced apoptosis of 

antigen specific T cells 2 and is therefore used in post-HSCT immunosuppression after 

allogeneic HSCT 3,4. Drug resistance gene expression in allogeneic or gene-modified 

HSCs would protect the graft from MTX toxicity and is therefore also applicable to gene 

therapy for inherited and acquired disease. In order to achieve routine use of drug 

resistance gene therapy in human patients, pre-clinical models must be better defined, in 

terms of long-term gene expression in both large and small animal models and human 

stem cells. To set the stage for gene expression in vivo, the basic biochemistry, drug 

resistance and enzyme kinetics associated with the methotrexate-resistance gene, 

dihydrofolate reductase, must be first characterized in vitro. Gammaretroviral and 

lentiviral gene transfer into hematopoietic stem cells has been demonstrated in human 

clinical trials and animal models, respectively. To further substantiate the clinical 

relevance of lentivirus-mediated methotrexate resistance gene therapy, it is important to: 

(i) define the gene transfer and treatment conditions that best support long-term gene 

expression in stem cells and differentiated progeny; (ii) understand the differences 

between small and large animal models and human patients; and (iii) couple drug 

resistance gene therapy to new technologies (i.e. derivation and gene modification of 

human embryonic stem cells, induced pluripotent cells) in order develop new therapeutic 

regenerative medicine applications in humans.  

 

FOLATE METABOLISM AND METHOTREXATE CHEMOTHERAPY 

Dihydrofolate reductase (DFHR) catalyzes the NADPH-dependent reduction of folate to 

7,8-dihydrofolate and 5,6,7,8-tetrahydrofolate (THF), a cofactor required for nucleoside 

synthesis, one-carbon transfer reactions and other cell metabolic pathways (Figure 1.1) 5. 



 3 

Methotrexate (MTX; amethopterin, 4-amino-10-methylfolic acid) is a folate analog that 

disrupts cell metabolism and proliferation by competitive inhibition of DHFR 6.  The 

antifolate pro-drug enters the cell via an active transport mechanism that recognizes 

reduced folates and is rapidly poly-glutamylated, which supports MTX cellular retention 

and accumulation 7. Poly-glutamylated MTX binds tightly to the active site of DHFR, 

which prohibits synthesis of THF, thymidylate and purines. MTX blockade of 

metabolism may be circumvented by nucleoside uptake through a salvage pathway or by 

co-delivery of leucovorin (folinic acid, a derivative of tetrahydrofolic acid), which enters 

the cell via receptor-mediated endocytosis.  

 

MTX chemotherapy is used to treat malignant disease, to prevent graft-versus-host 

disease (GvHD) after hematopoietic stem cell transplantation (HSCT), and to block T 

cell proliferation associated with autoimmune conditions including rheumatoid arthritis, 

psoriasis and asthma. For over 40 years, MTX has been used in combination 

chemotherapy to effectively treat pediatric leukemia (i.e. acute lymphocytic leukemia; 

ALL), non-Hogkin’s lymphoma, osteosarcoma, and other malignancies. High dose 

methotrexate (HDM) has also been shown to increase CNS relapse-free survival in 

childhood ALL patients 8. Systemic toxicity associated with HDM restricts dose 

intensity and therefore therapeutic efficacy. Administration of leucovorin, a reduced 

folate, within 36 hours of treatment has the potential to rescue the patient from acute 

toxicity 9. Although the brain, liver and kidneys may incur damage from sustained MTX 

treatment, the primary dose-limiting acute toxicities attributed to HDM include 

gastrointestinal (GI) mucositis and myelosuppression 7. 

 

In addition to chemotoxicity, MTX resistance (MTXr) in cancer also impacts the 

efficacy of antifolate chemotherapy. The mechanisms of drug resistance identified in 

tumor cells include: reduced MTX uptake and retention, DHFR gene amplification, 

mutation and expression 10. Low level expression of the reduced folate carrier (RFC), 

which effects MTX cell entry, has been associated with MTXr-osteosarcoma and 

correlated with unfavorable event-free survival in patients with acute lymphocytic 
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leukemia 11,12. Impaired MTX polyglutamylation in human T-cell lymphoblasts was 

determined to be another mechanism of MTXr due to decreased cellular retention of the 

pro-drug 13. Alterations in DHFR DNA, RNA or protein levels may also contribute to 

antifolate resistance. For example, DHFR gene amplification in tumor cells alters the 

stoichiometry of DHFR to MTX, thereby rendering cells drug-resistant 14. In comparison 

to normal leukocytes, DHFR protein levels are 30 times higher in chronic myelocytic 

and acute leukemic cells 15. 

 

Mutations at codons 22 and 31 that correspond to the DHFR active site contribute to 

drug resistance by altering the binding affinity between DHFR and MTX. Amino acid 

substitutions at positions 22 (leu→arg, phe, tyr) and 31 (phe→ser, trp) were identified in 

MTXr-tumor cells or cDNA clones derived from mammalian cell lines after MTX 

selection 16-18. Site directed mutagenesis of human and murine DHFR lead to the 

identification of Tyr22-and Ser31- DHFR mutants 17,19-21. These variants confer 

substantial drug resistance coupled to sufficient DHFR enzyme activity to support cell 

survival and proliferation. With respect to the murine MTXr-variants, Tyr22-DHFR and 

Ser31-DHFR are 500-fold and 6-fold more resistant to MTX compared to the wild-type 

enzyme, respectively.  However, catalytic activity of Ser31-DHFR is 2.5-fold higher 

than that of Tyr22-DHFR 15. The combination of retained catalytic activity and high 

MTX resistance lead to the evaluation of Tyr22-DHFR within the context of 

chemoprotection and in vivo selection gene therapy applications.    

 

CHEMOPROTECTION AND IN VIVO SELECTION IN ANIMAL MODELS 

AFTER RETROVIRUS-MEDIATED MTXR-DHFR GENE TRANSFER INTO 

HEMATOPOIETIC STEM CELLS 

MTXr-DHFR expression by tumor cells is a barrier to the therapeutic efficacy of 

antifolate chemotherapy. Conversely, expression of MTXr-DHFR in chemosensitive, 

non-malignant tissues has the potential to support a more aggressive treatment regimen, 

by reducing the toxic side effects that limit dose intensity and therefore treatment 

effectiveness. To assess chemoprotection conferred by systemic expression of MTXr-
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DFHR, transgenic mice expressing MTXr-DHFR were generated and subjected to HDM 

treatment regimen. Mice transplanted with Arg22-DHFR transgenic bone marrow were 

protected from MTX-induced myelotoxicity and had a significant survival advantage, 

despite GI atrophy and kidney pathology observed in these animals 22,23. Tyr22-DHFR 

transgenic bone marrow transplantation also protected recipients from MTX toxicity, 

with the added advantage of higher catalytic activity compared to Arg22-DHFR 17,24. 

 

Recombinant gammaretroviral-mediated MTXr-DHFR gene transfer into mouse bone 

marrow followed by transplantation into mice protects the hematopoietic system of 

recipients from antifolate toxicity 25-27. In addition, multicistronic gammaretroviral 

vectors which express human MTXr-DHFR fused to either thymidylate synthase or 

cytosine deaminase variants protected transplant recipients from toxic doses of MTX and 

5-fluorouracil or cytarabine, respectively 28,29. Despite the chemoprotection observed in 

these mouse models, autologous HSCT in a large mammal is restricted by the cell 

recovery (vs. HSC collection from many syngeneic mice for transplant into one) and 

therefore humans require a higher level of drug resistance gene transfer into HSCs than 

what is possible with gammaretorviral vectors.  Differences in physiology, immunology, 

lifespan, time required for hematopoietic reconstitution, and drug sensitivity may also 

play into the therapeutic benefit of drug resistance gene expression.  

 

Over twenty years ago, researchers attempted to scale up retrovirus-mediated DHFR 

gene transfer in a large animal model.  In contrast to the mouse models, Stead et al. 

(1988) reported that retrovirus-mediated DHFR gene transfer and re-infusion of bone 

marrow into dogs did not support long-term repopulation with vector-marked HSCs, due 

to inefficient recovery of cells from the large-scale transduction. After full reconstitution, 

gene marking in the nucleated bone marrow cells from surviving animals was below the 

limit of detection by Southern blot analysis for proviral sequences 30. Despite 

engraftment and MTX treatment, MTXr-granulocyte-macrophage colonies (CFU-GM) 

could not be established in vitro. The discrepancy between the murine and canine gene 

marking and chemoprotection results highlight the significance of pre-clinical models in 
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large animals, since gene transfer, cell recovery and hematologic reconstitution may not 

be clinically translatable without substantial protocol optimization.  

 

In vivo selection is a potential strategy to compensate for the relatively low level of 

retrovirus-mediated gene transfer into HSCs. In vivo selection involves the 

administration of chemotherapy after infusion of gene-modified cells in order to increase 

the fraction of reconstituting HSCs that express a drug resistance gene. Stead and 

colleagues attempted this strategy with the MTX-DHFR system in the autologous 

transplant model described above, treating the dogs with MTX immediately after bone 

marrow transplantation (BMT). However, the dogs developed GI toxicity and 2/3 

suffered treatment-related deaths. The surviving dog had low level myelosuppression, GI 

toxicity and 0.1% MTXr-CFU-GM, which implies that neither chemoprotection nor in 

vivo selection were achieved after retrovirus-mediated DHFR gene transfer into HSCs. 

Given that MTX acts on highly proliferative cells, it is unlikely that an MTX-based in 

vivo selection strategy would support relative expansion of quiescent gene-marked 

HSCs.  

 

MTX alone is not sufficient to support in vivo selection of myeloid progenitors because 

cells compensate for impaired de novo thymidylate biosynthesis by importing thymidine 

and purine nucleosides from the extracellular environment. Nucleoside transport 

inhibitors such as dipyridamole (DP) and nitrobenzylmercaptopurine ribose phosphate 

(NBMPR-P) block nucleoside salvage, thereby sensitizing myeloid progenitors to 

antifolates, such as trimetrexate (TMTX) 31. Co-administration of TMTX and NBMPR-P 

supports long-term selective expansion of mouse Tyr22-DHFR transgenic and 

retrovirally transduced human Tyr22-DHFR HSCs after transplantation into mice 32,33.  

 

Unfortunately, the selection strategy does not necessarily translate to a large animal 

model. TMTX and NBMPR-P supported only a transient selective expansion of Tyr22-

DFHR-marked hematopoietic cells in the peripheral blood of treated rhesus macques 

transplanted with CD34+ HSCs exposed to retroviral vectors 34. Furthermore, the animal-
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to-animal variability in non-human primates presents challenges in evaluating the 

efficacy of gene transfer and in vivo selection strategies. Early gene marking in non-

human primates transplanted with Tyr22-DHFR transduced HSCs ranged between 1 and 

60% 35. More troubling is that the animal with the highest level of gene marking 

exhibited monoclonal repopulation 29. Five years after transplantation, one of the rhesus 

macaques developed acute myeloid leukemia attributed to retroviral insertion into and 

activation of an anti-apoptotic gene BCL2-A1, leading to rapid proliferation of 

myelomonocytic cells that eventually caused the animal’s demise 36.  

 

 

 

RISK ASSESSMENT FOR RETROVIRAL GENE THERAPY 

The incidence of gammaretroviral-mediated insertional activation of a proto-oncogene in 

a non-human primate highlights the importance of evaluating gene delivery strategies in 

large animals before translation to the clinic. Rodent models were not predictive of the 

leukemia that developed in the Tyr22-DHFR-HSC transplanted macaques or in the 

patients treated for X-linked severe combined immunodeficiency (X-SCID) by 

gammaretroviral gene transfer of γc chain gene into autologous HSCs 37,38. In a clinical 

trial for X-linked chronic granulomatous disease, clonal expansion of gene-modified 

cells in two patients was also attributed to activating insertions near MDS1-EVI1, 

PRDM16 or SETBP1. Although the X-SCID clinical trials lead to leukemogenesis, other 

gammaretrovirus gene therapy clinical trials did not lead to serious adverse events in 

patients.39-41 These findings demonstrate that the nature of the transgene expression 

should be evaluated independently of the gene delivery system, as this plays into the 

overall safety of the gene therapy strategy. Furthermore, if a large animal model is 

available then the long-term effects and therapeutic outcome may be better characterized 

before clinical translation. 42,43.  

 

Factors that may contribute to the risk of insertional activation include integration site 

preference, cell survival advantage due to transgene expression, and proliferative 
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potential of gene-modified cells. Long-term follow-up and comprehensive analysis of 

integration site preferences of gammaretrovirus and lentivirus vectors have been 

evaluated in dogs and primates after autologous transplantation of gene-modified HSCs 
44,45. In comparison to Human Immunodeficiency Virus-1 (HIV-1)-based lentivirus 

vectors, RD114-pseudotyped gammaretrovirus vectors integrated significantly closer to 

transcriptional start sites and were found more frequently in or near proto-oncogenes in 

canine repopulating cells 35. In non-human primates, while HIV-1-based lentivirus 

vectors tend to integrate into transcriptionally active genomic regions, MLV (Moloney 

Leukemia Virus)-based gammaretrovirus vector demonstrate preference for gene 

regulatory regions and transcriptional start sites 45. 

 

The low efficiency of Tyr22-DHFR gene transfer into HSCs and the oncogenic potential 

associated with gammaretroviral-mediated gene delivery demonstrates that an alternative 

gene transfer strategy is needed. To date, Tyr22-DHFR expressing lentivirus vectors have 

not been evaluated for gene transfer into mouse, dog or human HSCs.  

 

 

LENTIVIRUS VECTORS FOR GENE THERAPY APPLICATIONS 

For almost a decade, gene transfer vectors derived from the HIV-1-based lentivirus have 

been used to mediate gene delivery into HSCs as a model for gene therapy applications 
46. One important advantage of lentivirus vectors is their ability to transduce non-dividing 

cells such as hematopoietic stem and progenitor cells and integrate their genetic cargo to 

achieve stable, long-term transgene expression 47,48. Vectors have been modified to 

reduce the risk of genotoxicity, inhibit viral replication, prevent expression of 

immunogenic viral components, and stabilize expression of multiple transgenes 49.  

 

Retrovirus-mediated genotoxicity is facilitated by the strong promoter/enhancer activity 

within the U3 region of the 3’ long terminal repeat (LTR) and its ability to activate 

transcription of genes proximal or distal to the proviral integration site. To address this 

safety concern, self-inactivating (SIN) lentivirus vectors were generated by deletion of a 
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400-nucleotide sequence in the 3’ LTR of the vector DNA that is used to produce the 

vector RNA, which abolished LTR promoter activity without affecting polyadenylation 

determinants 50. After one round of replication, the modified U3 region is incorporated 

into the 5’-LTR,  thus preventing  transcription of the full-length lentiviral genomic 

message. In order to support transgene expression, a heterologous promoter is positioned 

upstream of the gene-of-interest. Zufferey and colleagues showed that deletion of the 

TATA box and transcription factor binding sites in the lentiviral U3 region eliminated 

most of the promoter activity without compromising viral titer 50. Lentivirus elements 

that are retained in SIN-lentivirus vectors include the virus packaging signal to ensure 

that the gene-of-interest and regulatory promoter are packaged in the viral particle, the 

central polypurine tract (cPPT) which enhances nuclear import of the pre-integration 

complex, internal promoter, transgene cassette and the rev response element (RRE), 

which upon binding of the rev protein, facilitates nuclear export 51. Many vectors also 

include the posttranscriptional regulatory element (PRE; from the woodchuck hepatitis 

virus) in the 3’ untranslated region of the coding sequence, which enhances transgene 

expression by increasing the levels of nuclear transcripts and increasing transcript 

stability 52.  

 

Another important safety feature of this system is the physical separation of the lentivirus 

vector (described in the preceding paragraph) from the HIV-1 genes encoding the 

structural and enzymatic components associated with viral particle assembly, maturation, 

reverse transcription and integration (Figure 1.2).  These components are divided into two 

or three plasmids that are co-transfected with the lentivirus vector plasmid into producer 

cells to provide the packaging and envelope components in trans. Second generation 

vectors refer to a three-plasmid system consisting of a lentivirus vector plasmid, 

packaging and envelope plasmids. The packaging plasmid contains the gag and pol genes 

that encode the structural (matrix, capsid, nucleocapsid) and enzymatic (protease, reverse 

transcriptase, integrase) components, required for virus assembly in the packaging cells 

and reverse transcription and integration of the lentiviral genome in the targeted cell 

population, respectively. The packaging signal, sequences encoding the HIV-1 envelope 
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(env) and virulence factors (nef, vpr, vif), are also deleted from the packaging plasmid. 

Exclusion of packaging signal from the helper plasmids prevents delivery of the coding 

sequences required for virion assembly to the target cell population, thereby reducing the 

likelihood of recombinant lentivirus formation in the target cells  49.  Deletion of 

infectivity factors reduces the risk of genetic recombination events that may lead to viral 

replication in gene-modified cells. The native HIV-1 envelope may be replaced by 

another envelope glycoprotein, such as vesicular stomatitis virus glycoprotein (VSV-G) 

to increase the host range tropism of the virus vector. VSV-G pseudotyped lentivirus 

vectors are widely used for transduction of mouse, dog and human HSCs 48,53,54. 

 

Lentivirus vectors can carry genetic cargo up to 10 kb, which makes delivery of multiple 

transgenes and regulatory elements into HSCs possible 51,55. Transgenes expressed from 

one or more promoters after lentivirus-mediated gene delivery into HSCs support long-

term stable expression in HSCs and their differentiated hematopoietic progeny 56,57. The 

placement of an internal ribosomal entry site (IRES) between two transgenes supports 

translation of two separate proteins from a single transcript 58. The inclusion of a 2A 

cleavage site between two sequences leads to the formation of a polyprotein that is post-

translationally cleaved into two separate products 59. Two coding sequences may also be 

fused together with or without a linker between the two protein domains, each 

maintaining discrete functions associated with the individual proteins 60. 

 

HEMATPOIETIC STEM CELL TRANSPLANTATION AND 

CHEMOTHERAPEUTIC DRUG RESISTANCE GENE TRANSFER 

Hematopoietic stem cells are defined by their ability to self renew and give rise to clonal 

progenitors that further differentiate to reconstitute all of the mature components of the 

blood system 1. In adult HSCs, self-renewal is challenging to control in vivo. Although 

hematopoietic progenitors can be induced to expand in the presence of cytokines, 

prolonged ex vivo culture may result in the loss of self-renewal and repopulation ability in 

vivo 61. Loss of HSCs in the bone marrow due to normal turnover or injury is 

compensated by an increase in asymmetric cell division to re-establish equilibrium in the 
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stem cell pool 62. These characteristics make HSCs a suitable population for regenerative 

medicine and gene therapy applications. 

 

For over 40 years, human hematopoietic stem cell transplantation (HSCT) has been used 

clinically for hematopoietic reconstitution after cancer therapy for hematologic 

malignancies 63,64. More recently, allogeneic HSCT has been shown to correct genetic 

diseases including immunodeficiencies (ADA-SCID, X-SCID) and inborn metabolic 

errors 65,66. HSCs may be isolated from bone marrow, mobilized peripheral blood and 

umbilical cord blood (UCB). HSCs are selected from the source population based on 

expression of CD34 (human, dog) or c-kit+ Sca-1+ lineage- phenotype (mice). Clinically, 

HSCs are transplanted into human leukocyte antigen (HLA)-matched recipients that have 

undergone a preconditioning treatment regimen to create hematopoietic space in the 

marrow microenvironment for the incoming graft. After transplantation by intravenous 

infusion, the recipient is maintained on immunosuppressive drugs (Cyclosporine A, 

predisone, methotrexate) to reduce the severity of graft-versus-host disease (GvHD) and 

host-versus-graft rejection 67. Allogeneic HSCT has been shown to be effective for 

hematopoietic reconstitution in leukemia and T-cell-immunodeficient patients 68,69. 

 

The ex vivo enrichment and processing associated with stem cell transplantation lends 

itself to gene therapy applications. For genetic correction by ex vivo gene transfer and 

autologous transplantation, HSCs are placed in culture in the presence of cytokines, 

exposed to a viral vector that transduces an expression cassette containing a gene of 

interest and regulatory sequences contained within the vector particle and then re-infused 

back into the animal or patient. This ex vivo transduction protocol may support expansion 

of and gene transfer into isolated HSCs. 

 

Clinically, ex vivo retroviral transduction and persistence of expression in modified cells 

after autologous transplantation has been evaluated for O6-methylguanine DNA 

methyltransferase (MGMT) and multidrug resistance 1 (MDR1) gene expression 40,41. 
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Stable gene marking was achieved in the peripheral blood and no serious adverse events 

occurred as a result of retroviral gene transfer.  

 

Compared to gammaretroviral vectors, lentivirus vectors support a greater efficiency of 

gene delivery into HSCs in large animal models. Although both gammaretroviral and 

lentiviral vectors transduce drug resistant MGMT activity into canine CD34+ cells, 

lentivirus vector transduction results in a higher percentage of gene marking in the 

peripheral blood without in vivo selection 70,71. Treatment with O6-benzylguanine in 

combination with a nitrosourea or DNA alkylating agent increases gene marking and 

donor chimerism. Although the MGMT system is effective for achieving in vivo selection 

at the stem cell level, drug resistance genes such as Tyr22-DHFR do not support stem cell 

selection when coupled to MTX chemotherapy. In the absence of in vivo selection, it is 

important to achieve a higher level of gene transfer than that associated with 

gammaretroviral vectors and this may likely be achieved by ex vivo lentivirus-mediated 

gene delivery.  

 

GENE-MODIFIED HUMAN EMBRYONIC STEM CELLS FOR 

HEMATOPOIETIC DRUG RESISTANCE GENE THERAPY APPLICATIONS 

Human adult HSCs for gene therapy applications are limited primarily to use of 

autologous cells or HLA-identical donors. Unfortunately, only 30% of patients have an 

HLA-identical sibling donor and finding an unrelated HLA-matched donor is a 

formidable challenge. If the patient is being treated for a hematologic malignancy in 

which the oncogenic mutation is present in the HSCs, then infusion of autologous drug 

resistance gene-modified cells is not feasible, as it would lead to drug-resistant malignant 

progeny, preventing the use of that agent for chemotherapeutic purposes.  In contrast to 

autotransplantation, allogeneic cells collected from a healthy donor have the potential to 

mount an immune response against donor tissues, if not matched at all 6 HLA genetic 

loci. Even with genetic matching, some patients will suffer GvHD and slow immune 

reconstitution, leading to opportunistic infections and other immune complications 67.  
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Umbilical cord blood derived HSCs represent a potential alternative cell population for 

gene therapy applications. In contrast to adult HSCs, fewer UCB-HSCs are required for 

reconstitution of myeloid and lymphoid subsets in pediatric patients suggesting that they 

possess greater hematopoietic potential 72. In addition, cells are easily obtained from the 

umbilical cord and placenta after birth and can be cryopreserved for long periods of time 

without compromising cell integrity and reconstitution potential 73. In comparison to 

adult HSCT, allogeneic HSCs with only 1-2 HLA-matches has a lower incidence of 

GvHD, associated with transplantation 74. Despite their potential for HSCT and 

reconstitution for treatment of genetic disorders, gene modification of UCB-HSCs 

presents similar problems to that associated with adult HSCs. These limitations include 

cell survival, recovery and hematopoietic potential and homing properties after ex vivo 

transduction. Although readily available, UCB-HSCs are considered primary cells and 

cannot be maintained indefinitely in the laboratory, as they will undergo cell 

differentiation, senescence and death. To address this problem, a pluripotent stem cell 

line that could be cultured long-term, induced to differentiate and gene modified for 

specific therapeutic applications may better support quality control and genotoxicity 

analysis that is expected of clinical gene therapy applications.  Human embryonic stem 

cells (hESCs) may be such an alternative cell population. 

 

Human embryonic stem cells are derived from the inner cell mass of the pre-implantation 

embryo. Once in culture, hESCs maintain their pluripotency in vitro and may be 

expanded for many population doublings due to sustained telomerase expression without 

undergoing differentiation or senescence 75. The derived ES cell line H9 forms compact 

colonies of a characteristic morphology and retains a normal XX karyotype, despite 

continuous long-term culture. Human ESCs are cultured in serum-free conditions on 

mitotically inactive mouse embryonic fibroblasts (MEFs) and maintain their pluripotency 

in vitro when they are grown in appropriate growth conditions 76. Alterations in the media 

conditions and co-culture cell populations induce multi-lineage differentiation. The 

primitivity of hESCs in culture is evaluated by flow cytometry to assess the presence of 

stage specific embryonic antigen surface markers (SSEA-4, SSEA-1), RT-qPCR for the 
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expression of transcription factors (NANOG) and frequent monitoring of hESC colony 

morphology 76,77. 

 

When removed from feeder layers and placed in suspension cultures or co-culture with 

mouse bone marrow stromal cell lines (S17, M210-B4) and fetal bovine serum (FBS), 

hESCs differentiate into embryoid bodies or hemato-endothelial progenitors, respectively 
76,78-80. Differentiation kinetics of H9 on M210 stromal cells, which provide cell bound 

and soluble stimuli that support hematopoietic development 81, is monitored by flow 

cytometry for detection of cell surface markers that are expressed at sequential time 

points of in vitro hemato-endothelial development 79. The cluster of differentiation 34 

(CD34) is detected early in development and expressed on both hematopoietic and 

endothelial progenitors. The hemangioblast develops before endothelial progenitors, as 

indicated by early expression of angiotensin converting enzyme (ACE), followed by 

endothelial markers CD31 and Flk-1 and the pan-hematopoietic surface molecule CD45, 

which also peak later in development. 

 

Differentiation of hES-derived progeny is also studied in vivo by transplantation of 

human cells into immunodeficient mice 79,82,83. NOD/SCID mice are used in 

human/mouse xenografts because they are lymphocyte deficient. The xenograft provides 

a physiologic system for cell development from undifferentiated hESCs to hES-derived 

cells. The teratoma assay is an in vivo differentiation assay used to assess whether (gene-

modified)-hESCs retain their pluripotency based on the formation of benign, solid tumors 

composed of multiple cell lineages 75. In this assay, aggregates of undifferentiated hESCs 

are injected intramuscularly into the hind limbs of mice. In between one to two months, a 

solid teratoma will form that contains advanced cell derivatives of all three germ layers 

including endoderm (epithelium), mesoderm (bone, cartilage, smooth muscle) and 

ectoderm. The pluripotency of the original hESC population is characterized based on 

histopathologic analysis of tumor sections and tissue identification. In order to study 

blood development, hESC-derived hemato-endothelial cells are intravenously infused 

into recipient mice 79,84. After incubation, cell phenotype and engraftment in 
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hematopoietic organs (liver, bone marrow, spleen) may be assessed by flow cytometry. 

Information obtained from this assay is limited because hESC-derived hematopoietic 

progeny engraft at a lower frequency, compared to UCB-HSCs 79. Natural killer (NK) 

cells impede teratoma formation and engraftment of hESC-derived progeny in 

NOD/SCID mice 79. Therefore, switching to a NOD/SCID/γcnull mouse model restores 

human cell engraftment because these mice lack NK cells. One potential way to increase 

engraftment of gene-modified cells is the expression of a drug resistance gene coupled to 

drug administration during the engraftment process.  

 

The ability to maintain hESCs in culture for long periods of time and temporally regulate 

the induction of differentiation toward hematopoietic lineages make hESCs an attractive 

alternative cell source gene therapy applications, including gene modification by 

lentivirus mediated gene transfer.  Gene transfer by lentiviral and non-viral (Sleeping 

Beauty transposase) systems has been evaluated in hESCs with varied results in terms of 

the persistence of gene expression after modification and differentiation toward 

hematopoietic lineages 85-87.  

 

Many studies of stable gene transfer into hESCs focus on expression of fluorescent or 

bioluminescent reporters regulated by a ubiquitous or cell-specific promoter to follow 

differentiation in vitro or for in vivo tracking of differentiated progeny, respectively 85,87-

92. Other studies include the co-expression of a fluorescent marker and an antibiotic 

resistance gene (puromycin, neomycin) for selection of gene-modified cells 93. Genes 

encoding transcription factors such as HOXB4 or interfering RNAs to enhance or regulate 

differentiation have also been described 94-96. Although these investigations are highly 

relevant to studying cell development and tracking gene modified cells in a xenograft, 

expression of these genes are best for genetic engineering but are not necessarily 

clinically relevant. To date, there is a gap in the literature describing transfer and long-

term expression of genes that confer a therapeutic benefit to ES-derived differentiated 

progeny. This is the case for drug resistance genes such as Tyr22-DHFR. Clearly, there is 

a need for gene transfer and expression of clinically relevant transgene products.   
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In order to achieve a high level of gene transfer, high multiplicities of infection (>5) are 

typically used to transduce hESCs. However, the combination of high viral load and the 

relatively slow proliferation of hESCs compromise recovery of gene-modified cells. 

When considering the safety of gene-modified cells, a higher number of integration 

events can occur when cells are transduced at higher multiplicities of infection, 

increasing the risk of insertional activation. Therefore hESC transduction conditions need 

to be further optimized in order to increase the survival of gene-modified cells without 

impairing differentiation potential. Genetic engineering of hESCs focuses on gene 

delivery to modify the hESC phenotype by modulating gene expression and 

differentiation. Translation of this technology to clinical gene therapy applications 

requires greater concern for genotoxicity, optimization of gene transfer techniques and 

simultaneously evaluating therapeutic transgene expression and hematopoietic potential 

in an in vivo setting.  

 

THESIS STATEMENT 

Collectively, the studies and methodology described in the above sections demonstrate 

well-defined systems for gammaretroviral Tyr22-DHFR gene transfer into mouse, dog 

and human HSCs. Other drug resistance genes such as MGMT have been translated into 

lentivirus vector delivery systems for in vivo selection and chemoprotection of mouse and 

dog recipients. Unfortunately, MTXr-DHFR chemoprotection studies were only 

characterized within the context of gammaretrovirus-mediated DHFR gene delivery in 

mice. Although these studies provide insight into MTX chemoprotection in a small 

animal model, the low transduction efficiency and risk of insertional mutagenesis 

associated with gammaretroviral vectors may not be optimal for use in the clinic. I 

hypothesize that lentivirus-mediated delivery of Tyr22-DHFR into stem cells will confer 

MTX resistance to protect the gene-modified cells and differentiated progeny from MTX 

chemotoxicity. I anticipate that transplantation of Tyr22-DHFR-transduced stem cells 

will protect recipient mice from myelotoxicity, supporting a dose-intense drug treatment 

regimen without compromising animal survival. Furthermore, the efficiency of lentivirus-
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mediated gene transfer into HSCs will support minimal ex vivo manipulation (i.e. no 

cytokine prestimulation), shorter exposure time to the viral particles at a multiplicity of 

infection, compared to the requirements for gammaretrovirus vectors.  

 

After characterization of Tyr22-DHFR lentivirus vectors in vitro and in vivo in mice, 

physiologic scale-up in a large animal model will provide information regarding the 

therapeutic feasibility of MTX chemoprotection in humans. Pre-clinical scale-up in a dog 

model is important because mice have a greater tolerance for sustained MTX 

administration in comparison to dogs. In the past, large animal models of Tyr22-DHFR 

chemoprotection were limited to the lower gene transfer and risk of insertional 

mutagenesis that may be associated with gammaretroviral vectors available at the time.  

Given the Tyr22-DFHR gene transfer and chemoprotection in mice (Chapter 2), 

characterizing MTX chemoprotection in dogs would further substantiate lentivirus-

mediated gene therapy. Based on previous studies of gene transfer in large animal 

models, I anticipate that a higher level of gene transfer will be required to achieve a 

therapeutic benefit to the animal.  

 

Before in vivo chemoprotection of Tyr22-DHFR expressing hematopoietic cells is 

achieved in the dog, HSC mobilization, transduction conditions and MTX treatment 

regimens must be established (Chapter 3). In Chapter 3, the factors that effect 

transduction, engraftment and long-term gene expression in dogs are comprehensively 

evaluated. Given the duration of large animal experiments, this chapter is focused on 

defining the optimal vector configurations, CD34+ cell mobilization and enrichment, and 

the appropriate chemotherapeutic drug treatment regimen.  

 

Although the MTX/Tyr22-DFHR system is not necessarily suitable for in vivo selection 

at the stem cell level, MTX treatment supports a transient increase in Tyr22-DHFR cells 

in the peripheral blood. This conditional treatment response may be relevant for 

regulating the expansion of progeny into the peripheral blood, particularly in 

human/mouse xenografts. Demonstration of hESC-derived progeny with hematopoietic 
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potential is challenging due to low engraftment and the difficulty in detection of cells in 

the peripheral blood. MTX may support an increase of human hematopoietic cells in the 

peripheral blood that would allow better phenotypic characterization by flow cytometry. 

Furthermore, although many studies detail lentivirus-mediated gene transfer into hESCs 

and engraftment of differentiated cells in mouse xenografts, the focus has been on 

expression of fluorescent markers. In Chapter 4, long-term expression and MTX 

resistance of Tyr22-DHFR hESCs and differentiated progeny is carefully evaluated in 

vitro and in vivo.  I hypothesize that MTX administration coupled to Tyr22-DHFR 

expression in hESC and hES-hematopoietic cells will increase engraftment of Tyr22-

DHFR-expressing cells in vivo, to further extend the field for use of gene-modified 

hESC-derived hematopoietic cells in regenerative medicine.  
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Figure 1.1 Methotrexate inhibition of foliate metabolism. Dihydrofolate reductase 

(DHFR) catalyzes of the reduction of foliate to dihydrofolate (DHF) and to 

tetrahydrofolate (THF), a precursor to purines and thymidine for DNA synthesis, which 

are required for cell proliferation. Methotrexate (MTX) blocks DHFR activity, which, in 

turn, inhibits cell proliferation.    
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Figure 1.2 Self-inactivating lentivirus vector and packaging plasmids. Lentivirus vector 

production involves three or four plasmid components. In the three-plasmid system 

shown here, lentivirus vectors are generated by three-plasmid transfection of 293T cells 

with the lentivirus (A), packaging (B) and envelope (C) DNA.  (A) The lentivirus vector 

plasmid contains a modified HIV-1-based lentiviral genome. In this vector, the U3 

promoter region is deleted, the CMV promoter regulates transcription of the lentiviral 

genome, and a poly-A (pA) signal is positioned 3’ to the genome length transcript. The R, 

U5 regions, packaging signal (Ψ) are and rev response element (RRE) are retained. A 

promoter and transgene(s) of interest are positioned downstream of the packaging signal, 

and a post-regulatory element enhances transcript stability. The RNA between the 

flanking R regions is packaged in lentivirus vector particles.  (B) The Packaging plasmid 

contains a promoter (CMV) that regulates transcription of the Gag and Pol, the structural 

and enzymatic components required for virion formation and transduction of target cells. 

Other virus components (Tat, Rev, Vpu) are retained. Since the packaging signal has 

been deleted, these components are not packaged in virus particles.  (C) The envelope 

plasmid encodes a protein that forms an envelop around the viral particle and determines 

the tropism of the viral particle.  
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CHAPTER 2 

Protection of mice from methotrexate toxicity by ex vivo transduction using lentivirus 

vectors expressing drug-resistant dihydrofolate reductase 
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ABSTRACT 

Methotrexate (MTX) dose-escalation studies were conducted in C57BL/6 mice to 

determine the chemoprotective effect of transplantation using bone marrow transduced 

with lentivirus vectors expressing a drug-resistant variant of murine dihydrofolate 

reductase (DHFR).  Methotrexate resistant (MTXr) dihydrofolate reductase [tyrosine-22 

(Tyr22)DHFR] and enhanced green fluorescent protein (GFP) coding sequences were 

inserted into self-inactivating lentiviral vectors as part of a genetic fusion or within the 

context of a bicistronic expression cassette. MTX-treated animals that received 

Tyr22DHFR-transduced marrow recovered to normal hematocrit levels by three weeks 

post-transplant and exhibited significant GFP marking in myeloid and lymphoid lineage-

derived peripheral blood mononuclear cells (PBMCs). In contrast, MTX-treated animals 

transplanted with control GFP-transduced marrow exhibited extremely reduced 

hematocrits with severe marrow hypoplasia and did not survive MTX dose-escalation. To 

minimize cell manipulation, we treated unfractionated marrow in an overnight exposure 

and demonstrated that transduction at a multiplicity of infection of 10 resulted in up to 

11% vector-modified PBMC in primary recipients and successful repopulation of 

secondary recipients with vector-marked cells. Experimental cohorts exhibited sustained 

proviral expression with stable GFP fluorescence intensity. These results demonstrate the 

effectiveness of lentivirus vectors for chemoprotection in a well-developed animal model, 

with the potential for further preclinical development toward human application. 
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INTRODUCTION 

Methotrexate (MTX; 4-Amino-10-methylfolic acid) is an anti-proliferative 

chemotherapeutic that interrupts folate metabolism by inhibition of dihydrofolate 

reductase (DHFR; EC 1.5.1.3). DHFR catalyzes the reduction of dihydrofolate to 

tetrahydrofolate, a required precursor for cofactors involved in macromolecule 

biosynthesis, one-carbon transfer reactions and other cellular metabolic pathways1. MTX 

has been successfully used to treat a number of malignancies such as acute lymphoblastic 

leukemia, non-Hodgkin’s lymphoma and osteosarcoma 2. However, the therapeutic dose 

that can be administered is limited by toxicity to rapidly dividing cells of the bone 

marrow and gastrointestinal tissues 3,4. 

 

One potential way to protect against MTX toxicity is by the expression of drug-resistant 

DHFR in normal drug-sensitive cells and tissues. MTXr-DHFR variants have been shown 

to mediate protection from antifolate toxicity when expressed in DHFR transgenic 

hematopoietic cells after transplantation 5-9. Improved antifolate chemotherapy has also 

been shown in mice transplanted with DHFR transgenic marrow or with gamma-

retrovirus transduced marrow cells expressing drug-resistant DHFR 10,11. Selective 

expansion of tyrosine-22 (Tyr22) DHFR-transduced hematopoietic cells reported in 

murine and non-human primate models also supports the potential utility of DHFR gene 

transfer for protection of normal cells during administration of chemotherapy using 

antifolates 12,13.  

 

Gamma-retrovirus vectors transducing MTXr-DHFR cDNAs, sometimes in combination 

with other drug resistance genes, have been evaluated extensively for gene transfer and 

drug resistance in mammalian cells and in mouse models 14-18. However, clinical 

application of MTXr-DHFR expression will require the most effective means available to 

achieve gene transfer into hematopoietic cell targets. Lentivirus vectors have been shown 

to be highly effective in mediating gene transfer into HSCs, particularly within the 

context of ex vivo gene transfer into HSCs of dogs and non-human primates 19,20. Here, 

we report the generation of lentivirus vectors expressing murine MTXr-DHFR (Tyr22) 
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and demonstrate effective protection of mice from lethal doses of MTX by 

transplantation with congenic marrow after a single overnight vector transduction. These 

results suggest the development of a clinically applicable ex vivo DHFR gene transfer 

procedure for reduced toxicity associated with antifolate chemotherapy.   

 

METHODS 

Lentivirus vector construction 

Recombinant plasmids were generated using standard molecular cloning techniques.  

Lentivirus vector plasmids pCSIIEG and pCSII have been previously described 21. To 

construct pEFDIG, a Tyr22DHFR coding sequence was obtained as a XhoI – ClaI (blunt) 

fragment from pLasBD22 and cloned between XhoI and BamHI (blunt) of pCSII-CMV-

12G (N. Somia, unpublished data) to form pCCDG. A DHFR-internal ribosomal entry 

site (IRES)-GFP fragment was then generated by polymerase chain reaction (PCR) from 

pCCDG template plasmid using sense (GCGAATTCTCGAGGGTCCTCTAGAG 

CAAG) and anti-sense (CGCTGCAGCCTCGATGTTAACTCTAGAGTCG) primers to 

introduce EcoRI and PstI restriction sites at the 5’ and 3’ fragment ends, respectively, and 

cloned into pCSII. For construction of DL2G, a DHFR-GFP fusion sequence was first 

generated by two-step PCR overlap extension. First an anti-sense oligonucleotide 

(ACCTCCTCCtcaTCCACCACCCCTGTCTTTCTTCTCGTAGACTTCAAACTT) was 

designed to delete the TGA stop codon (underlined) of the Tyr22DHFR cDNA while 

providing additional sequences encoding eight amino acids of a [Gly4Ser]2 linker (glycine 

in italics, serine in lowercase), included to impart three-dimensional flexibility between 

the tyr22DHFR and eGFP domains of the fusion protein 23. The Tyr22DHFR cDNA was 

amplified using this anti-sense primer along with a sense oligonucleotide 

(GCGAATTCTCGAGGGTCCTCTAGAGCAAG) to introduce an EcoRI site 

(underlined) at the 5’ end. A sense oligonucleotide 

(GGTGGAtcaGGAGGAGGTGGTtctGCGGTGAGCAAGGGCGA 

GCTGTTCACCGGG) was designed to provide sequences overlapping the DHFR 

antisense primer encoding two glycine (italics) and two serine (lowercase) residues of the 

first glycine-serine repeat, add a second Gly4Ser repeat, and convert the eGFP start codon 
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to an alanine codon (underlined). This sense oligonucleotide was used along with an 

antisense oligonucleotide (CGCTGCAGCCTCGATGTTAACTCTAGAGTCG) to 

amplify the eGFP coding sequence and to introduce a PstI site (underlined) at the 3’ end. 

The amplified Tyr22DHFR-Gly4Ser-Gly3 and Gly2Ser-Gly4Ser-eGFP products were 

fused by overlap extension (94˚C 5 min, slow cool 30 min in air, add dNTPs and Taq / 

Tgo DNA polymerase mixture (Expand High Fidelity Enzyme mix; Roche Applied 

Science, Penzberg Germany), then heat to 72˚C 5 min) and the final product amplified by 

PCR using the far 5’ sense (DHFR) and far 3’ antisense  (eGFP) oligonucleotides 

described above. The final PCR product was ligated into pCSII between EcoRI and PstI. 

Correct vector construction was verified by restriction endonuclease mapping and DNA 

sequencing. All restriction enzymes were from New England Biolabs (Beverly, MA). 

pCCDG was used as template for both DHFR and GFP amplifications, with PCR 

reactions carried out under the following conditions; 94˚C 10 min, 1 cycle; 94˚C 30 s, 

55˚C 30 s, 72˚C 3 min, 30 cycles; 72˚C 10 min, 1 cycle. All PCR reactions and overlap 

extensions were carried out using an Applied Biosystems (Foster City, CA) Thermal 

Cycler (Model 2720). 

 

Preparation of high-titer vector stocks 

Lentiviral vectors were packaged using a 3-plasmid transient transfection procedure as 

described 24.  Lentivirus vector plasmids (pCSIIEG, pEFDIG, or pDL2G) were co-

transfected with pΔNRF to provide the gag, pol and rev proteins and pMD.G for 

pseudotyping with VSV-G envelope protein. Briefly, 6 x 106 HEK 293T cells were 

seeded onto poly-L-lysine-coated 15 cm2 plates 24 hours before transfection in 

Dulbecco’s modified Eagle medium (DMEM) supplemented with 100 U/ml penicillin, 

100 µg/ml streptomycin (P/S) (all from Invitrogen, Carlsbad, CA) and 10% heat-

inactivated fetal bovine serum (FBS; Atlas Biologicals, Fort Collins, CO) in humidified 

atmosphere containing 3% CO2 in air at 37˚C. For the production of vector particles, 8 µg 

pM.DG, 30 µg pΔNRF packaging plasmid and 25 µg lentiviral vector plasmid were co-

transfected into 293T cells using the DNA-calcium phosphate co-precipitation 

technique.25 After overnight transfection, cells were washed with PBS, provided fresh 
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DMEM plus 10% FBS, 1% P/S and 10 mM sodium butyrate (Sigma-Aldrich, St. Louis, 

MO), and incubated in a humidified atmosphere containing 10% CO2 in air at 37˚C. 

Vector supernatants were collected 8 hours later and replaced with DMEM plus 10% 

FBS and 1% P/S for two additional 12 hour incubations. Supernatants from all three 

harvests were pooled, concentrated 100-fold by centrifugation at 23,000 x g and 

resuspended in unsupplemented Iscove’s modified Dulbecco medium (IMDM; 

Invitrogen). Concentrated supernatants were diluted and titrated on NIH 3T3 TK- 

(lacking thymidine kinase) murine fibroblasts. Cells and virus were incubated for 48 

hours in the presence of 8 µg/mL polybrene (hexadimethrine bromide; Sigma-Aldrich) 

followed by fluorescence-activated cytometric analysis to determine the percentage of 

GFP+ cells using a FACSCalibur instrument (Becton Dickinson Immunocytochemistry 

Systems [BDIS], San Jose, CA). Titer was also assessed by drug-resistant colony 

formation after subculturing transduced 3T3 TK- cells into selective medium containing 

0.15 µM MTX 26. After 2 weeks, colonies were stained with crystal violet and the MTXr-

DHFR titer calculated as the number of colony forming units/mL. Vector concentrations 

were increased approximately 100-fold with 70% recovery of transducing units, and final 

titers ranged between 108 and 109 transducing units per ml as assessed both by drug 

resistance (MTXr-DHFR) and flow cytometry (GFP). 

 

Fluorescence microscopy  

3T3 TK- fibroblasts were transduced with EFDIG or DL2G lentiviral vector and 

subcultured in 100 µM MTX.  After two weeks, MTX-resistant clones were isolated and 

expanded in culture. For fluorescence microscopy, MTX-resistant clones and uninfected 

cells were subcultured onto coverslips coated with 0.002% poly-L-lysine (Sigma-

Aldrich). Confluent monolayers were fixed with 4% paraformaldehyde (Sigma-Aldrich), 

washed with PBS and mounted onto glass slides with VectaMount (Vector Laboratories, 

Burlingame, CA).  Fluorescence was visualized on an Olympus BX60 upright 

microscope.  
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Western blot analysis 

MTXr-clones (described in the preceding section) and uninfected cells were harvested by 

trypsinization, washed with phosphate buffered saline (PBS; Biowhittaker, Walkersville, 

MD) and lysed with 2% sodium dodecyl sulfate (SDS; Sigma-Aldrich). Cleared lysates 

were prepared by centrifugation at 15,000 x g for 20 minutes. Protein extracts (25 µg: 

quantified by Bradford assay; Pierce, Rockford, IL) were boiled for 5 minutes in the 

presence of sample loading buffer and electrophoresed through 12% polyacrylamide-

SDS. Proteins were transferred onto nitrocellulose membranes using the iBLOT™ Dry 

Blotting System (Invitrogen) and incubated sequentially with either a polyclonal rabbit 

antibody raised against human DHFR (a kind gift from Dr, B. Dolnick, Roswell Park 

Memorial Institute, Buffalo, NY)27 or a monoclonal rabbit antibody against eGFP 

(Clontech, Mountain View, CA) followed by a secondary anti-rabbit IgG antibody 

conjugated with horseradish peroxidase (Invitrogen). 

 

DHFR enzyme assay 

3T3 cells were transduced with CSIIEG, EFDIG or DL2G lentivirus vector at a 

multiplicity of infection (M.O.I.) of 1, harvested by trypsinization, washed with PBS, and 

resuspended in lysis buffer (50 mM Tris buffer [pH 7.5], 150 mM KCl, 25mM MgCl2 (all 

from Sigma-Aldrich),10 mM β-mercaptoethanol [BME; BioRad Laboratories, Hercules, 

CA]). The cells were then sonicated with a Branson 250/450 Sonifier at a setting of 5 for 

20 seconds using a microtip, cleared by centrifugation (16,000g for 30 min at 4˚C) and 

extracts diluted into reaction buffer (100 mM Tris buffer [pH7.5], 150 mM KCl, 10 mM 

BME). When including MTX in the reaction, samples were incubated with drug at room 

temperature for 10 minutes prior to enzyme assay. Reactions were started by adding 

NADPH (β-nicotinamide adenine dinucleotide phosphate reduced tetrasodium salt) and 

dihydrofolic acid (both from Sigma-Aldrich) to final concentrations of 120 µM and 30 

µM, respectively, following the change in absorbance at 340 nm on a Beckman DU40 

spectrophotometer. One unit was defined as the amount of enzyme required to reduce 1 

nmole of dihydrofolic acid per minute (ε = 12,300 M-1 cm-1) 28. 

 



35 

Mouse bone marrow transplantation, transduction and methotrexate 

administration. 

All procedures were reviewed and approved by the University of Minnesota Institutional 

Animal Care and Use Committee. Six-week old C57Bl/6 CD45.2 and CD45.1 female 

mice were obtained from the National Cancer Institute (Frederick, MD) and provided 

food and water ad libitum. Donor CD45.2 mice were administered 150 mg/kg 5-

fluorouracil (Sigma-Aldrich) two days before marrow harvest. Bone marrow was flushed 

from the hind limbs of donor mice and processed to a single cell suspension in DMEM 

plus 10 U/ml heparin and 10% FBS. Cell suspensions were quantitated and assayed for 

viability by trypan blue exclusion. Following marrow harvest and processing, cells were 

resuspended in complete Stempro medium supplemented with 2 mM L-glutamine, 100 

IU/ml penicillin,100 µg/ml streptomycin (Invitrogen), cytokines (20 ng/ml hIL-3, 50 

ng/ml hIL-6, 100 ng/ml mSCF; all from R & D Systems, Minneapolis, MN) and 8 µg/ml 

polybrene (Sigma-Aldrich). All transductions were carried out as 12-hour vector 

exposures following the addition of 100-fold concentrated vector to 2.25 x 108 cells 

plated in three 15-cm2 tissue culture plates. Concentrated vector was added to a final 

volume of 15 mL per plate at an M.O.I. of 10 (MTXr CFU/marrow cell). Transduced 

cells were washed, enumerated, resuspended at a final concentration of 1 to 2 x 107/mL 

DMEM and equal numbers (2 or 3 x 106) injected through the lateral tail vein into 12 to 

16 week-old sublethally irradiated (700 cGy) congenic recipients (CD45.1). Mice that 

received MTX (+ Amethopterin, Bedford Laboratories, Bedford, OH) were injected 

intraperitoneally with 0.25 mg/kg MTX on days 1 to 4, 0.5 mg/kg MTX on days 5 to 8, 1 

mg/kg MTX on days 9 to 25 and 1 to 2 mg/kg on days 26 to 45 or until recovery of 

hematocrit to the normal range. Control mice were injected with equivalent volumes of 

PBS.   For secondary transplant, marrow harvested from primary recipients was injected 

into lethally irradiated (800-850 cGy) CD45.1 secondary recipients, which were allowed 

to recover for 4 months prior to analysis of engraftment and transduction.  
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Hematology and flow cytometry  

Blood was obtained from animals at regular intervals for determination of hematocrit and 

for flow cytometric analysis. Whole blood samples were resuspended in hemolysis buffer 

(0.15 M NH4Cl, 1 M NaHCO3, 0.1 M Na2EDTA, pH 7.2), leukocytes pelleted by low-

speed centrifugation, washed with PBS, and stained with fluorochrome-conjugated 

monoclonal antibodies for determination of immunophenotype.  GFP expression was 

analyzed as previously described 29.  Engraftment and leukocyte immunophenotyping 

were conducted using anti-mouse monoclonal antibodies: APC-conjugated CD45.2 and 

PE-conjugated CD3e (T lymphocytes), B220 (B lymphocytes), CD11b and Gr-1 

(myeloid lineages)(all purchased from eBiosciences, San Diego, CA) on a FACSCalibur 

instrument. Data were collected and analyzed using CellQuest Pro (BD Biosciences) and 

FlowJo (Tree Star, Inc., Ashland, OR) software, respectively. 

 

Histopathologic Analysis 

Animals were euthanized and tissue samples were harvested, including sternum and 

ileum. Tissues were fixed in 10% formalin (further decalcifying bone marrow in 1% 

formic acid; both from Sigma-Aldrich), embedded in paraffin, sectioned, mounted, 

stained (hematoxylin and eosin), and analyzed microscopically without prior knowledge 

of sample identity.   

 

Real time qPCR 

DNA was extracted from samples using the Puregene® DNA Purification System 

(Gentra Systems, Minneapolis, MN) and quantitated spectrophotometrically (A260). 

Reactions were run in duplicate under the following conditions: 60 ng DNA, 200 nM 

forward (5’-CACATGAAGCAGCACGACTT-3’) and reverse (5’-

GGTCTTGTAGTTGCCGTCGT-3’) GFP-specific primers, 100 nM GFP-specific probe 

(5’/56-FAM/AGCGCACCATCTTCTTCAAG/3BHQ_1/-3’) and 5% DMSO (Sigma-

Aldrich) in 10 µL final reaction volume. The Roche Lightcycler 2.0 System was used for 

amplification of the target sequence with the following cycling parameters: 95˚C 10 min 

1 cycle; 95˚C 10 s, 60˚C 20s, 45 cycles, 40˚C 30 s, 1 cycle. Results were analyzed using 
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Lightcycler software, version 3.5 and copy number determined by the second derivative 

maximum analysis method (i.e. the cycle number at which sample fluorescence is first 

detected above background fluorescence). A standard curve was generated by first 

isolating a HeLa cell clone in selective medium containing 0.2 µM MTX after exposure 

to DHFR lentivirus vector CCDG (see above) at low multiplicity as a source of DNA 

containing a single copy integrant. CCDG/HeLa DNA was mixed with unexposed HeLa 

cell DNA in 10-fold serial dilutions to generate a standard curve covering a range of 104 

copies to 1 copy of the integrated vector sequence per 60 ng of template DNA.  Negative 

controls for each reaction included no template control, HeLa cell DNA, and DNA 

extracted from C57BL/6 mouse bone marrow.  

 

Statistical Analysis 

Animal survival in response to MTX administration was evaluated by the Kaplan-Meier 

product limit method 30. The log rank statistic was determined using Prism 4 software 

(GraphPad Software, Inc., San Diego, CA) to test for differences among recipient cohorts 
31. Data from other experiments were evaluated by unpaired t-test analysis.  

 

RESULTS 

Generation and in vitro characterization of  lentivirus vectors transducing MTXr-

DHFR and GFP. 

To achieve high efficiency gene transfer in hematopoietic cell targets, we constructed 

lentivirus vector plasmids pEFDIG and pDL2G, containing a murine MTXr-Tyr22DHFR 

variant cDNA along with the enhanced (e)GFP marker gene under transcriptional control 

of the human elongation factor 1-alpha (EF1-α) promoter. The Tyr22DHFR and eGFP 

coding sequences were inserted as part of a bicistronic expression cassette (pEFDIG) or 

as a genetic fusion (pDL2G) (Figure 2.1). The EFDIG and DL2G vectors were packaged 

into VSV-G pseudotyped virions, concentrated 100-fold, and titer assessed in comparison 

with the eGFP-encoding vector, CSIIEG (Figure 2.1). Vector titers ranged between 107 

and 108 IU/mL (Table 2.1), with reasonably good correlation between titer assessed by 

flow cytometry for GFP expression and by MTXr colony formation for DHFR 
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expression. Mean fluorescence intensity (MFI) of GFP-positive 3T3 TK- cells transduced 

at a multiplicity of infection of 0.2 or less was higher for the DL2G fusion in comparison 

to the EFDIG-infected cells, indicating that DL2G may be a more reliable vector design 

to achieve GFP marking of transduced cell populations. 

 

To characterize Tyr22DHFR and eGFP protein expressed in transduced cells, clones 

resistant to a high level of MTX (100 µM, to select for clones expressing a high level of 

DHFR) were isolated for examination by fluorescence microscopy and extracts prepared 

for western blot analysis (Figure 2.2). Tyr22DHFR and eGFP proteins were clearly 

identifiable in western blots (Figure 2.2A). The presence of a 48 kDa band in MTXr-

DL2G lysates immunoreactive with both anti-eGFP and anti-DHFR antibodies confirmed 

successful generation of the tyr22DHFR-eGFP fusion protein, consistent with the 

molecular masses of eGFP (27 kDa), DHFR (21 kDa) and the glycine-serine linker (0.8 

kDa).  In contrast, a 21 kDa band was detected in EFDIG-transduced cell lysates probed 

with anti-DHFR antibody, consistent with the molecular weight of endogenous murine 

DHFR. A 27 kDa band was also detected in GFP-probed EFDIG lysates, consistent with 

the molecular mass of eGFP. In uninfected and DL2G-transduced cells, endogenous 

DHFR was detected at greater exposure times (data not shown). Fluorescence microscopy 

of MTXr-clones showed a higher level of fluorescence in DL2G-positive cells in 

comparison to EFDIG-positive cells (Figure 2.2B). 

 

To determine the effect of the DL2G fusion on DHFR enzyme activity, 3T3 TK- cells 

were transduced at a multiplicity of one (based on GFP titer), maintained in culture for 7 

days, and then harvested for extract preparation and DHFR enzyme assay. The enzyme 

activity per mg total protein was approximately four times lower in cells transduced with 

DL2G compared to EFDIG in the absence of MTX, despite similar levels of GFP 

expression as determined by flow cytometry and proviral copy numbers (Table 2.2). 

When drug was added to the extracts, enzyme activity in EFDIG and DL2G-transduced 

cells decreased by 27% and 76%, respectively. When U/mg was evaluated within the 



39 

context of copy number, there was no significant difference between activity/mg per copy 

number in EFDIG- and DL2G-transduced cells. 

 

Transplantation with EFDIG-transduced marrow protects recipients from lethal 

doses of MTX.  

To determine the level of chemoprotection conferred by lentivirus-mediated Tyr22DHFR 

gene transfer, we conducted dose-escalation studies in animals that had received either 

CSIIEG or EFDIG-transduced marrow. Following overnight transduction in the presence 

of IL-3, IL-6 and SCF, 3 x 106 transduced, unfractionated marrow cells were infused into 

sub-lethally irradiated (700 cGy) recipients. Animals were then administered either PBS 

or MTX at ascending doses, from 0.25 mg/kg/day on day 1 up to 2 mg/kg/day on day 42.  

Mice that were transplanted with GFP-transduced marrow and subsequently administered 

MTX did not survive dose-escalation to 2 mg/kg/day (Figure 2.3A). Two of the CSIIEG-

marrow recipients administered MTX that survived until day 35 exhibited poor health, as 

indicated by 25% loss of body weight, lethargy and hematocrits below 15 (Figure 2.3B). 

In contrast, animals transplanted with EFDIG-transduced marrow exhibited a significant 

survival advantage (p = 0.0102) and most of these animals survived escalation of the 

MTX dose up to 2 mg/kg/day. EFDIG-marrow recipients recovered to healthy hematocrit 

levels by day 42, exhibiting a similar hematocrit recovery pattern as that observed for the 

PBS-administered control cohort. Histopathologic analysis of marrow from MTX-treated 

control (GFP-transduced) recipients revealed severe hypoplasia, consistent with 

myelosuppression. In contrast, bone marrow from the EFDIG/MTX and CSIIEG/PBS 

cohorts showed marrow hyperplasia. Histopathologic analysis of samples from the ileum 

revealed normal crypt:villus ratios and a lack of lesions (data not shown). 

 

Donor cell engraftment levels were assessed in recipient animals by flow cytometric 

analysis for CD45.2+ leukocytes in peripheral blood at 4 and 8 weeks post-

transplantation. For PBS-administered control animals, donor engraftment increased from 

60% at 4 weeks to 82% at 8 weeks (Table 2.3). Lower levels of engraftment were 

observed in MTX-treated EFDIG-marrow recipients 4 weeks post transplantation (30%). 
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By week 8, engraftment increased to 82%. GFP marking was higher in MTX-treated 

EFDIG marrow recipients (36%) compared to PBS treated animals (15%) during the 

dose-escalation, but marking decreased to 9-10% in both cohorts 1 month after MTX 

withdrawal. These data show selective expansion of Tyr22DHFR-expressing cells 

resulting from MTX administration.  

 

MTX dose-escalation studies in DL2G-transduced BMT recipients. 

To assess whether the Tyr22DHFR-GFP fusion protein protects recipients from MTX-

toxicity, we conducted MTX dose-escalation studies in mice transplanted with 2 x 106 

DL2G-transduced marrow cells.  Donor CD45.2 marrow cells were harvested and 

transduced overnight with DL2G or CSIIEG in the presence of IL-3, IL-6 and SCF as 

described in Materials and Methods. In comparison to the EFDIG-transduced marrow 

transplant experiment described above, fewer cells were infused due to decreased viable 

cell yield after overnight transduction.  After transplantation, recipient animals were 

administered either PBS or MTX at an initial dose of 0.25 mg/kg, subsequently 

increasing the dose to 0.5 mg/kg and then 1.0 mg/kg on day 9 post-transplant. Control 

CSIIEG-transduced marrow recipients did not survive MTX dose-escalation to 1 

mg/kg/day and succumbed by day 16 (Figure 2.3C) (p=0.0398). Declining health of all 

animals, including PBS-treated controls, necessitated a 5-day suspension of MTX 

administration, from day 13 to 17 post-transplant. Once the animals regained their health 

based on weight, appearance and behavior, treatment was resumed and continued until 

the end of the 30-day dose-escalation.  We observed that DL2G marrow recipients 

survived MTX dose-escalation to 1 mg/kg/day. In comparison to the MTX treated 

CSIIEG-marrow recipients, MTX- and PBS-treated DL2G- 

marrow recipients recovered to normal hematocrit levels by day 21 (Figure 2.3D). 

Histopathologic analysis of marrow and small intestine (ileum) sections from MTX-

treated CSIIEG-marrow recipients revealed severe marrow hypoplasia but no evidence of 

GI atrophy, respectively (data not shown). In contrast, DL2G-transduced marrow 

recipients treated with MTX or PBS exhibited hyperplastic marrow and normal GI 

histology.  
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MTX and PBS-treated DL2G-marrow recipients exhibited 9 and 14% CD45.2 donor cell 

marking, respectively, in peripheral blood at the endpoint of drug administration (31 

days). By 8 weeks after marrow transplantation, donor cell engraftment increased to 59% 

and 60% for these cohorts, respectively (Table 2.3). In PBS-administered control 

animals, GFP marking in peripheral blood was stable between 4 and 8 weeks (3% GFP-

positive PBMCs). In contrast, GFP marking in MTX-treated DL2G-marrow recipients 

decreased by 8 weeks (from 13% to 2% GFP-positive PBMCs). GFP marking was 

observed in donor myeloid and lymphoid lineages at mean frequencies from 10% to 60% 

(Table 2.4). The greater level of GFP marking in MTX treated animals implies a selective 

advantage for Tyr22DHFR-expressing donor hematopoietic cells over untransduced 

donor cells during MTX administration. Although antifolate administration alone is not 

sufficient for in vivo selection of hematopoietic stem cells, Tyr22DHFR-myeloid and 

lymphoid progeny appear to be less sensitive to MTX toxicity; therefore they may have a 

survival advantage over their untransduced counterparts 32. 

 

Proviral integrant frequencies (determined by real-time quantitative PCR) in the bone 

marrow of primary transplant recipients were similar among those animals within each 

experiment (Table 2.3). The higher proviral integrant frequency in experiment 1 

compared to experiment 2, in combination with the reduced number of marrow cells 

transplanted in experiment 2, may account for the decreased recovery time and higher 

level of chemoprotection achieved in MTX-treated EFDIG-marrow recipients (2 

mg/kg/day vs. 1 mg/kg/day).  

 

Repopulation of secondary recipients with lentiviral vector-transduced 

hematopoietic stem cells. 

To confirm transduction of long-term repopulating stem cells, bone marrow was 

harvested from primary recipients and 5x106 cells transplanted into each of 3 lethally 

irradiated CD45.1 secondary recipients. Peripheral blood from the secondary recipients 

was analyzed for CD45.2 donor and GFP+ marking by flow cytometry at 8 and 16 weeks 
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post transplantation. By 16 weeks, the mean engraftment level of CD45.2+ cells in the 

peripheral blood of secondary recipients was not significantly different between cohorts 

(p<0.05).  GFP marking was stable over the 4-month period and similar to the GFP-

marking level observed for EFDIG-transduced primary marrow transplant recipients 

(Figure 2.4A). By comparison, engraftment of CD45.2+ cells in DL2G-marrow recipients 

was lower, likely due to the fact that 1 million fewer cells were transplanted into primary 

recipients. GFP marking in secondary DL2G-marrow recipients was substantially lower 

(1% GFP+), likely due to reduced stem cell marking (Figure 2.4B). The level of GFP 

expression persisted in secondary recipients, as revealed by stable mean fluorescence 

intensity over time observed in secondary recipients of EFDIG-, DL2G- and CSIIEG-

transduced marrow. These results allow us to conclude that: (1) EFDIG and DL2G 

treatment of unfractionated marrow supported the transduction of hematopoietic stem 

cells; (2) primitive hematopoietic cells engrafted, repopulated and gave rise to MTX-

resistant progeny in primary recipients sufficient to provide significant chemoprotection 

and prolonged animal survival during MTX dose-escalation; and (3) genetically marked 

hematopoietic stem cells reconstituted the bone marrow of lethally irradiated secondary 

recipients, giving rise to progeny that persisted in the peripheral blood.  

 

DISCUSSION 

Previous studies have shown that transplantation with drug-resistant DHFR transgenic 

marrow or with marrow transduced using a gamma-retrovirus encoding human MTXr-

DHFR conferred significant chemoprotection to transplant recipients 5,6,17,33. The primary 

goal of the studies described in this paper was to test the effectiveness of lentivirus 

vectors for Tyr22DHFR gene transfer into murine bone marrow and protection of 

transplant recipients from MTX toxicity. We constructed both a Tyr22DHFR-IRES-eGFP 

bicistronic vector and a Tyr22DHFR-eGFP genetic fusion for comparative in vivo 

chemoprotection studies, with the rationale that the eGFP coding sequence located 3’ to 

the IRES may not always be expressed to the same degree as the upstream Tyr22DHFR 
34,35. In two separate in vivo chemoprotection studies, EFDIG- and DL2G-transduced 

marrow recipients recovered to healthy hematocrit levels and had a significant survival 
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advantage over control GFP transduced marrow recipients during MTX administration 

(p<0.05). Animals that received GFP-transduced bone marrow exhibited severe 

myelosuppression (hct < 20 and marrow hypoplasia upon histopathologic analysis) and 

did not survive MTX-dose escalation to 1 mg/kg/day.  We conclude that both EFDIG and 

DL2G lentiviral vectors confer a substantial chemoprotective effect in mouse marrow 

transplant recipients administered MTX. 

 

To facilitate vector titering and the tracking of DHFR-transduced hematopoietic cells, we 

included a GFP coding sequence in both of the vectors tested in our study.  For vector 

EFDIG, expression of the downstream eGFP sequence relies on internal translation from 

a picornavirus IRES sequence positioned between the DHFR and eGFP coding sequence.  

Although there is ample evidence in the literature for the effectiveness of this strategy for 

expression of two genes from the same vector, maintenance of expression can be 

problematic, particularly for the downstream coding sequence.  Persons et al. (1997) 

solved this problem for DHFR-expressing MoMLV vector by placing the GFP coding 

sequence in the upstream position of a GFP-IRES-DHFR transcript, thereby forcing 

expression of both genes due to the selective pressure exerted on DHFR in the 

downstream position 36. In this study, we generated a Tyr22DHFR-eGFP fusion protein 

so as to more intimately link GFP expression to drug-resistant DHFR function.  Similar 

use of a human Phe22/Ser31 DHFR-GFP fusion protein was previously reported by 

Mayer-Kuckuk 11. We verified the predicted size of the DHFR-GFP fusion protein by 

western blot using both anti-GFP and anti-DHFR antibodies, as well as maintained GFP 

fluorescence and DHFR enzyme activity in cell extracts.  Direct comparison of cells 

transduced with EF1α-regulated vectors (EFDIG vs. CSIIEG, Table 2.1) revealed a 1.8-

fold reduction in GFP mean fluorescence intensity resulting from the DHFR-GFP fusion 

(175 vs. 322, respectively).  However, GFP fluorescence of the IRES regulated construct 

EFDIG was reduced 3.3-fold (MFI = 98) compared to CSIIEG, thus exemplifying our 

motivation in seeking a more reliable strategy for GFP co-expression in these vectors.  

The effectiveness of the fusion design was also apparent in the maintenance of MFI in 
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DL2G transduced peripheral blood cells of secondary transplant recipients (Figure 2.4B), 

the low level of stem cell transduction in this experiment notwithstanding. 

 

Therapeutic application of antifolates such as MTX is limited by systemic toxicity and 

tumor-acquired drug resistance 2. Low- and intermediate-dose MTX therapy causes 

cytopenia among hematopoietic lineages, thereby compromising overall patient health. 

The primary acute toxicities associated with high-dose MTX treatment are 

myelosuppression and mucositis 37. This is especially limiting in applications where GI 

sensitivity to MTX precludes dose-escalation to a level that would improve the likelihood 

for patient relapse-free survival.  As an approach to protect against antifolate toxicities, 

ex vivo gamma-retroviral transduction studies in mice have shown that virus-mediated 

MTXr-DHFR gene transfer supports higher-dose antifolate administration while limiting 

myelotoxicity. Protection of animals from lethal doses of methotrexate by ex vivo 

retroviral vector mediated transduction of hematopoietic stem cells was demonstrated by 

Williams and also by Bertino 15,38. Our laboratory reported similar protection against 

lethal doses of MTX in animals transplanted with transgenic marrow expressing one of 

several MTX-resistant DHFR variants 5-9. Sorrentino’s group demonstrated selective 

protection against the antifolate trimetrexate mediated by Tyr22DHFR transduction at the 

stem cell level 32. Here, we have extended these chemoprotection studies to include a 

lentiviral vector-mediated approach with the intention of providing a more potent means 

of achieving Tyr22DHFR gene transfer into hematopoietic targets.  

 

There are several hematologic observations that were made as a part of this study. The 

evidence from our study supports transduction of hematopoietic stem cells.  GFP+ donor 

leukocytes of both myeloid and lymphoid lineages observed at 8 weeks post-transplant 

could have resulted from transduction of stem cells or of more committed myeloid and 

lymphoid progenitors.  Drug resistance gene expression in committed progenitors is 

important, in fact, to confer chemoprotection in the period soon after bone marrow 

transplant (in mice, the first 2 – 3 weeks) 33. The data from our secondary transplant 

recipients, however, indicate that gene transfer into primitive stem cells was achieved in 
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the primary-transplanted animals, most likely giving rise to at least some transduced cells 

in the peripheral blood starting 3 to 4 weeks post-transplant.  We also observed that 

transgene expression based on GFP marking in the peripheral blood was significantly 

increased during MTX treatment and then subsided 1 month after drug withdrawal 

(p<0.05). In contrast, GFP marking did not decrease significantly in PBS-treated animals 

after cessation of injections (p>0.05).  This is consistent with a survival advantage 

imparted on more differentiated cells during MTX administration, but not on more 

primitive stem cells.  This is also consistent with previous reports that selection of 

DHFR-transduced stem cells requires the use of a more specific DHFR inhibitor (i.e. 

trimetrexate) in combination with a nucleoside transport inhibitor 12. Temporary 

expansion of more differentiated cell types has also been reported for non-human 

primates transplanted with DHFR-transduced marrow upon administration of trimetrexate 
13. Such temporary expansion of DHFR+ PBL nonetheless implies a certain degree of 

chemoprotection achieved, with potential therapeutic benefit.  Finally, gene transfer was 

achieved after a simple overnight exposure of marrow cells to DHFR lentivirus vector at 

an infection multiplicity of 10, resulting in a moderate overall proviral copy number in 

peripheral blood cells (0.5 copies/cell in expt1, 0.2 to 0.3 copies/cell in expt 2).  

Nonetheless, the low gene transfer frequency into stem cells observed in these 

experiments (11% in expt 1, and 1% in expt 2) was sufficient to protect transplant 

recipients from myelosuppression and support MTX dose-escalation to 2 mg/kg and 1 

mg/kg per day, respectively.  Such chemoprotection was previously observed in mice 

engrafted at low levels (down to 1%) with transgenic marrow expressing drug-resistant 

DHFR 9. 

 

Clinical testing of drug-resistance genes has included introduction of the MDR1 gene as a 

means of protecting against the toxicity of paclitaxel chemotherapy (Abonour et al., and 

references therein) and introduction of the methylguanine methyltransferase gene to 

confer resistance to alkylating agents 39,40. These studies have targeted human CD34+ 

hematopoietic stem cells using retroviral vectors for introduction of the MDR1 or O6-

methylguanine-DNA methyltransferase genes.  In particular, Abonour et al. reported 
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successful MDR gene transfer into CD34+ cells engrafted in recipient patients, with a 

transient increase in MDR1-positive cells observed in the peripheral blood after a course 

of paclitaxel chemotherapy.  These results imply protection against the toxicity of 

chemotherapy brought about by introduction of the MDR gene.  We suggest that effective 

protection against antifolate toxicity may similarly be brought about by introduction of 

DHFR genes that encode antifolate-resistant enzyme activity, and at the higher frequency 

afforded by the use of lentivirus rather than murine retrovirus vectors. The studies 

described herein show that ex vivo lentiviral transduction of mouse bone marrow supports 

DHFR gene transfer into HSCs and more differentiated hematopoietic lineages, providing 

short- and long-term chemoprotection to marrow transplant recipients during MTX dose-

escalation. These studies also demonstrate the effectiveness of lentivirus vectors for this 

purpose, using ex vivo transduction conditions (i.e., short-term exposure) that are relevant 

to the clinical setting.  Systemic chemoprotection coupled with antifolate chemotherapy 

may thus provide more effective treatment of antifolate-responsive tumors.  
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TABLE 2.1. Lentiviral vector titers based on MTXr-CFUs and GFP fluorescencea 
 

Crude supernatant  Concentrated vector 

LV  CFU/mLb GTU/mLc CFU/mL GTU/mL MFI 

 

EFDIG  1.5 x 106  1.6 x 106  1.0 x 108 9.8 x 107 98 

DL2G  2.4 x 106  5.2 x 106  6.0 x 107 9.9 x 107 175 

CSIIEG  0  1.8 x 106  0  1.3 x 108 322  

 
aMean Tyr22-DHFR and GFP titers determined by transduction of MTX-sensitive NIH3T3 TK- cells with vectors 

carrying the indicated expression cassettes. Titer was assessed by drug resistant colony formation in MTX and flow 

cytometry for GFP expression. Mean fluorescence intensities (MFI) of GFP+ cells are indicated in the far-right column 

of the table.  

bMethotrexate-resistant colony forming units per mL virus supernatant 

cGFP transducing units per mL virus supernatant 
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TABLE 2.2. DHFR enzyme activity in transduced 3T3 TK- cellsa 
 

     -MTX    +MTX 

% GFP+   copy #/cell U/mg  U/mg/copy # U/mg U/mg/copy # 
 

DL2G-3T3       91.9    2.3  17.74  ± 3.48 7.71  4.26 ± 2.13 1.85 

EFDIG-3T3      97.1    28.3  64.23 ± 9.76 2.27  46.67 ± 6.64 1.65 

3T3         0    0  8.08 ± 0.57 NA  0  NA 

 

 aCell lysates from transduced or untransduced 3T3 TK- cells were assayed for DHFR activity in the presence and 

absence of 0.25 µM MTX. One unit of enzyme activity is defined as 1 nmol/min.  Results shown are the mean of three 

assays  ±  S.D. 
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TABLE 2.3. Mean engraftment and GFP marking in primary recipients 
 

          1 month post BMTa 2 months post BMTb   

No. BMT/ Engraftment GFP  Engraftment GFP   Copy #/ 

LV/Rx  BMT     followup (% CD45.2+)  (%)  (% CD45.2+)     (%) cell  

 

CSIIEG/PBS 3 x 106      6/6  60 ± 13         15 ± 8 82 ± 5   10 ± 5 0.5 

CSIIEG/MTX 3 x 106      6/0   NA   NA NA   NA NA  

EFDIG/MTX 3 x 106      8/7  30 ± 5           36 ± 8 82 ± 4   9 ± 2 0.5 

DL2G/PBS 2 x 106      3/2  14 ± 16         3 ± 0 59 ± 3   3 ± 1 0.2 

CSIIEG/MTX 2 x 106      5/0   NA                NA NA   NA NA 

DL2G/MTX 2 x 106      7/5  9 ± 4            13 ± 10 60 ± 12   2 ± 1 0.3 

 

aplus Rx 
b1 month post Rx removal 

NA – Not available due to mortality prior to followup 
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TABLE 2.4. GFP marking in myeloid and lymphoid lineages 2 months post BMTa 

 
   Gr-1+  Mac-1+  B220+  CD3+ 

LV/Rx    (%)    (%)   (%)   (%) 
 

CSIIEG/PBS  7 ± 4  8 ± 3  59 ± 15  41 ± 19 

EFDIG/MTX  10 ± 3  7 ± 4  50 ± 12  44 ± 20 

DL2G/PBS  18 ± 9  20 ± 6  21 ± 22  35 ± 30 

DL2G/MTX  31 ± 24  28 ± 16  18 ± 21  41 ± 18 

 
aValues are expressed as % cells of a given phenotype that were GFP+ +/- S.D. 
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FIGURE 2.1. Lentivirus vectors. In each vector, the promoter (U3) region of the long 

terminal repeats (LTRs) flanking the viral genome has been deleted. The cytomegalovirus 

(CMV) promoter regulates transcription of the modified viral genome in transfected cells. 

The repeat (R) and U5 elements are retained for polyadenylation, reverse transcription 

and integration of viral vector genomes. Other features include the rev response element 

(rre), woodchuck post-transcriptional regulatory element (wpre), internal ribosomal entry 

site (ires) and the elongation factor-1 alpha promoter (EF-1α).  A, EFDIG, Tyr22DHFR-

ires-eGFP bicistronic vector. B, DL2G, Tyr22DHFR-eGFP fusion with a flexible 

glycine-serine linker encoded between the two transgenes. C, CSIIEG, control eGFP 

vector.  
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FIGURE 2.2. Characterization of DHFR / GFP fusion protein expressed in 

transduced NIH3T3 TK- fibroblasts. Transduced cells were selected in 100 µM MTX 

for two weeks. Drug-resistant colonies were isolated and expanded under non-selective 

conditions for subsequent analyses. A, Western blot analysis. 25 µg protein from each of 

the specified clones or from uninfected cells (indicated across the top of the blot) was 

electrophoresed through 12% SDS-PAGE gel and blotted onto nitrocellulose.  Blots were 

probed with (right) rabbit anti-eGFP or (left) anti-DHFR antibodies. Molecular weight 

markers are shown on the right. B, Fluorescence microscopy. MTX-resistant clones or 

uninfected cells were seeded onto glass cover slips, fixed onto slides and photographed.  
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FIGURE 2.3. MTX dose escalation after transplantation with Tyr22DHFR-

transduced marrow. Animals transplanted with EFDIG (n=8), DL2G (n=8) or CSIIEG 

(n=6) transduced marrow were administered MTX daily starting at 0.25 mg/kg/day, 

escalating to 2 mg/kg/day (dose indicated in variably shaded bar across the top of A-D) 

over a thirty-five day period or until the animal succumbed. A third cohort for each 

experiment that received CSIIEG (n=6) or DL2G (n=3)-transduced marrow was 

administered PBS daily. A and C, Kaplan-Meier plots of the fraction of animals surviving 

at the indicated times after initiation of MTX administration (A, p=0.0102; B p=0.0398).  

Animal groups are labeled in the figure.  B and D, Average weekly hematocrit for 

surviving animals. Error bars = S.D. 
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FIGURE 2.4.  Persistent transgene expression in secondary transplant recipients.  

Sixteen weeks after secondary marrow transplantation, GFP marking and mean 

fluorescence intensity (MFI) were assessed by flow cytometry. Dot plots depicting %GFP 

positive cells (on the left) and MFI (on the right) associated with 5 representative primary 

recipient mice (black diamonds) and their three respective secondary transplant recipients 

(open circles) are shown. A, B, experiment 1 (EFDIG). C, D, experiment 2 (DL2G). 
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CHAPTER 3 

Long-term expression of drug-resistant dihydrofolate reductase after lentiviral stem cell 

transduction and transplantation in mice and dogs 

 

 

 

 

 

 

 

 

 

 

 

This chapter will be submitted as a manuscript by JL Gori, BC Beard, C Ironside, D 

Swanson, M Diers, D Largaespada, RS McIvor and HP Kiem, pending completion of 

canine transplantation experiments in early 2009. JLG wrote the manuscript, designed 

analyzed and performed in vitro and mouse experiments. D Swanson and C Ironside 

performed qPCR assays. C Ironside and JL Gori participated in canine bone marrow 

transplantations and B Beard supervised canine studies.  
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ABSTRACT 

Methotrexate (MTX) chemotherapy is widely used to treat leukemia and, after 

hematopoietic stem cell transplantation (HSCT), to prevent graft-versus-host disease. 

However, acute toxicity to the bone marrow (BM) and gastrointestinal tract (GI) limits 

the MTX dosage and therapeutic efficacy. MTX resistance gene expression in these 

tissues could support a more intensive treatment regimen.  To test this hypothesis, MTX 

protection studies were carried out in mice and dogs after MTX resistant Tyr22-DHFR-

HSCT.  For competitive repopulation studies in mice, we generated lentivirus vectors that 

express Tyr22-DHFR and GFP (REDPeG) from two promoters.  Mice were irradiated, 

transplanted with mCherry and REDPeG transduced BM and allowed to engraft for 3 

months before MTX treatment. REDPeG-BM recipient mice were chemoprotected from 

daily MTX treatment and maintained stable hematocrits. GFP marking increased and 

mCherry marking decreased in MTX- but not PBS- treated animals, respectively. These 

studies show that long-term engraftment of Tyr22-DFHR-BM before MTX treatment 

supports a greater level of chemoprotection than previously observed. To extend our 

studies to a dog model, three DHFR - GFP genetic configurations were compared after 

transduction of canine CD34+ cells. We compared engraftment of transduced CD34+ cells 

obtained from different cell sources (mobilized blood, pre-stimulated or steady-state 

BM). Dogs were irradiated and were infused with gene-modified cells. Gene marking in 

the blood was evaluated at regular intervals by flow cytometry and real-time qPCR for 

fluorescent markers and proviral DNA sequences, respectively. Of the CD34-enriched 

cell sources evaluated, only CD34+ cells from cG-CSF/cSCF pre-treated BM supported 

long-term, stable GFP expression in vivo.  Single bolus high-dose MTX treatments lead 

to an increase in GFP marking with no myelocytopenia. Daily low-dose MTX lead to 

pronounced GI toxicity with no change in GFP marking. These results have important 

implications for the design of MTX resistance gene therapy protocols in large animals 

and humans. 
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INTRODUCTION 

Drug resistance gene transfer into hematopoietic stem cells has two important clinical 

applications. With respect to cancer therapy, expression of one or more drug resistance 

genes in non-malignant, chemosensitive tissues could support a more intense or dose-

dense tumor-targeted treatment regimen, by decreasing systemic toxicity. Coupled to 

chemotherapy, drug resistance gene expression has the potential to protect an allogeneic 

or gene-modified graft from host-mediated destruction. This may support selective 

expansion of modified cells for repopulation or phenotypic reversion. Therefore 

chemoprotection is applicable to gene therapy for malignant, inherited and acquired 

diseases.  

 

Given its efficacy for the treatment of leukemia and as prophylaxis for graft-versus-host 

disease (GvHD), the antifolate methotrexate (MTX) is an attractive candidate for use in 

drug resistance gene therapy applications 1-5. Methotrexate blocks cell proliferation by 

inhibiting dihydrofolate reductase (DHFR). DHFR catalyzes the reduction of folate to 

dihydrofolate and of dihydrofolate to tetrahydrofolate, a precursor required for 

nucleoside, purine and DNA synthesis 6. We have previously shown that lentivirus-

mediated transfer of the MTX-resistant variant, Tyr22-DHFR in mouse marrow protects 

recipient mice from myelotoxicity during a month-long dose-escalation administered 

immediately following marrow transplantation 7. Despite the gene transfer achieved in 

stem cells (1-10%) and moderate chemoprotection achieved in mice, this drug resistance 

gene therapy model system requires further optimization before it is clinically 

translatable. Factors that may affect long-term engraftment of gene-modified cells in vivo 

include the hematopoietic stem cell source, the transgene configuration, timing of drug 

administration and the specific animal model used for testing. 

 

Although we and other groups have shown that MTXr-DHFR gene expression in 

hematopoietic stem cells (HSCs) may support chemoprotection and in vivo selection in 

mice, recapitulating these results in large animal models has been more challenging 7-14. 

Over twenty years ago, Stead and colleagues observed that retrovirus-mediated 
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transduction of Arg22-DHFR into canine steady-state marrow did not support long-term 

MTXr-DHFR expression, chemoprotection or in vivo selection, likely due to the low 

level of gene transfer into HSCs  14. Advances that improve gene transfer into stem cells 

and detection of gene-modified cells, such as the use of cytokines to mobilize and enrich 

for CD34+ cells, development of HIV-1-based lentivirus vectors, and the use of real-time 

qPCR, fluorescent proteins and flow cytometry to detect gene-modified cells in vivo, 

have led to significant progress in drug resistance gene therapy studies in large animal 

models. Donahue and colleagues showed that retroviral transduction of CD34+ cells 

isolated from mobilized peripheral blood of non-human primates led to stable, long-term 

expression of Tyr22-DHFR and GFP expression in lymphocytes 15.  

 

We recently showed that lentivirus-mediated transfer of the drug resistance gene 

methylguanine methyltransferase (P140K-MGMT) into CD34+ cells isolated from 

mobilized peripheral blood supports in vivo selection and chemoprotection from O6-

benzylguanine (O6-BG) plus 1,3-bis(2-chloroethyl)-1-nitrosurea (BCNU) or 

temozolomide (TMZ) in an allogeneic transplantation setting in dogs 16.  Despite 

pharmacologic differences between these alkylating agents and antifolates such as MTX, 

the gene transfer achieved in canine stem cells and long-term gene expression in vivo led 

us to evaluate lentivirus-mediated Tyr22-DFHR gene transfer and MTX chemoprotection 

in dogs.   

 

In this study, we compare hematopoietic stem cell sources, lentivirus vector 

configurations, and MTX treatment regimens in dogs, towards the development of a large 

animal MTX chemoprotection model.  We also modeled long-term engraftment, 

competitive repopulation and MTX treatment in mice, in order to better characterize the 

differences between the mouse and dog as model organisms for evaluation of 

methotrexate chemoprotection. 
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MATERIALS AND METHODS 

Lentivirus vector construction. The lentivirus vector plasmids CSIIMCS, EFDIG, 

DL2G, and cPPT.hPGK.YFP.Wpre have been previously described 7,17. To construct 

MCherry, a lentivirus vector encoding the red fluorescent monomeric protein mCherry, 18  

pcDNAHis6.mCherry (obtained from Dr. Kathleen Conklin, University of Minnesota, 

with permission from Dr. Roger Tsien, University of California, San Diego) was digested 

with HindIII and BamHI, and subcloned into the pBluescriptIISK+ (pBSK) plasmid 

(Stratagene, Cedar Creek, Texas). The mCherry was inserted into the XhoI and BamHI 

sites of CSIIMCS. Restriction endonuclease mapping and direct sequencing confirmed 

the plasmid sequence of MCherry.  

 

The plasmid REDPeG was constructed by amplifying Tyr22-DHFR coding sequence 

from pCCDG with the sense oligonucleotide 

(CGGTCTCGAGGATCCTCTAGAGCAAGC) and anti-sense oligonucleotide 

(CTCCCCGCCATGGCTATTCGACTAGGA) to preserve the BamHI site (italics) at the 

5’ end and convert the BamHI site at the 3’ end of Tyr22-DHFR to a KpnI site 

(underlined), respectively. The PCR product was cloned between BamHI and KpnI sites 

in pRSCEMPGw2 (a construct identical to REDPeG containing a methylguanine DNA 

methyltransferase sequence at the site into which DHFR was inserted, kindly provided by 

Dr. Hans-Peter Kiem, FHCRC, Seattle, Washington) to yield REDPeG, in which the 

hEF-1α promoter regulates transcription of Tyr22-DHFR, and the human 

phosphoglycerate kinase (hPGK) promoter regulates expression of GFP.  Restriction 

endonuclease mapping and direct sequencing confirmed the final REDPeG construct.  All 

restriction enzymes were from New England Biolabs (Beverly, MA). PCR reactions 

carried out under the following conditions; 94˚C 10 min, 1 cycle; 94˚C 30 s, 55˚C 30 s, 

72˚C 3 min, 30 cycles; 72˚C 10 min, 1 cycle using an Applied Biosystems (Foster City, 

CA) Thermal Cycler (Model 2720). 
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Preparation of lentivirus vector stocks 

Lentiviral vector stocks for transduction of mouse and canine hematopoietic cells were 

prepared as described (See Chapter 2) 7. Lentiviral vector stocks were concentrated and 

titered on mouse NIH3T3TK- fibroblasts or human HT-1080 fibrosarcoma cells. Briefly, 

cells were exposed to dilutions of lentivirus vector for 24 hours in the presence of 

8µg/mL polybrene or 4 µg/mL protamine sulfate. Three days after the media change at 

24 hours, fluorescence protein expression was assessed by flow cytometry. Cells were 

also replated into 0.15 µM MTX and MTXr-colony forming units (CFU/mL) were 

counted after staining colonies with crystal violet. Titer was also assessed by real-timer 

qPCR for detection of proviral DNA sequences (transducing units8/mL) as described 7,19. 

 

Bone marrow transduction, transplantation and competitive repopulation in mice. 

The University of Minnesota Institutional Animal Care and Use Committee approved all 

animal procedures described herein. Six-week old C57Bl/6 CD45.2 and CD45.1 female 

mice were obtained from The Jackson Laboratory (Bar Harbor, ME) and provided food 

and water ad libitum. Donor 9-month old C57BL/6 CD45.2 female mice were 

administered 150 µg/kg 5-fluoruracil (InvivoGen, San Diego, CA) intravenously 48 

hours before bone marrow harvest. Bone marrow was flushed from tibiae and femora and 

prepared for transduction as described 7. Residual red blood cells were lysed by treatment 

with hemolysis buffer (0.15 M NH4Cl, 1 M NaHCO3, 0.1 M Na2EDTA, pH 7.2 

[eBiosciences, San Diego, CA]) and cells filtered through 70-micron nytex filters. Total 

cell yield was washed with supplemented StemPro medium (Invitrogen, Carlsbad, CA) 

containing 2 mM L-glutamine, 100 IU/mL penicillin, 100 µg/mL streptomycin) and 

transduced with either mCherry or DHFR/GFP lentivirus vectors at a multiplicity of 

infection of 10 in the presence of 8 µg/mL polybrene (Sigma-Aldrich, Saint Louis, MO) 

with cytokines (100 ng/mL mSCF, hIL-3, hIL-6, all from R & D Systems, Minneapolis, 

MN) in 25-cm2 non-treated tissue culture flasks. 

 

Four hours before bone marrow transplantation, CD45.1 congenic age-matched recipient 

mice received a lethal dose of irradiation from a Cesium source (800 cGy). Twenty hours 
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after the start of transduction, donor marrow cells exposed to mCherry or DHFR/GFP 

lentivirus vector were washed twice with DMEM plus 10% FBS and 1% P/S and 

collected by centrifugation. MCherry and DHFR/GFP-transduced marrow cells were 

resuspended at a concentration of 2 x 107 cells/mL and equal volumes mixed together to 

generate a mixed cell population. A single cell suspension containing 4.4 million cells 

(2.2 x 106 each of mCherry and DHFR/GFP transduced cells) was infused into recipient 

mice.  

 

MTX treatment, hematocrit and gene marking in mice. Three months after bone 

marrow transplantation, recipient mice received daily i.p. injections of PBS or MTX 

(+Amethopterin, Bedford Laboratories, Bedford, OH), starting at 1 mg/kg/day (weeks 1-

2) and increasing to 2 mg/kg/day (weeks 3-4). Donor cell engraftment (CD45.2), 

mCherry and GFP marking in leukocyte subsets were monitored weekly by flow 

cytometric analysis of the peripheral blood. Mice were bled weekly before and during the 

MTX administration, one week and one month after treatment cessation. 

 

Mouse hematology and flow cytometry  

Blood was obtained from animals at regular intervals for determination of hematocrit and 

for flow cytometric analysis. Blood samples were resuspended in hemolysis buffer, 

leukocytes pelleted by centrifugation, washed with PBS, and stained with fluorochrome-

conjugated monoclonal antibodies for determination of immunophenotype.  Donor cell 

(CD45.2) engraftment, GFP and mCherry expression were analyzed on a LSRII 

instrument (BD Biosciences, San Jose, CA).  Engraftment and leukocyte 

immunophenotyping were conducted using anti-mouse monoclonal antibodies: APC-

conjugated CD45.2 and Pacific Blue-conjugated CD3e (T lymphocytes), B220 (B 

lymphocytes), CD11b and Gr-1 (myeloid lineages)(all purchased from eBioscience, San 

Diego, CA). Data were collected and analyzed using CellQuest or FACSDiva (BD 

Biosciences) and FlowJo (Tree Star, Inc., Ashland, OR) software, respectively. 
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Canine animal care 

Dogs were housed at the Fred Hutchinson Cancer Research Center (FHCRC, Seattle, 

WA) Shared Resource Facility after being born on site or procured from Marshall Farms 

(North Rose, New York) in compliance with the Guide for the Care and Use of 

Laboratory Animals (ILAR, 1996). Dogs were monitored and maintained in good health 

as described 19. The FHCRC hematology laboratory provided complete blood counts 

(CBC), differentials and serum chemical levels.  

 

Canine CD34+ cell isolation, transduction and transplantation 

The three different CD34+ cell sources for transduction and transplantation included 

mobilized peripheral blood  (MPB), primed bone marrow (PBM) and steady state bone 

marrow (BM). CD34-enriched cells were obtained from AMD3100-mobilized peripheral 

blood, canine granulocyte colony stimulating factor (cG-CSF)/canine stem cell factor 

(cSCF)-PBM, or unprimed BM. For peripheral blood mobilization of CD34+
 cells, 

animals were injected subcutaneously with the CXCR4 inhibitor AMD3100 4 (4 mg/kg) 

and 300-400 mL of apheresis product from peripheral blood was collected over 3-4 hours 
20. Blood samples were taken before and during mobilization for CBC and detection of 

CD34+ cells in peripheral blood. To induce stem cell cycling (priming) in the bone 

marrow (PBM), animals were administered cG-CSF (5 µg/kg twice daily) and cSCF (25 

µg/kg once daily) subcutaneously for 5 days. Bone marrow (PBM and BM sources) was 

harvested by vacuum aspiration as described 21. Harvested cells were treated with 

hemolytic buffer (155 mM NH4Cl, 12 mM NaCO3, 0.1 mM EDTA, pH 7.4), washed, 

collected by centrifugation and resuspended in DNase buffer (2% FBS, 5.1 µg/mL DNase 

in PBS) and passed through a 70 µm nytex filter. Cells were collected by centrifugation 

and resuspended in Miltenyi buffer (4% ultra pure BSA, 2 mM EDTA pH 7.0 in PBS and 

degassed). Cells were diluted to 1 x 108/mL with Miltenyi buffer, incubated with 

biotinylated monoclonal anti-canine CD34 antibody (clone 1H6), and placed on 

MACSmix rotator for 30 minutes at 4˚C. Cells were washed with Miltenyi buffer, 

collected by centrifugation, resuspended in Miltenyi buffer and streptavidin-labeled 

magnetic beads (Miltenyi Biotec, Auburn, CA) and placed on a MACSmix rotator for 30 
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minutes at 4˚C. Cells were washed, filtered, collected by centrifugation and resuspended 

in degassed Miltenyi buffer at a concentration of 3 x 108 cells/mL. The cell suspension 

was added to equilibrated Miltenyi LS columns (1 column per 6 x 108 cells) attached to a 

MidiMACs magnetic holder. After washing the cells in the column, the column was 

removed from the magnet and cells collected in IMDM 10/1 (Iscove’s modified DMEM 

plus 10% FBS and 1% P/S). The positive and negative fractions of the selection were 

washed, resuspended in IMDM 10/1. The CD34-enriched cell fraction was kept as a 

single preparation or split into two equal volumes (for competitive repopulation) and 

incubated with lentivirus vector in non-tissue-culture-treated 75-cm2 flasks coated with 2 

µg/cm2 CH-296 (RetroNectin; Takahara Bio, Otsu, Shiga, Japan). Cells were transduced 

at a multiplicity of infection between 3 and 15 in the presence of 8 µg/mL protamine 

sulfate, canine and human cytokines (c-G-CSF, cSCF, hFlt-3, with or without hMGDF, 

all at 50 ng/mL) as described.21 Cells were transduced for up to 36 hours, sometimes with 

two exposures to lentivirus vector. Four to 6 hours before cell transplantation, the dogs 

received a single myeloablative dose of total body irradiation (920 cGy). To ensure 

hematopoietic reconstitution, both the transduced CD34-enriched fraction and CD34-

negative fractions were infused into the dogs. Dogs were treated with cyclosporine (CSP, 

up to 15 mg/kg orally, twice daily) and mycofenolate mofetil (MMF, 5 mg/kg orally, 

twice daily) for immunosuppression up to 100 days after transplantation. Transplant 

recipients were also administered cG-CSF (5 µg/kg subcutaneously twice daily) and 

given platelet transfusions, as needed until hematopoietic recovery (i.e. until platelet 

counts returned to normal range). Complete blood counts were monitored daily until 

hematologic recovery based on absolute neutrophil (ANC) and platelet counts (PLT) or 

until GFP marking decreased below the background detection level (<0.1%). 

 

Canine in vitro colony-forming cell cultures 

Transduced CD34-enriched cell preparations were cultured in a double-layer agar system 

as described 17. After transduction, CD34+ cells were plated at a density of 3000 cells per 

plate. The total number of colonies and GFP/YFP+ colonies were scored 14 days after 

plating by fluorescence microscopy. 
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Flow cytometric analysis of canine in vitro cultures and peripheral blood 

For in vitro studies, transduced and untransduced CD34-enriched cell populations were 

maintained in liquid culture (IMDM 10/1 supplemented with 50 ng/mL each of cG-CSF, 

cSCF, hMDGF, hFlt3-L) and analyzed 4 and/or 10 days after transduction. Canine 

peripheral blood was analyzed by flow cytometry every week after transplantation, 

starting as early as 9 days post transplantation. If gene marking decreased below the level 

of detection by flow cytometry, then routine analysis was suspended. Gene marking (GFP 

and/or YFP) was assessed in peripheral blood subsets including lymphocytes, 

granulocytes, platelet and red blood precursors. Cell subsets were distinguished based on 

forward and side scatter gating and dead cells excluded from analysis by propidium 

iodide staining (1 µg/mL). Hemolyzed blood was used for white blood cell analysis and 

anti-coagulated whole blood samples were used for marking of platelet and red blood cell 

precursors. To distinguish between GFP and YFP subsets in some dogs, a BD 

FACSVantage SE (BD Biosciences) was used. For GFP only populations, a 

FACSCalibur was used. In some cases, gene marking and immunophenotyping were 

assessed by staining leukocytes with labeled with phycoerythin-conjugated antibodies to 

detect lymphocyte (CD3, CD21) and granulocyte (CD13, CD14, DM5) subsets.  

 

qPCR analysis of canine peripheral blood  

GFP marking in peripheral blood samples was assessed by qPCR during gene-modified 

cell engraftment and MTX administration as described (see Chapter 2) 7,16. 

 

MTX administration to dogs 

Animal G675 was treated with three separate single bolus intravenous infusions of MTX 

at doses of 200, 400 or 600 mg/m2. Twenty-four to 48 hours after MTX treatment, 

leucovorin (3 mg/kg) was administered. Later, G765 was treated with 5 mg/m2 MTX 

daily for one week without leucovorin rescue. Animal G811 was treated for one week at a 

daily dose of 1 mg/m2 MTX. Animal health, CBC and gene marking by qPCR was 

monitored or assessed during and after MTX treatments. Animals presenting with 
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gastrointestinal toxicity (vomiting, diarrhea, or bloody stool) were withdrawn from 

treatment or administered a 50% lower dose. 

 

Statistical analysis 

Experimental data were evaluated to determine statistically significance using an 

unpaired two-tailed student t-test in Microsoft Excel, version 11.3.5.  

 

 

RESULTS 

Competitive repopulation of DHFR/GFP and mCherry marked cells in mice.  

VSV-G pseudotyped lentivirus vectors expressing both Tyr22-DHFR and GFP, 

(REDPeG) or mCherry only were generated and concentrated 100-fold (Figure 1). 

REDPeG titer was determined by MTXr-colony formation (CFU/mL) two weeks after 

transduction of 3T3TK- fibroblasts or by flow cytometry for GFP expression (TU/mL) 72 

hours after transduction.  Titer based on MTXr colony formation and GFP expression 

was 5 x 107 CFU/mL and 1.8 x108 TU/mL, respectively. MCherry titers ranged between 

2 and 7 x 107 TU/mL. These vector preparations were used to transduce whole bone 

marrow isolated from CD45.2 C57BL/6 mice that had been pretreated with 150 µg/kg 5-

fluoruracil to induce stem cell cycling. Bone marrow was transduced overnight at a MOI 

of 10 and 2.2 million cells of each REDPeG and mCherry transduced populations were 

infused into lethally irradiated congenic (CD45.1) recipient mice. Two months after 

transplantation, donor cell engraftment in surviving animals ranged between 50 and 70%  

(Table 3.1). Despite variation among animals, both GFP and mCherry were detected in 

all transplanted animals and baseline levels of transgene expression were established in 

individual mice before starting chemotherapy (Table 3.1, Figure 3.2).  For both MTX and 

PBS treated animals, significant GFP and mCherry transgene expression was detected in 

lymphocyte and granulocyte subsets (Table 3.2). Despite treatment removal, GFP 

marking in B lymphocytes was higher (p=0.07) in MTX treated mice, while mCherry 

marking was similar among treatment cohorts.  
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Chemoprotection of mice from MTX toxicity by Tyr22-DHFR expression.  

Three months after bone marrow transplantation, animals were treated for one month 

with either PBS or 1-2 mg/kg/day MTX. In PBS treated animals, both GFP and mCherry 

expression were maintained at the levels observed before treatment. MCherry marking in 

the peripheral blood decreased during MTX treatment, while GFP marking increased 

during treatment (Table 3.1, Figures 3.2, 3.3), consistent with MTXr-DHFR gene 

expression. Hematocrits were maintained in MTX treated mice, despite dose escalation 

from 1 to 2 mg/kg (Figure 3.3). Although hematocrits were lower compared to PBS-

treated controls, all animals maintained their weight and survived the treatment regimen 

(data not shown). 

 

After treatment withdrawal, the average GFP expression in MTX-treated animals was 

higher than before treatment, although the difference was not statistically significant. 

Long-term mCherry expression was significantly reduced in MTX treated mice but not in 

PBS treated mice  (p<0.05, p=0.31, respectively). Furthermore, there was a trend toward 

a higher ratio of GFP to mCherry after MTX treatment, one month after drug treatment 

had been withdrawn (p=0.06)(Figure 3.2).  

 

GFP expression in transduced canine CD34+ cells and hematopoietic progeny in 

vitro.  

Encouraged by the results obtained in mice, we proceeded to test for ex vivo transduction 

of hematopoietic stem cells in the dog as a large animal model. To determine the optimal 

genetic configuration for stable expression of Tyr22-DHFR and GFP in canine 

hematopoietic cells, CD34-enriched cells from steady state bone marrow were transduced 

with each of three lentivirus vectors including: (i) the human EF1-α promoter regulating 

transcription of DHFR-ires-GFP (EFDIG); (ii) a DHFR-GFP genetic fusion (DL2G); and 

(iii) a two-promoter configuration in which DHFR and GFP are regulated by the human 

EF1-α and PGK promoters, respectively (REDPeG)(Chapter 2, Figure 3.1). Ten days 
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after transduction, GFP marking was evaluated in the transduced cells. The EFDIG 

transduction resulted in 5% GFP+ cells (MFI = 27), as determined by flow cytometry 

(Figure 3.4). Although REDPeG and DL2G transductions resulted in similar levels of 

gene marking (~2%), the shift in GFP fluorescence intensity was significantly higher for 

REDPeG transduced cells (MFI 150 vs. 31). The shift in fluorescence intensity associated 

with REDPeG was similar to that observed for the GFP positive control transduced cells 

(MFI=144). 

 

Aliquots of transduced CD34+ cells, subsequently transplanted into animals, were 

maintained in liquid culture for 11 days or were plated in solid medium to assess GFP 

expression and hematopoietic potential in a colony forming cell assay (CFC). For EFDIG 

and REDPeG transduced cells, there was no significant decrease in GFP expression from 

day 4 to day 11 in vitro (Table 3.3). In contrast to EFDIG-transduced CD34+ cells, 

REDPEG and DL2G transduced cells and did not survive as well in the 2-week liquid 

culture  (unpublished observation), which prohibited assessment of gene marking by flow 

cytometry on both day 4 and day 11 post transduction. With respect to hematopoietic 

colony formation, cells transduced with DL2G or REDPeG gave rise to very few CFCs, 

none of which were GFP+. In contrast, cells transduced with EFDIG gave rise to more 

CFCs, 13% of which were GFP+ (Table 3.3).   

 

Summary of canine CD34+ mobilization, transduction and transplantation and 

MTX administration. 

In this study, 4 of the 5 dogs that were transplanted with DHFR – GFP transduced CD34+ 

cells survived the transplantation protocol. All animals received myeloablative irradiation 

(920cGy) between stem cell harvest and re-infusion of transduced-CD34+ cells, followed 

by the CD34- fraction.  Dog G675 was pre-treated with cG-CSF and cSCF (as described 

in Materials and Methods) and then CD34+ cells were harvested from bone marrow. The 

CD34+ enriched cell fraction was exposed to EFDIG lentivirus vector twice (overnight 

plus 8 hours) at an infection multiplicity of 3.2 (total M.O.I = 6.4, based on titer on 

HT1080 cells)(Tables 3.3, 3.4). G675 was treated with three single bolus injections of 
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MTX (200, 400, 600 mg/m2) on days 237, 299 and 390, respectively. From days 615 to 

622, G675 was administered 5 mg/m2 daily then ½ dose on day 623. To date, GFP+ cells 

are detectable by both flow cytometry and qPCR.  

 

For competitive repopulation studies, two dogs received MPB-derived CD34+ cells 

transduced with two separate lentivirus vectors. Dogs G670 and G811 were both 

administered AMD3100 and CD34+ cells were isolated from apheresis product. CD34+ 

cells were exposed to either DL2G or YFP lentivirus vectors twice (overnight plus 4 

hours) at a multiplicity of infection of 4 for each vector. G811 was re-infused with a 

mixture of cells that were exposed to either DL2G or YFP vector overnight with total 

infection multiplicities of 5 for each vector. G811 was treated with 1 mg/m2 MTX from 

day 406 to 411. For both dogs, GFP and YFP were detected early after transplant by flow 

cytometry but not qPCR. 

 

Two dogs were transplanted with BM-derived CD34+ cells transduced with REDPeG 

lentivirus vector. Dog G977 received no cytokine pre-treatment before bone marrow 

harvest. The CD34-enriched cell fraction was exposed to REDPEG lentivirus vector 

overnight (M.O.I. = 7.5) and re-infused into the recipient dog. MTX was not 

administered due to the low level of gene marking by flow cytometry and qPCR. Dog 

H007 was pre-treated with cG-CSF and cSCF before bone marrow harvest. CD34+ cells 

isolated from pre-treated bone marrow were exposed to REDPEG and YFP lentivirus 

vector (M.O.I = 15 for each vector) before reinfusion into the recipient dog. H007 died 

ten days after cell transplantation, due to transplant related complications. Upon necropsy 

there was pronounced blood clot formation on the liver and could have contributed to the 

unexpected death.  

 

Comparison of cell source for CD34+ enrichment, hematopoietic reconstitution and 

in vivo transgene expression.  CD34+ cells were isolated from mobilized peripheral 

blood, primed or steady-state (untreated) BM. The animal-to-animal variability in CD34+ 

cell composition after enrichment ranged from 17 to 94% (Table 3.4). Although the stem 
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cell source may affect the cell yield, the variability cannot be exclusively attributed to 

cell source because there was some variation among similarly mobilized dogs 

(AMD3100 17-60%, cG-CSF/SCF 20-94%). The highest total cell yield was associated 

with AMD3100 mobilized blood source. Isolation of cells from untreated steady state 

bone marrow resulted in the lowest percentage of CD34+ cells in the enriched fraction 

and total cell yield. With respect to hematopoietic reconstitution, neutrophil recovery 

(ANC/µl >1000) was achieved earlier for AMD3100 mobilized-hematopoietic cell 

transplanted dogs, and significantly later for bone marrow derived hematopoietic cell 

transplant recipients (Table 3.4, Figure 3.7). Platelet recovery was highly variable, 

ranging from 40 to 95 days, with G675 (cG-CSF/SCF) reaching 50,000 platelets/µl blood 

at day 95 post transplantation. 

 

Long-term gene marking was only observed in the c-G-CSF/SCF primed-EFDIG 

transplanted animal (G675). The dog that received transduced cells obtained from steady 

state bone marrow (G977) had peak GFP marking day 30 after transplantation. However, 

gene marking decreased to zero after full hematopoietic reconstitution was achieved 

(between days 47-60, Table 3.4, Figure 3.5). Stable, long-term gene marking was not 

achieved in dogs that received transduced CD34-enriched cells from AMD3100 

mobilized peripheral blood (Figure 3.6). For both G670 and G811, GFP and YFP 

marking fell below background approximately 100 days after cell transplantation. 

Although initial gene marking as determined by flow cytometry was higher in G811, 

gene marking by qPCR was not detected in either animal (data not shown).  

 

Gene marking in DHFR - GFP transplanted animals with and without MTX 

treatment. 

Due to the variable rate of hematopoietic reconstitution among animals, gene marking by 

flow cytometry in peripheral blood subsets was normalized to total cell numbers per µL 

of blood (Figures 3.5, 3.6). GFP marking was highest in the EFDIG transplanted dog 

G675, with total marking oscillating between 50 and 100 GFP+ cells per µL after day 95 

(i.e. the time of hematopoietic recovery for this animal, Figure 3.5A).  GFP marking was 
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higher in granulocytes than in lymphocytes. Single treatments of MTX increased total 

GFP marking from 100 to 150 GFP+ cells per µl after the first and second MTX 

treatments. The high MTX dose (600 mg/m2) increased marking 2.5-fold. However, the 

latter treatment resulted in GI toxicity in this animal, despite leucovorin rescue (Table 

3.5). In all cases, the increase in marking was only transient. For G675, gene marking by 

qPCR ranged between 2 and 6% in peripheral blood mononuclear cell DNA extracts 

(Figure 3.5C). High dose, single bolus MTX administration did not result in a significant 

increase in transgene DNA copies.  To determine whether daily low dose MTX would 

support a higher increase in gene marking, G675 was later treated daily for one week 

(Table 3.5). By day 5 of the treatment, the animal presented with GI toxicity (diarrhea), 

which persisted for three days. In response, the MTX dose was cut in half and the animal 

presented with anorexia days 7 to 10, with vomiting on day 8. Gene marking did not 

appear to increase during or after the low dose treatment regimen (data not shown).  

 

Transgene marking by flow cytometry and qPCR in animals competitively repopulated 

with DL2G and YFP cells (G670, G811) was transient (Figure 3.6, data not shown).  For 

G670, a higher level of YFP and lower GFP was observed early on after transplantation 

and the reverse was true for G811. To determine whether low-dose daily MTX treatment 

would increase transgene expression, G811 was treated for 1 week at 1/5 the daily dose 

of G675 (1 mg/m2). G811 presented with bloody diarrhea on day 6 and therefore 

treatment was discontinued. GFP was not detected by qPCR during or after MTX 

treatment (data not shown).  

 

DISCUSSION 

Previously, we have shown that lentivirus-mediated Tyr22-DHFR gene transfer into 

mouse hematopoietic stem cells protects recipients from myelotoxicity during a low-dose 

daily MTX treatment regimen administered immediately after marrow transplantation 7. 

In order to better characterize the differences between model organisms and define the 

optimal experimental and treatment conditions in these animals, we evaluated 

comparative long-term engraftment of Tyr22-DHFR cells and chemoprotection in mice 
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and dogs. Physiologic scale-up in a large animal may reveal challenges in translating a 

gene therapy protocol to the clinic.  Given that MTX is routinely used in the clinic for 

post-transplant immunosuppression and that MTX prophylaxis for GvHD prevention has 

been characterized in dogs, we decided to evaluate Tyr22-DHFR and MTX 

chemoprotection in a canine model 22-26. 

 

We first constructed a lentivirus vector containing Tyr22-DHFR and GFP coding 

sequences regulated by two separate promoters. We selected this vector because this 

bicistronic genetic configuration has been effective for long-term expression of another 

drug resistance gene, P140K-MGMT, for in vivo selection and chemoprotection in 

monkeys (unpublished results).  The greater shift in fluorescence intensity of gene-

modified mouse and canine hematopoietic cells facilitated detection of gene-modified 

cells, compared to GFP expressed from an internal ribosomal entry site (EFDIG) or as 

part of a genetic fusion (DL2G).  

 

We set up competitive repopulations in mice by transplanting equal numbers of REDPEG 

and mCherry transduced bone marrow cells after myeloablative irradiation. The mCherry 

cells represent a MTX-sensitive internal control population to which expansion of MTXr-

DHFR may be compared. A three-month engraftment of gene-modified cells supported a 

higher level of chemoprotection than previously observed in our mouse experiments 7, as 

mice were able to tolerate 2 mg/kg/day for one month, with only a modest decrease in 

hematocrit during treatment compared to PBS treated mice. Furthermore, the ratio of 

REDPEG+ to mCherry+ leukocytes in the peripheral blood was 2.5-fold higher in the 

MTX treated mice, even after drug withdrawal. Although this increase was not 

statistically significant, these data indicate that MTX treatment may alter the relative 

contribution of drug resistant and drug sensitive hematopoietic progenitor cells for 

myeloid and lymphoid cell turnover in the peripheral blood. The differential in gene 

marking after drug removal was more apparent among myeloid and lymphoid subsets. 

Although there was no significant difference in mCherry marking in leukocytes subsets, 

the percentage of GFP+ lymphocytes was higher in MTX treated mice. Based on these 



 75 

studies in mice we conclude the following: (i) the two-promoter genetic configuration 

supports detection of gene-modified cells in vivo; (ii) allowing gene-modified cells to 

engraft before MTX treatment supports a higher level of chemoprotection; (iii) 

competitive repopulation provides an internal control to distinguish between treatment 

effects on gene-modified cell expansion compared to normal hematopoietic variability; 

and (iv) a low level of gene marking (2-10%) in mice is sufficient to protect transplant 

recipients from chemotoxicity during a daily treatment regimen. 

 

In order to scale up MTX chemoprotection studies from mice to dogs, we first 

characterized in vivo gene marking after transplantation of lentivirus transduced CD34-

enriched hematopoietic cells. In mouse studies, marrow harvested from congenic mice 

pretreated with 5-fluorouracil is sufficient for stem cell transduction and achieving in vivo 

chemoprotection 7. In contrast, the canine autologous transplantation model requires 

careful consideration of the stem cell source. For example, if the recovery of CD34+ from 

the enrichment process is low, then fewer long-term (LT-) repopulating HSCs will be 

transduced, resulting in a lower percentage of gene-modified cell engraftment. 

 

With respect to CD34+ cell content in the enriched fraction, the cG-CSF/SCF pre-treated 

BM source resulted in the highest percentage of CD34+ cells (94%) in the enriched cell 

fraction that was subsequently transduced. Successful transduction of LT-HSCs was 

confirmed by the stable, long-term gene marking observed in vivo. In contrast, gene 

marking in dogs G670 and G811, each of whom were transplanted with transduced cells 

enriched from AMD3100-mobilized peripheral blood, peaked around day 30 but 

decreased to zero after hematopoietic reconstitution. The loss of expression in vivo and 

the absence of GFP+ CFCs  in vitro show that LT-HSCs were not transduced. It is more 

likely that short-term HSCs or hematopoietic progenitors were transplanted into these 

dogs. Poor recovery (i.e. poor survival during transduction) of the transduced CD34-

enriched cell fraction for G670 may have also contributed to the loss of gene marking in 

vivo.  These data imply that cG-CSF/SCF pretreated marrow represents a better source of 

CD34+ cells compared to mobilized peripheral blood for our studies. Flow cytometric 
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analysis of CD34-enriched cell populations before and after transduction shows that 

CD14+ myeloid cells contaminate some cell preparations and a greater percentage of dead 

cells (based on propidium iodide dye exclusion) was detected after transduction of MPB-

CD34-enriched populations (data not shown). This explanation is consistent with the 

level of gene marking observed in vivo. If a significant proportion of the grafted cells are 

transduced hematopoietic progenitors and neutrophils, then in vivo gene marking will 

appear higher initially and then decrease to background levels as the neutrophils turnover. 

In fact, gene marking in vivo was transient for animals transplanted with cells that were 

less than 60% CD34+ in vitro.  

 

Mobilized peripheral blood is the clinically preferred source for CD34+ cells because of 

the faster hematopoietic recovery, reduced hospital stay and lower cost of the procedure 
27. Studies in large animal models have shown the importance of cytokine 

priming/mobilization of hematopoietic stem cells. Donahue and colleagues showed that 

priming with G-CSF and SCF before apheresis and DHFR – GFP gene transfer lead to 

long-term transgene expression in lymphocytes of rhesus macaques 15. We have also 

shown that priming with G-CSF is sufficient for achieving long-term repopulation and 

stable gene expression in non-human primates 28. Although the CD34 purity of the cell 

preparation was higher for G-CSF primed bone marrow than peripheral blood, long-term 

gene marking was higher when primed peripheral blood was used as a cell source. 

Although both of these studies used pseudotyped gammaretrovirus vectors to mediate 

gene transfer, different priming protocols, and non-human primates, the results imply that 

mobilized peripheral blood may be a better source for CD34+ cells compared to bone 

marrow. In the present study, we used AMD3100 to mobilize CD34+ cells. Clinically, 

AMD3100 has been shown to be more effective and less toxic than cytokine-induced 

progenitor cell mobilization 4. Although AMD3100-mobilized progenitors may support 

faster hematopoietic reconstitution than bone marrow derived CD34+ cells, our data 

imply the transduced cells from this source were not capable of long-term repopulation, 

possibly due, to poor maintenance of the cell viability during the overnight incubation 

(data not shown).  
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Of the four dogs that survived hematopoietic reconstitution in this study, only dog G675, 

who received CD34+ cells isolated from cG-CSF/SCF mobilized bone marrow, achieved 

long-term stable gene marking (~2%). In a previous study, dogs that received CD34+ 

cells from c-G-CSF/SCF primed marrow transduced with P140K-MGMT lentivirus had 

5-40% gene marking before in vivo selection 16. The fact that the cells were exposed to 

~15-fold higher number of virus particles than in the current study (M.O.I. 100 vs. 6.4) 

may account for the lower percentage seen in G675. The results described by Gerull et 

al.16 confirm our observation in this study that cG-CSF/SCF mobilized bone marrow is a 

good CD34-enriched stem cell source for lentivirus transduction and repopulation in 

dogs.  

 

The pharmacologic differences between BCNU and MTX demonstrate the requirement of 

achieving a high level of Tyr22-DHFR transfer in stem cells. With respect to the 

MGMT/BCNU system, 1 to 4 treatments of O6-BG/BCNU led to a significant increase of 

gene-modified cells by in vivo selection 16. In contrast, the Tyr22-DHFR/MTX system 

does not support in vivo selection because MTX inhibits highly proliferative cells, such as 

myeloid progenitors, neutrophils and lymphocytes. Therefore, any selective effects due to 

MTX administration are transient, as the more differentiated cells turn over.  In contrast 

to the long-term selection at the stem cell level achieved with P140K-MGMT/ BCNU, 

three single bolus intravenous injections of MTX into dog G675 resulted in a transient 

increase in gene marking and an increase in ANC, ALC and platelet counts (see Fig. 3.5). 

It is possible that leucovorin rescue prevented a more significant change in gene marking, 

since leucovorin alleviates MTX selective pressure.  

 

Given the increased gene marking observed in mice after a daily low dose treatment 

regimen, we attempted this treatment protocol in G675 and G811. In contrast to mice, we 

found that the dogs could not tolerate daily MTX and suffered from GI toxicity. 

Importantly, hematopoietic cytopenia was not a side effect in the treated dogs.  
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Despite these challenges, we have made significant progress toward establishing a canine 

model of chemoprotection from antifolate toxicity by DHFR gene transfer and 

expression. First, cG-CSF/SCF mobilized bone marrow appears to be a superior source 

for obtaining an enriched preparation of CD34+ cells. Second, a higher multiplicity of 

infection (i.e. >10) may be required to achieve a higher level of stable gene marking in 

vivo. Of the bicistronic configurations evaluated, the two-promoter construct most readily 

supported detection of gene-modified cells in vivo. Another potential strategy to increase 

engraftment of gene-modified HSCs is to include both MGMT and DHFR in lentivirus 

vectors. MGMT would support in vivo selection by treatment with O6-BG/BCNU to 

increase MGMT-DHFR HSCs in the BM. The higher level of gene-modified cell 

engraftment would a more intense MTX treatment regimen so that bona fide 

chemoprotection could be evaluated.  Fourth, the acute GI toxicity observed in MTX 

treated dogs may be prohibitive in escalating the treatment regimen to a point where 

increased gene marking is observed in vivo. One potential strategy to reduce GI 

sensitivity is to fractionate the MTX treatment or to modify the pre-conditioning regimen 

(i.e. chemical myeloablation with busulfan, or physically protecting the GI tract during 

myeloablative radiation of the bone marrow). These results highlight the importance of 

physiologic scale-up of MTX resistance gene therapy in a large animal model in the 

development of a therapeutic approach for protection from antifolate toxicity in humans.  
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Table 3.1. Long-term engraftment, GFP and mCherry marking in recipient mice 
 

Treatment       Pretreatment             1 month +Rx           1 month –Rx  
                       (2 mo. post BMT)             (4 mo. post BMT)      (5 mo. post BMT)   

 

  n     %Donor   GFP/Cherrya       %Donor  GFP/Cherrya    GFP/Cherrya  

PBS  5      54 ± 2      1.2          71 ± 8     1.8       2.3  

MTX  6      68 ± 14    1               85 ± 4     10.4     5 

aRatio of GFP+ fraction to mCherry+ fraction 
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Table 3.2. Transgene marking in mouse leukocyte subsets 5 months after BMT  
 

    B Lymphocytesa                 T Lymphocytesb    Monocytesc              Granulocytesd 
 

Rx        %GFP+      %mCherry+    %GFP+      %mCherry+    %GFP+      %mCherry+      %GFP+     %mCherry+ 

PBS   1.9 ± 1.8  0.3 ± 0.4         2.7 ± 1.4   0.8 ± 0.4        2.9 ± 1.8   1.1 ± 0.6     2.6 ± 1.7  1.0 ±  0.9 

MTX      5.3 ± 3.2  0.8 ± 0.7         4.7 ± 3.3   0.7 ± 0.3        2.6 ± 2.5   0.9 ± 0.5        1.5 ± 1.1   2.8 ±  2.3 

 
aGFP and mCherry marking in B220+cells. 
bGFP and mCherry marking in  CD3+ cells. 
cGFP and mCherry marking in CD11b+ cells.   
dGFP and mCherry marking in Gr-1+ cells.   
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Table 3.3. Lentivirus vector transduction conditions and in vitro GFP/YFP expression in 

canine CD34+ cells.  

Dog Lentivirus  MOI %GFP/YFP+ %GFP/YFP+ Total        %GFP/YFP+  

    vector    Day 4   Day 11    CFC        CFC 
 

G670 DL2G vs. YFP  4 5.7/7.8a   NA*  13/8a        0 

G675 EFDIG   6.4 3.2  1.9  23       13 

G811 DL2G vs. YFP  5 NA*  0.8/1a  0       0 

G977 REDPeG  7.5 NA*  0.5  6       0 

H007 REDPeG vs. YFP 15 11/22a  14/11a  NA*      NA*            

 

*NA – Not available due to insufficient cell yield for analysis 
a %GFP+ cells / %YFP+ cells 
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Table 3.4. Canine stem cell transplantation summary information     

   Cell %CD34+   Starting cell     No. CD34+ cells      Days to ANC   Days to PLT  

Dog  Pre-treatment Source  purity   No. x 106         infused x 106/kg      >1000/µl     >50,000/µl

 

G670 AMD3100 PBSC 58.5     40  2.0   29         62 

G675 cG-CSF/SCF BM 94.2     7.5  2.7   43         95 

G811 AMD3100 PBSC 17     47  4.7   20         41 

G977 none  BM 23     11  1.2   59         47 

H007 cG-CSF/SCF BM 20     28  2.2   NA*         NA*            
 

*NA – Not available due to mortality before follow-up 
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Table 3.5. MTX treatment summary in dogs  

Dog MTX mg/m2 Rx regimen  myelotoxicity  GI toxicity   %GFP+ increase 

 

G675 200  single bolus  No  No  Yes 

 400  single bolus  No  No  Yes 

 600  single bolus  No  Yes  Yes 

 5  daily x ~1 week  No  Yes  No 

G811 1  daily x ~1 week  No  Yes  No 
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Figure 3.1. REDPeG, mCherry and YFP lentivirus vector schematics. In these self-

inactivating lentivirus vectors, the U3 region of the lentivirus genome is deleted.  

Lentivirus genome transcription is regulated by an external promoter (RSV or CMV) in 

producer cells. Other features include Repeat (R), and U5 regions of the lentiviral long 

terminal repeats (LTRs), the rev response element (rre), and woodchuck hepatitis post-

transcriptional regulatory element (w[2]pre) for transcript stabilization. (A) In the 

REDPeG lentivirus vector, the human EF1-α and PGK promoters regulate transcription 

of Tyr22-DHFR and eGFP, respectively. (B) In mCherry, EF-1α drives transcription of 

the fluorescent reporter, mCherry. (C), PGK regulated YFP lentivirus vector used in 

canine competitive repopulation studies.   
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Figure 3.2. Long-term transgene marking in peripheral blood of mice. GFP and mCherry 

marking in the peripheral blood of mice were monitored by flow cytometry. Data are 

expressed as: (A) Percentage of GFP positive leukocytes, (B) Percentage of mCherry 

positive leukocytes, and (C) the ratio of GFP/mCherry positive cells. MTX-treated 

animals are shown in the left column and PBS-treated animals are shown in the right 

column. 
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Figure 3.3. Chemoprotection and competitive repopulation in mice. (A) Hematologic 

response to MTX treatment was evaluated by weekly hematocrits (% RBC) during and 

after the MTX treatment regimen. (B) GFP and mCherry marking in total peripheral 

blood leukocytes before treatment and after 1 month of PBS or MTX treatment. Flow 

cytometry dot plots of one representative animal from MTX (top row) and PBS (bottom 

row) treatment groups are shown.  
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Figure 3.4. Comparative GFP expression in vitro after lentivirus transduction of canine 

CD34+ cells. CD34+ cells were isolated and enriched from steady state canine bone 

marrow and transduced overnight at an infection multiplicity of 10 with each of four 

lentivirus vectors, expressing Tyr22-DHFR and/or GFP in different genetic 

configurations. Three days after transduction, CD34+ progeny were evaluated by flow 

cytometry for GFP expression.  
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Figure 3.5. Gene marking in dogs transplanted with EFDIG and REDPeG transduced 

CD34+ cells. GFP marking was monitored at regular intervals by flow cytometry in 

peripheral blood subsets (A, B) and qPCR (C). Percentages of marked hematopoietic 

subsets were multiplied by the absolute white blood cell count, (WBC/µL), neutrophil 

count (ANC, neutrophils/µL) and lymphocyte (ALC, lymphocytes/µL) count to 

normalize gene marking to hematopoietic reconstitution in individual animals. (A) GFP 

marking in EFDIG-transplanted dog (G675) was evaluated before, during and after three 

single bolus intravenous injections of MTX followed by leucovorin (3 mg/kg) rescue 24 

and 48 hours after MTX. Animal G675 was pre-treated with cG-CSF/SCF before marrow 

harvest and transduction. Arrows indicate MTX treatments.  (B) GFP marking in 

REDPeG- transplanted dog (G977). (C) Gene marking as determined by qPCR for animal 

G675. DNA extracted from peripheral blood was assayed for sequences associated with 

the bicistronic expression cassette. Values for each time point represent the average of 2 

or 3 separate experiments. Gene marking by qPCR was not detected for dog G977.  
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Figure 3.6. Gene marking in dogs transplanted with DL2G and YFP transduced CD34+ 

cells collected from AMD3100 mobilized peripheral blood. GFP and YFP marking were 

monitored at regular intervals by flow cytometric analysis of peripheral blood leukocyte 

subsets. The total number of GFP or YFP positive cells per µl blood was calculated by 

multiplying the absolute white blood cell (WBC/µL),  neutrophil (ANC/µL), or 

lymphocyte (ALC/µL) counts by the percentage of vector-marked cells detected in total 

leukocytes, granulocytes or lymphocytes, respectively. (A) GFP and YFP marking in 

animal G670. (B) GFP and YFP marking in animal G811. GFP was not consistently 

detected by qPCR in peripheral blood DNA samples from either animal. 
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Figure 3.7. Hematopoietic reconstitution of dogs after DHFR-GFP CD34+ cell 

transplantation. To monitor hematopoietic reconstitution, complete blood counts 

(including lymphocytes, neutrophils and platelets) were evaluated at regular intervals 

after CD34+ cell transplantation. The lower levels (subset threshold) associated with the 

normal range for leukocyte subsets in dogs are represented by shaded lines. Complete 

blood counts were monitored at regular intervals for the following dogs. (A) G675 

EFDIG (long arrows indicate MTX treatment), (B) G977 REDPeG, (C) G670 and (D) 

G811 (DL2G vs. YFP).   
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CHAPTER 4 

In vivo selection and differentiation of human embryonic cells expressing methotrexate-

resistant dihydrofolate reductase 
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ABSTRACT 

Human embryonic stem cells (hESCs) provide a novel source of hematopoietic and other 

cell populations likely to be suitable for gene therapy applications. However, engraftment 

of hESC-derived hematopoietic cells transplanted into mice has not been extensively 

characterized. Expression of a drug resistance gene, such as Tyr22-dihydrofolate 

reductase (Tyr22-DHFR), coupled to methotrexate (MTX) chemotherapy has the 

potential to selectively increase engraftment of gene-modified hESC-derived cells in 

mouse xenografts. Here we described the generation of Tyr22-DHFR – GFP expressing 

hESCs that maintain pluripotency (i.e. produce methotrexate resistant [MTXr]-teratomas) 

and can differentiate into MTXr-hemato-endothelial cells. We demonstrate that MTX 

administered to nonobese diabetic/severe combined immunodeficient IL-2Rγcnull (NSG) 

mice after injection of Tyr22-DHFR-derived cells significantly increases human CD34+ 

and CD45+ cell engraftment in the bone marrow (BM), but not in the liver or spleen of 

transplanted mice. Higher percentages of gene-modified human cells were also detected 

in peripheral blood of MTX-treated mice. These results demonstrate that MTX treatment 

supports selective, long-term engraftment of Tyr22-DHFR-cells in vivo, and provides a 

novel approach for combined human cell and gene therapy.  
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INTRODUCTION 

Over the past two decades, development of stem cell-based gene therapies has been 

challenging due to low level of gene transfer in human hematopoietic stem cells (HSCs) 

and difficulties with long-term stable engraftment of modified cells 1. In clinical trials for 

X-linked severe combined immunodeficiency (X-SCID) and adenosine deaminase 

deficiency (ADA-SCID), the growth advantage of gene-modified lymphocytes 

compensated for the low level of gene transfer to support immune reconstitution 2-5. 

However, in cases where the gene-of-interest does not confer a selective advantage to 

modified cells, drug resistance gene expression in HSCs may be clinically beneficial 8. 

For example, drug resistance gene expression coupled to chemotherapy has been shown 

to selectively expand gene-modified cells in vivo 6-8. In addition, drug resistance gene 

expression in nonmalignant chemosensitive tissues, such as the bone marrow and 

gastrointestinal tract, has the potential to decrease toxicity associated with high-dose 

chemotherapy 7. In the allogeneic setting, coupling post-transplantation 

immunosuppressive drug treatment to drug-resistance in the allograft also has the 

potential to reduce the risk of graft rejection and the severity of graft-versus-host disease 

(GVHD).  

 

Methotrexate is widely used in post-HSCT immunosuppressive therapy and in the 

treatment of some cancers 9-11. We and others have shown that gene transfer and 

expression of a MTX-resistant dihydrofolate reductase (Tyr22-DHFR) in hematopoietic 

stem cells (HSCs) confers chemoprotection to recipient animals 12-14. In these studies, 

MTX supported a transient drug-dependent selective expansion of gene-modified cells in 

the peripheral blood of treated animals. These results suggest that MTX administration 

may be used to regulate in vivo expansion of gene-modified cells.  

 

Human embryonic stem cells (hESCs) are capable of self-renewal and can be induced to 

differentiate into diverse hematopoietic cell lineages 15-19. We have previously shown 

that hESCs differentiate into myeloid and lymphoid lineages of characteristic phenotypes 

and function 15. We have also found that natural killer (NK) cells derived from hESCs 
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have potent anti-tumor activity both in vitro and in vivo 20,21. Others have characterized 

maturation of erythroid cells from hESCs with normal oxygen carrying capacity 22,23.  

However, in studies to date, only limited long-term hematopoietic potential of hESC-

derived cells has been observed when transplanted into immunodeficient mice or in fetal 

sheep models24-28. Several studies have focused on gene modification of hESCs, defining 

optimal conditions for achieving stable viral and non-viral transfer of genes encoding 

bioluminescent or fluorescent proteins 29-31.  Other groups have demonstrated expression 

of antibiotic resistance genes for enrichment of drug-resistant cells 32-34, or used lineage- 

or stage-specific regulation of GFP to monitor differentiation of hESCs 35,36. To date, 

gene transfer and in vivo expression of chemotherapeutic drug resistance genes, such as 

Tyr22-DHFR, in hESC-derived cells has not been reported.   

 

Clinically, Tyr22-DHFR expression by hematopoietic progenitor cells derived from 

either hESCs or induced pluripotent stem (iPS) cells coupled to MTX chemotherapy 

after HSCT could potentially protect the transplanted cells, providing a selective 

engraftment advantage to improve levels of long-term engraftment. Here, we describe 

stable expression of Tyr22-DHFR and GFP in hESCs after lentiviral transduction. These 

Tyr22-DHFR-GFP cells were evaluated in vitro and in vivo to demonstrate improved cell 

survival, maintaining hematopoietic differentiation potential while under MTX selection 

when transplanted into immunodeficient mice.   
 
RESULTS 

Stable expression of DHFR and GFP in undifferentiated hESCs 

In order to determine the vector design that would best support long-term DHFR and 

GFP expression in hESCs, the human H9 cell line was transduced with three different 

bifunctional self-inactivating (SIN)-lentivirus vectors, each containing the human EF1-α 

promoter regulating transcription of the murine Tyr22-DHFR variant (Fig. 4-1a). Other 

genetic features include a posttranscriptional regulatory element (pre), rev response 

element (rre) and a central polypurine tract. In the EFDIG lentivirus vector, the DHFR 

and GFP coding sequences are separated by an internal ribosomal entry site (IRES) for 
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translation of both proteins from one transcribed message. We also engineered a vector 

expressing a DHFR-GFP fusion protein (DL2G), with the intent that GFP expression 

would more accurately reflect drug resistance in transduced cells. Our previous 

transduction studies in mouse HSCs showed that EFDIG conferred a higher level of 

chemoprotection in vivo, compared to DL2G 12. We also evaluated a two-promoter 

configuration (REDPeG), because our recent studies in canine HSCs have shown that this 

configuration supports a higher level of GFP expression, compared to EFDIG and DL2G, 

thus providing easier detection of gene-modified cells in vivo (unpublished observation). 

We also included a GFP-only control (CSIIEG), which has also been previously 

described 37. 

 

Four days after transduction (as detailed in Materials and Methods), characteristic 

colonies emerged, some of which were GFP+ when evaluated by fluorescence 

microscopy. The GFP+ colonies transduced with the vectors described above retained 

characteristic hESC morphology, and GFP expression was distributed evenly among the 

cells in each colony (Fig. 4-1b). One month after transduction, the cells maintained the 

morphology of undifferentiated hESCs and 40 to 80% of the transduced populations were 

positive for both GFP and stage specific embryonic antigen-4 (SSEA-4), indicating stable 

transgene expression in undifferentiated cells (Fig. 4-1c). All gene-modified cell 

populations retained a normal karyotype (Supplemental Fig. 4-1). While the fluorescence 

intensity was highest for CSIIEG- and DL2G-hESCs and lower for EFDIG- and 

REDPeG-hESCs, all gene-modified populations contained 1-2 vector copies per genome 

equivalent as determined by quantitative PCR. Since GFP expression was similar in 

EFDIG and DL2G cell populations (~60% GFP+ cells), we also determined MTXr-DHFR 

enzyme activities in cell extracts. In the absence of MTX, there was no significant 

difference in DHFR activities among the different transduced cell populations (Table 4-

1). However, in the presence of MTX DHFR activity was significantly higher in extracts 

from EFDIG-H9 (p<0.005) and DL2G-H9 (p<0.01) populations compared to GFP-H9 

extracts, in which MTXr-DHFR activity was undetectable. Interestingly, DHFR activity 

was not significantly increased by Tyr22-DHFR expression in the absence of MTX. 
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Given the higher level of enzyme activity associated with EFDIG-hESCs and our 

previous studies showing that EFDIG confers a higher level of chemoprotection in mice 

compared to DL2G 12, we selected the EFDIG-modified hESCs for subsequent in vivo 

studies. 

 

MTX dose-escalation and teratoma formation in immunodeficient mice 

Previous studies in immunocompetent mice showed that transplantation with marrow that 

expresses MTXr-DHFR (MTXr-DHFR marrow) protects recipients from chemotoxicity 
12. In preparation for long-term MTX treatment of immunodeficient mice, we first 

transplanted NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice with MTXr-DHFR or GFP 

lentivirus-transduced bone marrow as described in Materials and Methods. MTX was 

administered i.p. daily, starting at 0.25 mg/kg day. The dose was increased if both animal 

weight and hematocrit were stable among the mice in a particular cohort. We found that 

mice transplanted with GFP-transduced marrow could tolerate up to 0.5 mg/kg/day, while 

the DHFR-transduced BMT mice tolerated up to 2 mg/kg/day while maintaining stable 

hematocrits (Supplemental Fig. 4-2).  

 

Using these mice engrafted with MTXr marrow, we next evaluated the ability of EFDIG-

hESCs to give rise to advanced derivatives of all three germ layers in teratomas that were 

allowed to develop during exposure to MTX. In this assay, EFDIG and CSIIEG 

undifferentiated hESCs were injected into the left and right hind limbs of DHFR-

chemoprotected NSG mice, respectively. One month after hESC injection, animals were 

treated daily with either PBS or MTX for one month and tumor growth monitored. Both 

gene-modified hESC populations gave rise to teratomas. The growth of CSIIEG 

teratomas (with no DHFR expression) was inhibited more than the growth of EFDIG 

teratomas (with DHFR) (Fig. 4-2a). Furthermore, qPCR analysis showed that EFDIG 

teratomas in MTX treated mice contained 7 times as many lentiviral integrants per 

genome equivalent in comparison to the input undifferentiated hESC population. These 

data are consistent with selective expansion of MTXr-DHFR expressing cells associated 

with MTX administration (Fig. 4-2a). Derivatives of all three germ layers and GFP+ cells 
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were detected in the teratomas, with no apparent developmental differences among 

treatment groups (Fig. 4-2b,c).  

 

DHFR and GFP expression during hESC differentiation on M210 stromal cells 

We next compared GFP expression and hematopoietic differentiation kinetics in gene-

modified hESCs. Here, the four hESC lines transduced with CSIIEG, EFDIG, DL2G, or 

REDPeG were allowed to differentiate by co-culture with M2-10B4 stromal cells as 

previously described 19. The level of GFP expression was maintained in CSIIEG cells 

during this process, but was progressively reduced in DHFR-GFP populations during the 

5-week time course (Fig. 4-3a). Peak development of CD34+ cells ranged between 10 and 

33%  (Fig. 4-3b), similar to what we have previously found for unmodified hESCs 38. 

Subpopulations of all transduced cells also expressed endothelial progenitor markers 

(ACE, CD31, Flk1)(Fig. 4-3c and data not shown). By day 21, subpopulations emerged 

that co-expressed CD34 and the pan-hematopoietic marker CD45 (Fig. 4-3d). Peak 

expression of CD45 ranged from 1% (EFDIG) to 6% (DL2G). Importantly, 

subpopulations of CD34+ were also GFP+ (Fig. 4-3e). Of the DHFR-GFP transduced cell 

populations evaluated, co-expression of CD34 and GFP was the highest for EFDIG 

transduced cells. 

 

To further define hematopoietic potential and MTX resistance in DHFR+ hESC-derived 

progeny, the cell populations were evaluated for hematopoietic colony forming cells 

(CFC) under conditions with or without MTX. The nucleoside transport inhibitor 

dipyridamole (DP) was included with MTX to provide more stringent selective 

conditions 39. As previously demonstrated with other hESC populations, here we found 

that the gene-modified hESCs can routinely produce hematopoietic progenitor cells 

capable of hematopoietic colony formation as quantified in this CFC assay. Importantly 

and as expected, MTX treatment alone did not inhibit colony formation by CSIIEG-

transduced cells (Fig. 4-4a).  However, in the presence of both MTX and DP, CFCs were 

maintained for all Tyr22-DHFR-transduced cells and significantly reduced for CSIIEG-

cells. Hematopoietic cells within the colonies retained GFP expression (Fig. 4-4b). These 
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data demonstrate that Tyr22-DHFR CFC have a survival advantage over control CSIIEG-

cells when both folate metabolism and nucleoside transport are inhibited (MTX/DP).  
 

Engraftment and differentiation of DHFR-GFP transduced hESC hematopoietic 

progenitors after transplantation into NOD/SCID-IL2Rγcnull mice 

To further assess the effects of MTX administration and MTXr-DHFR expression by 

hESC-derived cells in vivo, NSG mice were injected intravenously with 4 million 

EFDIG-hESC-derived cells after hematopoietic differentiation via M2-10B4 stromal cell 

co-culture for 10 days. This study consisted of three experimental groups: PBS treated 

mice (PBS, n=6), low dose (0.5 mg/kg) MTX treated mice (LDM, n=6) and DHFR 

marrow transplant recipients treated with high dose (2 mg/kg) MTX (HDM, n=8). Mice 

were treated 5 days per week for 4 weeks with either PBS or MTX.  Two weeks after 

treatment cessation (6 weeks post transplantation), GFP and TRA-1-85 marking in the 

blood of HDM and LDM mice was significantly higher than that of PBS treated animals 

(Fig. 4-5a). Twelve weeks after EFDIG-hESC-hematopoietic cell transplantation, GFP 

and TRA-1-85 positive cells remained significantly higher in HDM mice, compared to 

PBS mice (Fig. 4-5b). CD34+ and CD45+ cells were also detected in some peripheral 

blood samples at low levels (<1%) (data not shown).  

 

Twelve- to 16-weeks after EFDIG-cell transplantation, animals were sacrificed and 

organs harvested for evaluation of engraftment. Cells harvested from bone marrow, liver 

and spleen were stained with combinations of antibodies specific for hematopoietic and 

endothelial lineages. Significantly more GFP+ cells were detected in the bone marrow of 

HDM mice in comparison with LDM or PBS-treated mice (Fig. 4-6a). QPCR analysis of 

bone marrow samples confirmed the GFP marking observed by flow cytometry. When 

GFP levels are normalized to the total percentage of GFP marking in the hESC-derived 

cells at the time of injection (20% at day 10 of differentiation), the difference in GFP 

marking among treatment groups becomes more striking (Supplemental Fig. 4-3). There 

was significantly more human cell engraftment in the bone marrow of mice from both 

MTX treatment groups compared to PBS administered mice (2% vs. 0.4% TRA-1-85+), 
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with both CD34 and CD45 subsets represented. LDM mice exhibited significantly higher 

CD34+ cell engraftment compared to both HDM and PBS administered mice. Gene-

modified human cells were also detected in the spleens and livers of transplanted mice: 

there was no significant difference in engraftment among the different treatment groups 

(Fig. 4-6b,c). 

 

DISCUSSION 

Our study is the first report of MTX resistance gene transfer involving transplantation 

and selective engraftment of hESC-derived cells. We provide a model system to evaluate 

in vivo selection with antifolate-resistance genes in hESC-hematopoietic cells that may be 

applied to evaluate other chemotherapeutic drug resistance systems. In order to 

characterize expression of Tyr22-DHFR in hESCs, we first achieved stable DHFR-GFP 

expression in hESCs using three different genetic configurations. In contrast to control 

CSIIEG-hESCs, GFP expression decreased over time in cells transduced with DHFR-

GFP bicistronic lentivirus vectors, possibly due to epigenetic silencing. We then used 

MTX chemotherapy and DHFR expression to establish teratomas with increased MTX 

resistance that were also enriched for gene-modified cells, as determined by the fold 

increase in transgene copies in the teratoma, compared to the GFP transgene copies 

detected in the undifferentiated input cell population. Finally, we demonstrated the 

feasibility of using Tyr22-DHFR and MTX chemotherapy to achieve in vivo selection 

and increased engraftment of hESC-hematopoietic cells in immunodeficient mice.  

 

Historically, in vivo selection at the level of slowly dividing stem cells has not been 

achieved by MTX administration alone, because the inhibitory activity of MTX affects 

primarily highly proliferative cells, such as myeloid and lymphoid progeny. In vivo 

selection has been achieved using the anti-folate trimetrexate (TMTX) when administered 

along with the nucleoside transport inhibitor nitrobenzylmercaptopurine ribose phosphate 

(NBMPR-P) 14,40,41. Although TMTX/NBMPR-P treatment was sufficient to achieve in 

vivo selection of gene-modified HSCs in mice, selection was only transient in a study of 

non-human primates 41. In contrast to the DHFR/antifolate system, expression of P140K-
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O6-methylguanine DNA methyltransferase (P140K-MGMT), which confers resistance to 

O6-benzylguanine (O6-BG) and alkylating agents such as 1,3-bis-(2-chloroethy)-1-

nitrosourea (BCNU) and temozolomide (TMZ), has been shown to support significant, 

long-term in vivo selective expansion of gene-modified HSCs in dogs 7,42.  However, in a 

clinical study using retroviral vector to transduce MGMT activity in hematopoietic cells, 

the gene transfer frequency was too low to be clinically useful. The differential outcomes 

between the canine studies and the clinical trial highlight the importance of evaluating 

drug resistance genes and chemoprotection in alternative human cell sources that can be 

expanded ex vivo, in order to anticipate potential challenges that may arise in future 

studies of large animals and humans.   

 

To date, drug resistance gene therapy models in human-mouse xenografts have been 

developed to determine whether high dose chemotherapy inhibits human tumor 

progression and the extent of protection provided by drug resistance genes (DHFR, 

MGMT) expressed in the mouse marrow 43,44. Human CD34+ cells, either from UCB or 

mobilized peripheral blood (MPB) have been evaluated in mice after transfer of P140K-

MGMT 45,46. Pollok and colleagues showed that O6-BG/BCNU treatment increased long-

term engraftment of CD45+GFP+ cells in the marrow of NOD/SCID mice two to 

eightfold 14 weeks after transplantation of UCB or MPB CD34+ cells, respectively 45. In 

Pollok’s studies, CD34-enriched cell populations that were 60% GFP+ were infused into 

mice that were irradiated immediately before transplantation.  Four treatments of O6-BG 

and BCNU had a potent selective effect in vivo, increasing CD45+ cell engraftment in the 

bone marrow from 30% to 80% for UCB-derived cells and from 20% to 90% for MPB-

derived cells 45. These results demonstrate the potential effectiveness of in vivo human 

stem cell selection as xenografts in immunodeficient animals, also applicable to human 

ES cells as demonstrated in this article. 

 

In our study, we transplanted an unselected population of mixed, differentiated cells that 

was only 20% GFP+ at the time of infusion. By normalizing GFP marking of engrafted 

cells to this initial percentage (i.e., by dividing the percent of GFP+ cell detected in the 
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bone marrow by the percent of GFP+ cells in the input cell population), the selective 

effect of MTX treatment becomes even more apparent at twelve weeks post transplant 

(Figure S3). Twelve times more GFP marking (6% vs. 0.5% mean GFP+ cells) was 

detected in the bone marrow of HDM compared to PBS treated mice. In the peripheral 

blood, 5 times more GFP marking (22 % vs. 4 % mean GFP+ cells) was detected in HDM 

treated mice vs. PBS-treated mice. We thus achieved significantly higher long-term 

engraftment of hESC-hematopoietic cells in the bone marrow of treated mice, compared 

to untreated mice. It is also striking that the levels of CD34+/CD45+ cells were similar in 

LDM and HDM treatment groups. These results demonstrate the long-term selective 

effects of MTX on hESC-hematopoietic cell engraftment and show that MTX supports in 

vivo selective effects that persist long after treatment cessation.  

  

iPS cells and/or hESC-derived hematopoietic cells may one day be candidate sources for 

allogeneic or autologous HSCT, so it is important to consider the conditions of this 

clinical translation and the potential challenges that may arise in achieving effective 

engraftment of these cells after transplantation. Drug resistance gene transfer represents 

an important complement to such cell-based therapies as a means of supporting selective 

engraftment of gene-modified cells for hematopoietic reconstitution and prevention of 

allograft rejection. In this study, we show that MTX administration provided a selective 

benefit to the engraftment of MTXr-DHFR hESC-hematopoietic cells in the bone marrow 

of NSG mice. Transitioning to methods that may improve hematopoietic differentiation 
24,38 coupled with the evaluation of more potent drug resistance genes (such as MGMT) 

that also support stem cell selection will better define the potential roles of drug 

resistance genes in hESC-derived hematopoietic function in vivo.   

 

MATERIALS AND METHODS 

Embryonic Stem Cell Culture 

The hESC line H9 (WiCell Research Institute, Inc., Madison, WI) was maintained on 

mitotically inactive mouse embryonic fibroblast (MEF) feeder layers 

(Chemicon/Millipore, Temecula, CA) that were irradiated at 5500 cGy using a Cesium 
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source as previously described [17]. MEFs and the stromal cell line M210-B4 were 

maintained as described 47. 

 

Lentivirus vector construction and vector preparation 

The self-inactivating HIV-1-based lentivirus plasmids CCDG, CSIIMCS, CSIIEG, 

DL2G, and EFDIG have been previously described 12. Briefly, in these vectors the human 

elongation factor-1 alpha (hEF-1α) promoter regulates transcription of the murine 

tyrosine-22 dihydrofolate reductase (Tyr22-DHFR) variant and enhanced green 

fluorescent protein (eGFP) coding sequences. EFDIG contains a picornaviral internal 

ribosomal entry site (IRES), DL2G constitutes a genetic fusion between the two 

transgenes, and CSIIEG encodes GFP alone. To construct REDPeG, the Tyr22-DHFR 

coding sequence was amplified from pCCDG 12 using sense (5'-TCT 

CGAGGATTCTCTAGAGCAAGCTTTTA-3') and anti-sense (5'-

GGCGGTACCGATAAGCTGATCCTCTA-3') primers (BamHI and KpnI sites 

underlined). The PCR product was cloned between BamHI and KpnI sites in 

pRSCEMPGw2 (a construct identical to REDPeG containing a methylguanine DNA 

methyltransferase sequence at the site into which DHFR was inserted, kindly provided by 

Dr. Hans-Peter Kiem, FHCRC, Seattle, Washington) to yield REDPeG, in which the 

hEF-1α promoter regulates transcription of Tyr22-DHFR, and the human 

phosphoglycerate kinase (hPGK) promoter regulates expression of GFP.  To construct the 

Tyr22-DHFR-expressing lentivirus vector plasmid CSIID, Tyr22-DHFR was excised 

from CCDG [12] and cloned into the EcoRI and BamHI sites of CSIIMCS 37. Lentiviral 

vectors were packaged by DNA-calcium phosphate mediated transfection of human HEK 

293 cells, collected, concentrated and titered as previously described 48. 

  

Transduction of human embryonic stem cells 

Confluent hESCs growing on Matrigel (BD Biosciences, San Jose, CA) were treated with 

0.05% trypsin plus 2% chicken serum (Sigma-Aldrich) for 7 minutes at 37˚C with or 

without a 1-hour pretreatment with 10 µM Rho Kinase (Rock) inhibitor Y-27632 

(CalBiochem, EMD Biosciences, San Diego, CA,). Cells were collected by centrifugation 
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and then suspended in transduction medium (conditioned medium described above, plus 

8 ng/mL basic fibroblast growth factor (bFGF), 8 µg/mL polybrene, with or without 10 

µM Rock inhibitor). One million cells (in small aggregates) were mixed with lentivirus 

vector to achieve a multiplicity of infection (M.O.I) of 2.5 (based on functional titer 

[DHFR or GFP transducing units/mL] on 3T3TK- fibroblasts) and replated on Matrigel. 

Cell suspensions were gently agitated every hour for three hours to facilitate virus-cell 

contact. Twenty-four hours later, the cells were gently washed with Dulbecco’s modified 

phosphate buffered saline (DPBS) and covered with fresh conditioned medium plus 8 

ng/mL bFGF. Two weeks and two passages later, confluent transduced cell populations 

were subcultured 2:1 onto MEF feeders.  

 
Karyotype analysis 

The University of Minnesota Cytogenetics Core laboratory performed the karyotype 

analysis.  Gene-modified undifferentiated hESCs (passage 76-86) were cultured in 6-well 

plates as described above. Cells in metaphase were evaluated by G-banding. For each 

gene-modified cell population, 20 metaphase cells were analyzed at a 400-475 band 

resolution.  
 

MTXr-DHFR enzyme assay 

Transduced, undifferentiated hESCs were collected by centrifugation and stored at -20˚C 

in DPBS.  Cell extracts were prepared and protein content determined as described 12. 

Cell extracts were incubated with or without 0.25 µM MTX for 10 minutes. The addition 

of 120 µM NADPH (β-nicotinamide adenine dinucleotide phosphate reduced tetrasodium 

salt) and 20 µM dihydrofolic acid started the enzyme reaction. The change in absorbance 

(A340) on a DU40 spectrophotometer (Beckman Coulter, Fullerton, CA) was monitored 

and recorded after reaction initiation. One unit of enzyme activity is defined as the 

amount of enzyme required to reduce 1 nmol of dihydrofolic acid per minute (ε = 12,300 

M-1 cm-1) 49. 
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Hematopoietic differentiation of hESCs 

Undifferentiated hESCs were subcultured onto M210 cells in RPMI media with 15% FBS 

and allowed to differentiate as described 47. Between days 7 and 35, wells were harvested 

every three to seven days for flow cytometric analysis of phenotype and GFP expression. 

For colony forming assays (CFU), differentiation co-cultures were collected 16 to 19 

days after plating on M210 stromal cells.  2.5 x 105 cells were replated into Methocult 

GF+ medium  (Stem Cell Technologies, Vancouver, BC, Canada) supplemented with or 

without 5 µM dipyridamole (Sigma-Aldrich) and 30 nM MTX. Hematopoietic colonies 

were scored 16 days later for computation of colony-forming cells (CFC) in the plated 

cell population.  

 

Animals 

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice (The Jackson Laboratory, Bar Harbor, ME) 

were bred and maintained in microisolator cages and provided with autoclaved food and 

water containing antibiotics ad libitum. All procedures were reviewed and approved by 

the University of Minnesota Institutional Animal Care and Use Committee. 
 

Bone marrow transduction and transplantation in NSG mice  

Bone marrow was flushed from the hind limbs of eight- to twelve-week-old male NSG 

donor mice and was processed as described 12. Cells were suspended in complete 

StemPro medium (Invitrogen) supplemented with 2 mM L-glutamine (Gibco), 1% P/S, 8 

µg/mL polybrene (Simga-Aldrich), and cytokines (100 ng/mL each of human IL-3, IL-6, 

and mouse SCF [all from R&D Systems, Minneapolis, MN]) [12]. Lentivirus was added 

to cell suspensions to achieve a M.O.I. of 10 and incubated overnight in a humidified 

atmosphere containing 5% CO2 in air at 37˚C. Eight- to twelve-week old syngeneic 

female recipient mice were irradiated using a cesium source (320 cGy) and then 

intravenously infused with 2 to 3 x 106 transduced marrow cells.  
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Teratoma formation in NSG mice 

CSIIEG and EFDIG hESCs were harvested and aggregates suspended in DMEM:F12 

plus 10% FBS. Equal volumes of CSIIEG- and EFDIG-hESC aggregates were injected 

intramuscularly (I.M.) into the right and left hind limbs, respectively, of untransplanted 

and CSIID-marrow transplanted NSG mice (transplant described in preceding section). 

One month after cell aggregate injection, mice were treated 5 to 7 days per week with 

PBS or MTX, starting at 2 mg/kg/day on days 1-7 and then escalating to 4 mg/kg/day on 

days 8-30. Animals were euthanized and teratomas excised, diameter measured, and 

sections prepared for real time qPCR, immunofluorescence, or histopathologic analysis.  

 

Transplantation of hESC-derived hemato-endothelial cells in NSG mice  

EFDIG-hESCs co-cultured with M210 stromal cells for 10 days were harvested by 

trypsinization as described above. Four million cells were injected intravenously into 8- 

to 12-week old female NSG mice. In some cases, the mice were transplanted with CSIID 

transduced bone marrow 1 to 3 months (as described above) before hESC-derived cell 

transplantation. One week after hESC-hematopoietic cell infusion, animals were treated 

with PBS or MTX 5 days per week for 4 weeks (see Results). Blood samples were taken 

6 and 12 weeks after cell transplantation and analyzed by flow cytometry for GFP 

marking and human cell content.  

 
Fluorescence microscopy, immunofluorescence and histopathology  

Gene-modified hESCs were visualized using a Zeiss inverted fluorescence microscope 

(Axiovert 200M). Images were captured using a digital camera (Zeiss AxioCam) with 

AxioVision version 4.6 software interface (all from Carl Zeiss MicroImaging GmbH, 

Müchen, Germany). Fluorescent images were captured (10-20X objective) at the same 

exposure and modified identically in Adobe Photoshop CS2 Version 9. Fluorescent 

images of hematopoietic colonies were captured in a 9 second exposure time.  

 



 111 

Teratomas were embedded in optimal cutting temperature medium (O.C.T.) and frozen or 

fixed in 10% formalin. For immunofluorescence, teratomas were sectioned, fixed onto 

slides with 10% formalin and permeabilized with 0.25% Triton-X 100 in DPBS. 10 µm 

sections were incubated with 10% donkey serum to block non-specific antibody binding 

and incubated with either 1:200 rabbit-anti-GFP in 10% donkey serum (Molecular 

Probes, Invitrogen) or rabbit isotype control antibody (Zymed, Invitrogen) overnight at 

4˚C. Slides were washed several times with DPBS, incubated for 1 hour at room 

temperature with FITC-conjugated donkey anti-rabbit secondary antibody (1:200 in 10% 

donkey serum), washed and set with Prolong gold antifade reagent plus DAPI 

(Invitrogen). Sections were visualized and images captured (20X objective, 4 second 

exposure time) by fluorescence microscopy as described above. For histopathologic 

analysis, formalin fixed teratomas were embedded in paraffin, sectioned, mounted, 

stained with hematoxylin and eosin and analyzed by a veterinary pathologist without 

prior knowledge of sample identity or treatment. 

 

Real-time quantitative PCR 

DNA was extracted from human teratomas or mouse tissue samples using the Puregene 

DNA purification system (Gentra Systems, Inc., Minneapolis, MN). DNA was 

quantitated spectrophotometrically (A260) and qPCR reactions carried out as previously 

described without prior knowledge of sample identity or treatment (MTX, PBS) 12.  

 
Flow cytometry  

Flow cytometric analysis of differentiating hESCs in stromal cell co-culture was 

performed as previously described 47. To assess engraftment of hESC-derived progeny 

and gene marking in vivo, blood, bone marrow and spleen were harvested from mice after 

euthanasia and treated with ammonium chloride solution (Stem Cell Technologies). Liver 

was treated with collagenase mixture (1 mg/mL collagenase IV, 50 µg/mL DNase I 

(Gibco, Invitrogen), 10% FBS in RPMI). Cells were resuspended in Iscove’s modified 

DMEM plus 5% FBS (I-5) medium and layered onto Ficoll Paque Plus (GE Healthcare 

Biosciences AB, Uppsala, Sweden). After centrifugation, the Ficoll layer was collected. 
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Blood, bone marrow and liver cells were suspended in I-5 medium, filtered, collected and 

incubated in blocking solution (5% human AB serum [Valley Biomedical, Winchester, 

VA] 5% FBS in DPBS) for 30 minutes on ice. Cells stained with PE-conjugated TRA-1-

85 (R&D systems, Minneapolis, MN) were also treated with 4 µg of human IgG1 protein 

(R&D Systems) for 15 minutes at room temperature. Cells were suspended in flow 

cytometry buffer (0.1% NaN3, 2% FBS in DPBS) and stained with pairs of APC- and PE- 

conjugated mouse anti-human antibodies for 20 minutes at 4˚C in the dark. Cells were 

suspended in buffer plus 2 µg/mL 7-amino-actinomycin D (7-AAD, Sigma-Aldrich). 

 

All flow cytometry data were collected using a FACSCalibur Instrument with CellQuest 

Pro software interface (BD Biosciences, San Jose, CA). Depending on the cell or tissue 

sample, 5,000-20,000 live events (7-AAD negative gate) were collected for analysis. 

Data were analyzed using FlowJo software, version 8.6.1. (Tree Star, Inc., Ashland, OR). 

All antibodies were obtained from BD Pharmingen (San Diego, CA) except PE-

conjugated Flk-1, TRA-1-85 (both from R&D Systems) and CD235A (GlyA) (from 

Becton Coulter [Fullerton, CA]).  

 

Statistical analysis  

To test for differences among treatment groups or gene-modified cell populations, data 

were evaluated using an unpaired, two-tailed student t-test in Microsoft Excel, Version 

11.5. Differences were considered statistically significant if p values were less than 0.05.  
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Table 4-1 MTXr-Tyr22DHFR enzyme activity in DHFR-GFP hESC extracts 
 

   -MTX    -MTX  +MTX  +MTX 
  U/mga     p valueb   U/mga    p valueb 

EFDIG-H9    15 ± 3                 0.151   15 ± 4   0.001 
DL2G-H9   12 ± 8           0.988  13 ± 7            0.007 
CSIIEG-H9   12 ± 2                 0             

 
aCell lysates from transduced or untransduced H9 cells were assayed for DHFR activity in the presence and 
absence of 0.25 µM MTX. One unit of enzyme activity is defined as 1 nmol/min.  Results shown are the 
mean of three assays ± S.D.  
 
bEnzyme activity in extracts from EFDIG-H9 cells and DL2G-H9 cells were compared to CSIIEG-H9 cells  
using an unpaired, two-tailed student’s t-test. 
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Figure 4-1. GFP expression in DHFR-GFP transduced hESCs. (a) DHFR-GFP 

lentivirus vector schematics. The human EF1-α promoter regulates transcription of 

Tyr22-DHFR and/or GFP, along with an internal ribosomal entry site (ires) between the 

two coding sequences (EFDIG) or as a genetic fusion (DL2G). In a two-promoter 

configuration (REDPeG), EF1-α regulates Tyr22-DHFR and the human PGK promoter 

regulates GFP expression. Other features (described in Materials and Methods) include 

the HIV-1 R, U5, self-inactivating U3, and rev response element (rre), and the post-

transcriptional regulatory element from the woodchuck hepatitis virus ([w2]wpre). (b) 

GFP expression was evaluated by fluorescence microscopy of the lentivirus transduced 

hES cell line H9 4 days after transduction. All images (10-20X objective) were captured 

at the same exposure time and modified identically in Photoshop CS2 version 9 

(Brightness altered to -60, contrast to +35; Smart Sharpen then applied). (c) Flow 

cytometric evaluation of GFP expression at 4 weeks. Transduced cells were stained with 

PE-conjugated anti-SSEA-4 to assess co-expression of GFP and surface expression of 

SSEA-4 as a marker for undifferentiated hESCs. 

 



 115 

 
 

 

 

 



 116 

Figure 4-2. MTXr-teratoma formation during methotrexate administration. Four million 

undifferentiated EFDIG- and CSIIEG-hESCs were injected into the left and right hind limbs 

of DHFR-BM transplanted NOD/SCID-γc mice (n=8), respectively. One month after hESC 

injection, mice were treated 5-7 days/wk with PBS or MTX for one month and euthanized at 

day 60 post hESC-transplantation. (a) Endpoint teratoma diameter in PBS and MTX treated 

mice. CSIIEG teratomas trended toward growth inhibition in the presence of MTX. Teratomas 

were also evaluated for GFP marking by qPCR (bottom). (b) Representative teratoma sections 

were stained with hematoxylin and eosin (H&E) to show the presence of germ layer cell 

derivatives including (clockwise) Mixed (bone, pigmented epithelium, smooth muscle), 

Ectoderm, Mesoderm (cartilage), and Endoderm (gut-like structure surrounded by pigmented 

epithelium). H&E images were resized in Photoshop CS2 version 9 with the following 

adjustments: Smart Sharpen, contrast: +35. Scale bar = 100 µm.  (c) GFP expression in 

teratomas. Frozen teratoma sections were stained with DAPI and anti-GFP to detect transgene 

expression after multi-lineage differentiation. Left to Right: PBS/CSIIEG, PBS/EFDIG, 

MTX/CSIIEG, MTX/EFDIG, all stained with rabbit anti-GFP primary and FITC conjugated 

donkey anti-rabbit secondary antibodies. FITC images were captured in a 4-second exposure 

time. All immunofluorescence images were resized and modified in Photoshop CS2 version 9 

with the following adjustments: Smart Sharpen, contrast:+50. Scale bar = 100 µm. 
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Figure 4-3. Hemato-endothelial differentiation of DHFR-GFP hESCs in M210 stromal 

cell co-culture. Flow cytometric analysis of gene-modified hESCs stimulated to differentiate 

by co-culture with M2-10B4 stromal cells was performed weekly for 5 weeks to assess 

differentiation potential and differences among cell populations. (a) Total GFP and (b) CD34 

expression during differentiation. (c) Co-expression of CD34 and the endothelial marker 

CD31, and (d) the pan-hematopoietic marker CD45. Results from each time point represent 

the mean +/- S.D. from 3 to 4 separate experiments. (e) Co-expression of CD34 and GFP in 

gene-modified cells after 21 days in M210 co-culture. Clockwise from Left: GFP negative 

isotype control, CD34-APC stained H9, CSIIEG, REDPEG, DL2G, and EFDIG hESC-

derived hematopoietic progeny. For flow cytometric analysis, gates were determined by 

isotype controls for each gene-modified cell population.  
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Figure 4-4. MTXr-hematopoietic CFC from hESC-derived hematopoietic progenitors. 

hESCs were induced to differentiate by co-culture with M210 stromal cells. At day 18 of co-

culture, populations were evaluated for colony forming cells (CFC) using no drug (-/-), 30 nM 

methotrexate (+/-) or both methotrexate and 5 µM dipyridamole (+/+) (a). The numbers 

represent the mean of three or four replicates per group +/- S.D. Statistical analysis was 

performed to determine whether colony formation was reduced in the presence of 

methotrexate (MTX) and dipyridamole (DP). CSIIEG-CFC were significantly inhibited in the 

presence of MTX/DP, compared to untreated CSIIEG-CFC (p=0.028). In (b), drug resistant 

colonies derived from DL2G expressing cells that formed in the presence and absence of 

selective conditions are shown (10X objective). Fluorescent images were captured at the same 

exposure (9 seconds) and then modified identically in Photoshop CS2 version 9 (Brightness 

altered to -60, Contrast to +35; Smart Sharpen then applied). 
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Figure 4-5. Detection of hESC-derived progeny in the peripheral blood of mice. After 10 

days in co-culture with M210 stromal cells, EFDIG-hESC-derived hematopoietic cells were 

infused into DHFR-BMT mice (High dose MTX group [HDM]) or non-irradiated mice (low 

dose MTX [LDM], PBS groups). One week after transplantation, mice were treated daily with 

PBS, 0.5 (LDM) or 2 mg/kg (HDM) MTX for 4 weeks. GFP marking and circulation of 

human cells (as detected by staining with TRA-1-85 antibody) in the peripheral blood was 

evaluated by flow cytometry at 6 (a) and 12 (b) weeks post cell transplantation.  Mean 

percentages for each group are shown (bars).  Levels of statistical significance: * p<0.05, ** 

p< 0.005, *** p<0.0005 
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Figure 4-6. Long-term engraftment of hESC-derived hematopoietic cells in mouse bone 

marrow, liver and spleen. Animals were euthanized at 12-16 weeks after EFDIG-

hematopoietic cell transplantation (generated during 10 day co-culture with M210 stromal 

cells) and 8 weeks after withdrawal of MTX chemotherapy. Total engraftment (TRA-1-85+ 

cells), GFP marking and engrafted cell phenotypes were evaluated by flow cytometry in the 

bone marrow (a), liver (b), and spleen (c) of PBS, LDM and HDM treated mice.  GFP 

marking in the bone marrow was also evaluated by qPCR for detection of GFP DNA 

sequences. Mean percentages are shown. * p<0.05, ** p< 0.005, *** p<0.0005 
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Supplemental Figure 4-1.  Retention of normal karyotype in gene-modified H9 cell 

populations. Six months to one year after establishment of gene-modified cells, the 

karyotypes of DHFR-GFP cells were analyzed. Representative normal female karyotypes are 

shown for: (a) EFDIG, (b) CSIIEG, and (c) REDPeG hESCs.  
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Supplemental Figure 4-2 Methotrexate dose response NSG mice.  Mice transplanted with 

syngeneic bone marrow transduced with Tyr22-DHFR or GFP lentivirus vector were treated 

with escalating doses of methotrexate for 4 weeks. Animal health during MTX treatment was 

monitored by weekly hematocrits (%RBC) and daily observation (weight and behavior). MTX 

dose was increased in animals maintaining weight and healthy hematocrit during treatment. 

Hematocrit and dose escalation in (a) DHFR-BMT and (b) GFP-BMT mice. 
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Supplemental Figure 4-3 GFP marking in mice normalized to total GFP marking in the 

input differentiated cell population.  Percentages of GFP+ cells in the bone marrow and 

peripheral blood of mice 12 weeks after hESC-hematopoietic cell transplantation. GFP 

percentages are normalized to the total GFP marking (20%) associated with the input EFDIG 

hESC-differentiated population.  
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Since the development of self-inactivating (SIN)-lentivirus vectors over a decade ago, 

significant progress has been made to achieve stable gene expression in transduced 

hematopoietic stem cells and differentiated progeny 1. SIN-lentivirus vectors transduce 

non-dividing cells, such as neurons, hepatocytes and HSCs. Lentivirus-mediated transfer 

of chemotherapeutic drug resistance genes, such as O6-methylguanine-DNA-

methyltransferase (MGMT) which provides chemoprotection from alkylators such as 1,3-

bis(2-chloroethyl)-nitrosurea (BCNU), have been tested in animal models for in vivo 

selection and chemoprotection 2-4. We and others have previously shown that mice 

transplanted with either MTXr-DHFR transgenic or retrovirus-transduced bone marrow 

were protected from acute antifolate toxicity 5-7. However, before the studies described 

herein were conducted, lentivirus vectors transducing MTXr-DHFR for  chemoprotection 

and in vivo selection had not been described.  

 

Here we extend the field of MTX resistance gene therapy in three important ways. First, 

we demonstrate that lentivirus-mediated Tyr22-DHFR gene transfer into mouse 

hematopoietic cells protects BMT recipients from MTX toxicity. In addition, we identify 

optimal hematopoietic cell transduction and transplant conditions for Tyr22-DHFR gene 

transfer and MTX treatment in dogs. Finally, we show that Tyr22-DHFR gene expression 

in human embryonic stem cells and differentiated progeny coupled with MTX exposure 

supports stable selection of gene-modified cells in vitro and in vivo.  We recognized that 

development of lentivirus vectors transducing Tyr22-DHFR activity is important for the 

progress of MTX resistance gene therapy toward the clinic.  We hypothesized that 

lentivirus-mediated gene transfer of Tyr22-DHFR into stem cells would support a stable, 

long-term gene expression and chemoprotect hematopoietic progenitors and mature blood 

cells from MTX toxicity. 

 

LENTIVIRUS-MEDIATED TYR22-DHFR GENE TRANSFER INTO MOUSE 

BONE MARROW PROTECTS MICE FROM MTX MYELOTOXICITY 

We therefore first demonstrated that DHFR-lentivirus vectors transduce mouse HSCs to 

chemoprotect mice from MTX toxicity during dose-intense treatment regimens (Chapters 
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2 and 3). We show that a low level of gene transfer (between 1 and 10%) is sufficient for 

myeloprotection and long-term transgene expression in vivo, and confers a significant 

survival advantage to DHFR-BM transplanted mice. Our studies in mice further 

demonstrate that the timing of chemotherapy relative to BMT affects the extent of 

chemoprotection afforded to the recipients. The competitive repopulation studies show 

that selective effects can include a reduction in the drug-sensitive population, rather than 

expansive proliferation of drug-resistant cells. 

 

MTXR-DHFR LENTIVIRUS VECTORS TRANSDUCE CANINE 

HEMATOPOIETIC CELLS FOR LONG-TERM EXPRESSION IN VIVO 

MTX continues to be a reliable and widely used component of prophylaxis for GvHD 

prevention after HSCT in the clinic. Therefore it is important to approach the challenges 

of achieving bona fide chemoprotection and in vivo selection using MTX/DHFR through 

strategic development and the incorporation of new scientific advances that will drive 

progress to effective clinical trials. The differences in the physiology, immunity and 

lifespan of small and large mammals prevent lateral comparison and reliable prediction of 

long-term gene expression in vivo.  It is therefore important to evaluate gene therapy in 

larger physiologic systems of a less-inbred animal population. Pre-clinical studies with 

the BCNU/MGMT system have validated the potency of in vivo selection, in both 

autologous and allogeneic settings in dogs and non-human primates. We selected the dog 

as our model organism for the following reasons: (i) MTX prophylaxis for GvHD 

prevention has been previously studied in a canine model, (ii) dogs are more cost-

effective than non-human primates and (iii) canine disease models (i.e. hemolytic anemia, 

X-SCID, leukocyte adhesion deficiency) that may benefit MTXr-DHFR expression in 

gene-modified cells are available 8,9.  

 

We therefore evaluated lentivirus-mediated DHFR gene transfer and expression in a large 

animal model.  Translation of the MTX/DHFR system from a mouse to a dog model has 

proven to be more complicated than expected. While the logistics of studies in mice were 

relatively straightforward (i.e. an overnight transduction of bulk bone marrow harvested 
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from many donors), translation to an autologous canine model required careful 

deliberation on issues highly relevant to clinical studies. For example, given that 

engraftment is limited by the initial cell yield from the donor, HSCs must be enriched and 

purified from the harvested cell population. Other differences include the time required 

for hematopoietic reconstitution after myeloablative conditioning and HSCT, animal 

survival after transplantation, the potential for graft rejection, and GI sensitivity to MTX 

treatment (Chapter 3). Although long-term transgene expression was achieved in 1/5 dogs 

evaluated, the level of expression (1-2%) was not sufficient to test for true 

chemoprotection in vivo, in part due to the dog’s extreme GI sensitivity to low dose daily 

MTX administration. Through these studies, we have defined optimal conditions for HSC 

isolation, genetic configurations that may be more effective for tracking modified cells in 

vivo, and MTX maximum tolerated dose regimens in dogs. Furthermore, we have 

identified alternative strategies that may allow us to restrict damage to the GI tract (i.e. 

modification of pre-conditioning regimen) and enhance engraftment of DHFR-expressing 

cells (i.e. constructing lentivirus vectors expressing MGMT for in vivo selection and 

DHFR for chemoprotection). These protocol changes have the potential to increase the 

percentage of gene-modified cell engraftment and focus in on systemic chemoprotection 

from MTX chemotherapy. 

 

MTXr-DHFR EXPRESSION IN HUMAN EMBRYONIC STEM CELLS 

SUPPORTS PROTECTION FROM MTX TOXICITY AND IN VIVO SELECTION 

DURING DIFFERENTIATION  

Although HSCs are an appropriate target cell population for certain gene therapy 

applications, they are not easily maintained ex vivo without loss of pluripotency or 

migration properties that support re-engraftment. In the event that autologous 

transplantation is a not a feasible option (i.e. hematologic malignancies), an HLA-

matched donor must be identified for allogeneic HSCT.  Even if a matched donor is 

identified, the recipient may reject the gene-modified graft or develop GvHD. Alternative 

cell populations must therefore be considered for gene therapy applications.  
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In comparison to other stem cell sources, human embryonic stem cells (hESCs) may be 

maintained in cell culture for many passages 10,11. Derived from pre-implantation 

blastocysts more than a decade ago, hESCs maintain their pluripotency and may be 

induced to differentiate into hematopoietic progenitor cells by embryoid body formation 

or co-culture with bone marrow stromal cells 12-15. Although gene-modification of hESCs 

through viral and non-viral methods may support long-term transgene expression, gene 

silencing can occur over time and during differentiation 16,17. Inclusion of an antibiotic 

resistance gene within the expression cassette allows for in vitro selection of gene 

modified hESCs 18. In vitro selection may reduce the polyclonality of the population, 

which may not be optimal for gene therapy applications.  Many studies involving gene 

transfer into hESCs have focused on expression of fluorescent markers to monitor cell 

migration in vivo or differentiation or effect of siRNAs in order to alter developmental 

pathways.  

 

Our study is the first report to show expression of a chemotherapeutic resistance gene, in 

hESCs and differentiated progeny without in vitro selection (Chapter 4). The Tyr22-

DHFR hESCs give rise to hematopoietic progenitors and MTXr-hematopoietic colonies 

in vitro. MTX treatment significantly increased the long-term engraftment of hESC-

derived gene-modified hematopoietic cells in the bone marrow of immunodeficient mice. 

The higher percentages of CD34+ and CD45+ populations detected in the bone marrow of 

treated mice imply that MTX selection does occur at the level of CD34+ progenitor cells, 

as well as CD45+ hematopoietic progeny. 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. The recent reprogramming of 

human somatic fibroblasts into cells that possess phenotypic and functional 

characteristics of ESCs, called induced pluripotent stem cells (iPS), presents another 

alternative cell source for gene therapy applications 19-21. This scientific breakthrough 

presents the possibility of generating patient-derived stem cells for gene and cell-based 

therapies. In the event that ESC- or iPSC-derived hematopoietic cells are considered for 
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clinical trials in humans, MTXr-DHFR expression during post transplantation 

immunosuppressive prophylaxis may prevent graft rejection of these cells. 

 

FUTURE DIRECTIONS OF MTX RESISTANCE STUDIES 

Our chemoprotection studies in mice transplanted with Tyr22-DHFR congenic marrow is 

a model for autologous marrow transplantation. As we’ve demonstrated the therapeutic 

benefit of stable Tyr22-DHFR gene transfer is this model, there are three ways in which 

we may build upon our current findings. The next logical experiment is to translate MTX 

chemoprotection in an allogeneic transplantation study to determine whether Tyr22-

DHFR expression in the allograft coupled with MTX prophylaxis would reduce the 

severity of GvHD. In these studies, it would be important to compare the relative 

protection provided by Tyr22-DHFR when MTX is administered alone and in 

combination with other immunosuppressive therapies that have been shown to synergize 

with MTX for GvHD prevention 22-24.  

 

To achieve clinical translation of MTXr-DHFR gene therapy, we must first demonstrate 

significant and repeatable myeloprotection in a large animal model. This may call for 

increasing the level of gene transfer ex vivo so that we can better quantify changes in 

gene-marking based on drug administration in vivo. We currently plan to increase 

marking by co-transfer and expression of MGMT and DHFR, followed by BCNU 

treatment to increase gene marking of HSCs in vivo. Tricistronic lentivirus vectors that  

encode P140K-MGMT, L22Y-DHFR and eGFP are currently under construction. Once 

we demonstrate that transduction with MGMT/GFP/DHFR vectors confer drug resistance 

and fluorescence, we plan to transduce and transplant autologous canine CD34+ cells, 

and then treat the transplant recipients with O6-BG/BCNU to selectively and stably 

increase the frequency of gene-modified cells in vivo. After increasing the frequency of 

gene-modified cell engraftment, we will proceed with a MTX treatment regimen that 

more closely approximates clinical treatment schedules than in our previous studies 

(described in Chapter 3).  
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In our studies of human embryonic stem cells, we showed that MTX may support long-

term selective expansion of Tyr22-DHFR-hematopoietic cells in vivo. One important 

clinical application is to assess the feasibility of synergizing chemotherapeutic  and 

immunotherapeutic approaches to cancer treatment. Given the studies described by Woll 

and colleagues showing that hESC-derived natural killer (NK) cells possess potent anti-

tumor activity 25-27 , I would first generate MTXr-DHFR-NK cells from MTXr-DHFR-

hESCs, first characterizing MTX resistance of hESC-NK cells in vitro. I would then 

evaluate the ability of MTXr-NK cells to kill both MTXr and MTXs tumor cell lines in 

vitro and in vivo.  

 

CLINICAL TRANSLATION OF MTX RESISTANCE GENE THERAPY 

MTX resistance gene therapy may be useful in both autologous and allogeneic 

transplantation settings. For example, if HSCs are modified to express a protein that is 

foreign to the patient’s immune system, MTX administered post-transplant could protect 

gene-corrected autologous HSCs from host-mediated rejection. In an allogeneic setting, 

MTXr-DHFR expression may be relevant for hematopoietic reconstitution following 

myeloablative chemoradiotherapy for the treatment of childhood leukemia. In this 

potential scenario, the child is treated with combination radiation and chemotherapy 

involving MTX. The child then requires a bone marrow transplant for hematopoietic 

reconstitution and is not a candidate for an autograft. Inclusion of MTXr-DHFR 

expression could protect the allogeneic cells from immune rejection and, should leukemic 

relapse occur, provide myeloprotection from subsequent MTX treatments. The clinical 

success of drug resistance gene therapy may rely upon use of multiple drug resistance 

genes, as well as continued revision of strategy to incorporate new technologies and 

scientific advances (i.e. iPS cells) into well-defined clinical protocols. Expression of both 

MGMT and DHFR in allogeneic cells would support in vivo selection of allogeneic cells 

to increase chimerism and protect the graft from post HSCT chemotherapy. As long as 

graft rejection is a possibility after transplantation of gene-modified HSCs, regardless of 

the cell source, MTX/DHFR may be incorporated as an important part of gene therapy 

for the treatment of inherited, acquired and malignant diseases. 
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