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Summary

Background—Our previous studies have demonstrated that platelet-specific gene delivery to

hematopoietic stem cells can induce sustained therapeutic levels of platelet-FVIII expression in

hemophilia A (HA) mice.

Objective—In this study, we aimed to enhance platelet-FVIII expression while minimizing

potential toxicities.

Methods—A novel lentiviral vector (LV), which harbors dual genes, the FVIII gene driven by

the αIIb promoter (2bF8) and a drug-resistance gene, the MGMTP140K cassette, was constructed.

Platelet-FVIII expression in HA mice was introduced by transduction of HSCs and

transplantation. The recipients were treated with O6-benzylguanine followed by 1,3-bis-2

chloroethyl-1-nitrosourea monthly for 3 or 4 times. Animals were analyzed by PCR, qPCR,

FVIII:C assays, and inhibitor assays. Phenotypic correction was assessed by tail clipping tests and

ROTEM analysis.

Results—Even using a low MOI (multiplicity of infection) of 1 and a non-myeloablative

conditioning regimen, after in vivo selection, the levels of platelet-FVIII expression in recipients

increased to 4.33 ± 5.48 mU per 108 platelets (n = 16), which were 19.7-fold higher than the levels

obtained from the recipients before treatment. qPCR results confirmed that 2bF8/MGMT-LV-

transduced cells were effectively enriched after drug-selective treatment. Fifteen of 16 treated

animals survived tail clipping. Blood loss and whole blood clotting time were normalized in the
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treated recipients. Notably, no anti-FVIII antibodies were detected in the treated animals even

after rhF8 challenge.

Conclusion—we have established an effective in vivo selective system that allows us to enrich

2bF8LV-transduced cells, enhancing platelet-FVIII expression while reducing the potential

toxicities associated with platelet gene therapy.
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Introduction

Hemophilia A (HA) is considered to be an ideal target for gene therapy. [1–3] Classical

approaches for gene therapy of HA, which rely on correcting the level of plasma factor VIII

(FVIII), have resulted in phenotypic correction in animal models, [4–16] but have not yet

been beneficial in clinical trials. [17–19] Our previous studies have demonstrated that

targeting FVIII expression to platelets using a platelet-specific αIIb promoter (2bF8) results

in FVIII storage in platelet α-granules and that platelet-derived FVIII corrects the bleeding

diathesis in HA mice with or without inhibitory antibodies (inhibitors) using either a

transgenic model [20;21] or lentiviral gene delivery to hematopoietic stem cells (HSCs).

[22–25]

The challenges of HSC gene therapy may include the toxicities of HSC transplantation

preconditioning regimens, the inability to genetically modify sufficient numbers of target

cells, the risk of insertional mutagenesis, and the immune response to the foreign protein.

Although our previous studies have demonstrated that sustained therapeutic levels of

platelet-FVIII were achieved in 2bF8-transduced mice using our non-selectable 2bF8

lentiviral vector (2bF8LV), the transduction efficiency was only about 10% even using a

myeloablative conditioning regimen and an approximate MOI (multiplicity of infection) of

10. [22;23] While using a higher MOI to introduce 2bF8LV to HSCs may enhance the

transduction efficiency, it may also augment the potential genotoxicities associated with

lentivirus integration. Since the risks involved in myeloablative conditioning are high, it is

likely that in vivo representation of transduced autologous cells in patients will be

substantially less than required to correct the bleeding phenotype when a lower intensity

level of non-myeloablative conditioning regimen is employed.

Thus, developing a protocol by which therapeutic results can be achieved while the potential

toxicities associated with platelet gene therapy can be minimized will be desired.

Human trials for the severe combined immunodeficiency disorders have demonstrated that

efficient gene transfer and myeloablation is not required when there is a powerful selective

advantage to the genetically modified cells. [26;27] We hypothesize that incorporating a

drug-resistance gene into the 2bF8LV will allow for post-transduction selection of 2bF8-

transduced HSCs which will result in the increase of the platelet-FVIII expression while

reducing the potential risks of insertional mutagenesis and the toxicities associated with the

intense transplantation pre-conditioning.
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In the current study, we investigated the efficacy of in vivo selection of the 2bF8-transduced

HSCs using the O6-methylguanine-DNA-methyltransferase (MGMT)-based selection

system in a HA mouse model. The question we addressed in the current study is whether we

can achieve sustained therapeutic levels of platelet-FVIII while reducing the MOI, the

stringency of the transplantation preconditioning regimen, and the immune response in this

novel 2bF8/MGMT platelet gene therapy.

Materials and Methods

Mice

FVIIInull mice used in this study were in a 129/SV x C57BL/6 mixed genetic background

with a targeted disruption of exon 17 of the FVIII gene. [28] Isoflurane or ketamine was

used for anesthesia. Animal studies were performed according to a protocol approved by the

Institutional Animal Care and Use Committee of the Medical College of Wisconsin.

Vector construction, virus production and purification

A 1.066-kb MGMTP140K expression cassette driven by the murine stem cell virus promoter

was removed from Hu889B3WPT-mscvMGMT [29] and inserted into the pWPT-2bF8

vector [22] to generate a new lentiviral construct, pWPT-2bF8/MGMT (Fig. 1A). The 2bF8/

MGMT lentivirus (2bF8/MGMT-LV) was produced and purified as previously described.

[22;30]

HSCs transduction and transplantation

FVIIInull HSCs were isolated using the anti-Sca-l+ MicroBead Kit (Miltenyl Biotec, Auburn,

CA, USA) following the protocol provided by the manufacturer. The transduction of Sca-1+

cells with 2bF8/MGMT-LV was performed using the protocol described in our previous

reports. [22;23] The cells were transduced with 2bF8/MGMT-LV at MOI of ~1 for the

principal studies. An additional transduction experiment using an MOI of 10 was performed

for comparison. Six- to eight-week-old FVIIInull mice were conditioned with a non-

myeloablative conditioning regimen, 660 or 440 cGy total body irradiation (TBI). 1 × 106

Sca-1+ cells were transplanted into each animal. Animals were analyzed starting at 3 weeks

after transplantation. Thirty-two weeks later, some animals (primary [1°] recipients) were

euthanized; bone marrow (BM) cells were harvested and subsequently transplanted into

lethally irradiated (1100 cGy) secondary (2°) recipients.

Analysis of FVIII expression in recipients

After transplantation of 2bF8/MGMT-transduced Sca-1+ cells, animals were analyzed for

platelet-FVIII expression. Functional FVIII activity (FVIII:C) levels in recipients’ platelet

lysates and plasmas were quantitated as previously described. [20;23] 2bF8 transgene

expression was determined by PCR and quantitative real-time PCR (qPCR) analysis as

previously reported. [22;23]
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In vivo selection of the transduced cells

Beginning 10 weeks after transplantation, animals were treated with O6-benzylguanine (BG)

(Sigma, St. Louis, MO, USA) followed by 1,3-bis-2 chloroethyl-1-nitrosourea (BCNU)

(Emcure Pharmaceuticals, Pune, India). BG was administered intravenously at a dose of 30

mg kg−1 body weight. BCNU was given intravenously 1 hour after BG administration at a

dose of 5 mg kg−1. Animals were treated once every 5 weeks for a total of 3 or 4 treatments.

The levels of platelet-FVIII expression and the copy number of the 2bF8 transgene per cell

were monitored to examine the efficacy of in vivo selection of 2bF8/MGMT-transduced

cells.

Phenotypic correction assessment

The tail clip survival test, the tail bleeding test, and rotational thromboelastometry

(ROTEM) analysis of whole blood clotting time (WBCT) were used to assess phenotypic

correction of the FVIIInull coagulation defect. These assays were performed at least 6 weeks

after the final BG/BCNU treatment. The tail clip survival test was carried out as described in

our previous reports. [20–23] For the tail bleeding test, tail tips were clipped using a 1.6 mm

diameter template. Fifty microliters of blood was collected before and 6 hours after tail tips

were removed, and hemoglobin (Hb) was measured using the Vet blood counter (Scil

Animal Care Company, Gurnee, IL, USA). The Hb was normalized by defining the pretest

levels of Hb as 100%. For ROTEM analysis, blood samples were drawn from vena cava and

WBCT was analyzed as previously described. [31] FVIIInull and wild-type (WT) mice were

used as controls.

Immune response studies

At least 8 weeks after the final BG/BCNU treatment, animals were immunized intravenously

with recombinant human B-domain deleted FVIII (rhF8, Xyntha, Pfizer Inc, New York, NY,

USA) at a dose of 50 U kg−1 weekly for 4 weeks. One week after the last immunization,

plasma samples were collected and the titers of anti-FVIII inhibitors were determined by

Bethesda assay as previously described. [20] The titers of total anti-FVIII antibodies were

determined by ELISA assay as reported. [32] Briefly, a 96-well plate was coated with 100

μL of 2 U mL−1 rhF8 at 4°C overnight. Serial dilutions of mouse plasma were added to the

coated wells and incubated at room temperature for 2 hours. Horseradish peroxidase (HRP)-

conjugated goat anti–mouse IgG (Pierce, Rockford, IL, USA) was used as the detecting

antibody, followed by incubation with ortho-phenylenediamine substrate (Life

Technologies, Grand Island, NY, USA). Antibody titers were expressed as the highest

dilution of plasma showing a positive result (optical density > 0.3). Samples from FVIIInull

mice were used as a control. The anti-FVIII antigen-secreting plasma cells (ASCs) were

examined by ELISPOT assay as reported. [33] Briefly, polyvinylidendifluorid-bottom 96-

well Multiscreen-IP filtration plates (Millipore Corporation, San Francisco, CA, USA) were

coated with rhF8. Serial dilutions of splenocytes or BM cells from rhF8 immunized FVIIInull

mice or 2bF8/MGMT-transduced BG/BCNU-treated recipients were seeded in completed

RPMI 1640 media and incubated at 37 °C for 5 hours. After incubation, cells were removed

and the plate was incubated with HRP conjugated goat anti-mouse IgG at 4 °C overnight.
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The spots were developed using 3-amino-9-ethylcarbazole (Sigma) and read by ELISPOT

reader (Cellular Technology Limited, Heights, OH, USA).

Some animals were subsequently immunized with ovalbumin (OVA) (Sigma) as a non-

specific immunogen at a dose of 25 μg per mouse adsorbed onto Imject Alum (Thermo,

Rockford, IL, USA) by intraperitoneal injection weekly for 3 weeks. One week after the last

immunization, the titers of anti-OVA IgG were determined by ELISA assay as previously

described. [34] FVIIInull mice were immunized in parallel as a control.

Statistical analysis

Data are presented as the mean ± SD, and statistical comparisons of experimental groups

were evaluated by unpaired Student’s t test. A value of P < 0.05 was considered statistically

significant.

Results

Introducing the selectable 2bF8 transgene into HSCs of HA mice

We engineered a new LV, pWPT-2bF8/MGMT, harbouring dual genes, the 2bF8 gene and a

drug-resistance gene, the MGMTP140K cassette (Fig. 1A). The 2bF8/MGMT cassette was

introduced into FVIIInull HSCs by transduction and syngeneic transplantation. To minimize

both the toxicity from preconditioning and the potential for insertional mutagenesis, we first

used non-myeloablative conditioning regimens and a low MOI of 1. The 2bF8 expression

cassette was detected by semi-quantitative PCR in all 2bF8/MGMT-transduced recipients.

The representative PCR analysis results in Fig. 1B show augmentation of the PCR product

after BG/BCNU treatment.

To quantitate the average copy number of the 2bF8/MGMT transgene per cell in transduced

recipients, qPCR was used to analyze the 2bF8 transgene in peripheral blood cell-derived

DNA. 2bF8 proviral DNA was measurable in all recipients. Before BG/BCNU treatment,

the copy number of the 2bF8 transgene was barely detectable (0.01 ± 0.02 copy per cell)

when HSCs were transduced with 2bF8/MGMT-LV at an MOI of 1. However, the copy

number increased significantly after drug-selection treatment (0.42 ± 0.15 copy per cell)

(Fig. 1C).

These results demonstrate viable engraftment of 2bF8/MGMT genetically modified HSCs in

2bF8/MGMT-transduced recipients and that 2bF8/MGMT-transduced cells are selectable by

BG/BCNU treatment in vivo.

Enhancing platelet-FVIII expression in platelet gene therapy of HA mice via MGMT-
mediated in vivo selection

To evaluate the feasibility of the MGMT-mediated drug-selection system in platelet gene

therapy of HA, we quantified the FVIII:C expression in FVIIInull mice that received 2bF8/

MGMT-transduced HSCs (MOI of 1). As determined by a chromogenic assay on platelet

lysates, platelet-FVIII expression in recipients that were pre-conditioned with 660 cGy TBI,

which was only 0.22 ± 0.15 mU per 108 platelets before treatment, remarkably increased to

4.33 ± 5.48 mU per 108 platelets after BG/BCNU drug-selective treatments (Fig. 2A). The
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levels of platelet-FVIII in the untreated transduced control group remained low over the

study period. FVIII:C was not detected in the plasma in any of the recipients even with

platelet-FVIII as high as 22 mU per 108 platelets. When a low intensity pre-conditioning

regimen of 440 cGy TBI was used, the levels of platelet-FVIII increased from 0.07 ± 0.03 to

1.61 ± 0.84 mU per 108 platelets after BG/BCNU treatments (Fig. 2B). These results

demonstrate that using the MGMT-mediated in vivo drug-selection system can effectively

enrich 2bF8/MGMT-transduced cells and thereby enhance platelet-FVIII expression in

platelet gene therapy of HA mice even under non-myeloablative conditioning regimens and

with a low MOI of 1.

Phenotypic correction assessment of 2bF8/MGMT-transduced recipients

To assess phenotypic correction of the FVIIInull coagulation defect in 2bF8/MGMT-

transduced recipients, three assays, the tail clip survival test, the tail bleeding test, and

ROTEM analysis, were used. Fifteen of 16 transduced BG/BCNU-treated recipients pre-

conditioned with 660 cGy TBI survived tail clipping. Five of 6 recipients without BG/

BCNU treatment and none of the untransduced FVIIInull controls survived under the same

challenge (Fig. 3A). To grade the degree of blood lost after tail clipping, Hb levels were

measured before and 6 hours after tail clipping. Five of 12 FVIIInull mice survived beyond 6

hours with only 34.9 ± 10.5% Hb remaining, while all BG/BCNU-treated transduced

recipients survived with 68.6 ± 10.5% Hb remaining, which was not significantly different

from the WT control group (Fig. 3B). To further confirm that hemostasis was improved in

the treated animals, ROTEM analysis was used to analyze the WBCT. As shown in Figure

3C, the WBCT in transduced BG/BCNU-treated animals was significantly shorter than in

FVIIInull controls. There was no significant difference between the transduced BG/BCNU-

treated group and the WT control group. Taken together, these results demonstrate that the

hemophilic phenotype was rescued in 2bF8/MGMT-transduced BG/BCNU-treated animals

even using a low MOI of 1.

Sequential bone marrow transplantation

To ascertain whether platelet-FVIII expression was sustained after 2bF8/MGMT gene

therapy followed by drug-selection, secondary transplantation was carried out using BM

cells from some of the primary recipients from the 660 cGy group. As expected, proviral

DNA was detected in all of the 2° recipients. The average copy number of the 2bF8

transgene was 0.50 ± 0.21 copy per cell, which was not significantly different from that

obtained from the 1° recipients post-treatment (Fig. 4A). There was no difference in the

levels of platelet-FVIII expression in the 2° recipients and their donors, 1° recipients post-

treatment (Fig. 4B). These results demonstrate that long-term engrafting HSCs were

genetically modified by 2bF8/MGMT-LV and selected after BG/BCNU treatment.

Immune tolerance was established in 2bF8/MGMT-transduced BG/BCNU-treated recipients

To investigate the immune response after 2bF8/MGMT gene therapy in FVIIInull mice, we

used the Bethesda assay to determine titers of anti-FVIII inhibitors and the ELISA assay to

quantify total anti-FVIII antibodies. As shown in Figures 5A and 5B, no inhibitory

antibodies were detected in recipients after 2bF8/MGMT gene therapy. No antibodies were
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detected in 2bF8/MGMT-transduced BG/BCNU-treated animals even after exogenous rhF8

challenge. One of three 2bF8/MGMT-transduced with no BG/BCNU treatment recipients

developed a low titer (6.8 BU mL−1) of inhibitors. In contrast, all FVIIInull control mice

developed anti-FVIII antibodies with inhibitor titers of 430 ± 480 BU mL−1 and total anti-

FVIII antibody titers of 4203 ± 4109 under the same challenge. We also performed the

ELISPOT assay to examine whether there were anti-FVIII antibody secreting cells in the

treated animals. As shown in Figure 5C, no ASCs were detected in 2bF8/MGMT-transduced

BG/BCNU-treated animals. In contrast, ASCs were detected in both spleen and BM of rhF8-

immunized FVIIInull mice.

To ensure that the immune systems in the 2bF8/MGMT-transduced recipients were not

defective, we further challenged some animals with OVA. All animals developed high titers

of anti-OVA antibodies after the OVA challenge, with no significant difference between

2bF8/MGMT-transduced BG/BCNU-treated recipients and FVIIInull controls.

All together, these data demonstrate that immune tolerance developed in the 2bF8/MGMT-

transduced recipients and that the immune tolerance is FVIII-specific.

The efficacy of higher MOI in 2bF8/MGMT gene therapy

When a higher MOI of approximately 10 was used to introduce the 2bF8/MGMT expression

cassette into Sca-1+ cells, the level of platelet-FVIII expression in recipients was 1.63 ± 0.36

mU per 108 platelets in the 660 cGy group before BG/BCNU treatment. Platelet-FVIII

expression levels significantly increased after one treatment (6.52 ± 1.31 mU per 108

platelets) and continued to increase after the second and third treatments, reaching 14.18 ±

12.05 mU per 108 platelets (Fig. 6A). The highest platelet-FVIII expression reached 35.49

mU per 108 platelets, a 21-fold increase over the pre-treatment level of 1.66 mU per 108

platelets. This amount of platelet-FVIII corresponds to 70% of FVIII:C in whole blood in

normal mice, assuming a platelet number 109 mL−1 and plasma FVIII:C of 1 U mL−1. The

level of platelet-FVIII in the 440 cGy group was 0.53 ± 0.07 mU per 108 platelets before

treatment and increased to 2.87 ± 0.20 mU per 108 platelets after three treatments (Fig. 6B).

Although platelet-FVIII expression levels continued to increase after the second and third

treatments, the enhancements were not as significant as after the first treatment. Albeit the

average level of platelet-FVIII in the 660 cGy group appears to be greater than that obtained

in the 440 cGy group after BG/BCNU treatment, there was no significant difference

between the two groups.

When the tail bleeding test was used to assess the degree of phenotypic correction in these

high-MOI-transduced BG/BCNU-treated recipients, the remaining Hb level in the 660 cGy

group was 76.8 ± 24.2%, which appears higher than that in the WT control group although

there is no statistically significant difference between the two groups. The level of remaining

Hb in the 440 cGy group was 58.3 ± 7.5%, which is not significantly different from the 660

cGy group or the WT control (Fig. 6B). These data indicate that we can achieve a similar

therapeutic effect post treatment using reduced preconditioning (440 cGy) as we do using

higher preconditioning (660 cGy). We also monitored the blood counts on the 2bF8/MGMT-

transduced recipients during our study course. Four weeks after transplantation, the number

of leukocytes in the 660 cGy group was similar to the 440 cGy group, which was
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approximately 55% of pre-transplantation levels. Blood counts recovered by 8 weeks after

transplantation. Both leukocytes and platelets decreased during BG/BCNU treatment, but

gradually recovered. Hemoglobin levels were less affected during BG/BCNU treatment (Fig

7).

Discussion

Any effective gene therapy protocol for HA should provide sustained therapeutic levels of

FVIII expression without substantial toxicity. For platelet gene therapy to be successful,

utilizing an efficient integrating vector to introduce the transgene into HSCs and employing

a sufficient preconditioning to create space for effective engraftment are essential. Thus, the

risk of insertional mutagenesis associated with the use of integrating vectors and the

toxicities associated with the use of preconditioning must be considered when developing a

platelet gene therapy protocol for HA treatment. In the current study, we aimed to enhance

platelet-FVIII expression while minimizing the potential toxicities. We developed a novel

vector harboring dual genes, the 2bF8 gene and a drug-resistance gene, the MGMTP140K

cassette. Our data demonstrate the feasibility of using the MGMT-mediated selection system

to enrich 2bF8 genetically modified hematopoietic cells and enhance platelet-FVIII

expression in FVIIInull mice even using a relatively low MOI for transduction and under a

non-myeloablative conditioning regimen.

Although LVs have great potential to deliver therapeutic genes to HSCs, the size of the

transgene affects the titers of vectors and the transduction efficiency on HSCs. [22;34–36]

FVIII is an unusually large protein. [37] Even though we use a B-domain deleted FVIII

construct, the size of the 2bF8 expression cassette is still relatively large, in contrast to other

genes, i.e. 2bF9 or 2bIbα which we are also studying for hemophilia B and Bernard Soulier

syndrome gene therapy. [34;36] Indeed, the transduction efficiency is approximately 10% in

2bF8, [22] 20% in 2bF9, [34] and 60% in 2bIbα studies [36] when a similar protocol with a

myeloablative conditioning and an MOI of approximately 10 is applied. Our previous

studies have demonstrated that platelet gene therapy is a promising therapeutic strategy for

HA. [20–25] While therapeutic levels of platelet-FVIII can be achieved using non-selectable

2bF8LV transduction of HSCs at a high MOI followed by syngeneic transplantation in a HA

animal models [22–24], severe HA patients may require higher levels of functional platelet-

FVIII to be therapeutic, especially for patients with active sport activities. Thus, developing

an approach to increase the proportion of transduced platelets and enhance platelet-FVIII

expression is desired.

Methods to increase the proportion of transduced HSCs in BM have been under

investigation and usually rely on transduction of a drug resistance gene followed by

chemotherapeutic treatment to mediate selection. [26;27;38–40] One of the most promising

drug-resistance genes is MGMT, which encodes a DNA-repair enzyme that can confer

resistance to the cytotoxic effects of nitrosoureas such as BCNU. [41;42] Successful

MGMT-based in vivo selection of HSCs using BG and BCNU has been reported in cancer

therapy to allow dose intensification and in gene therapy of AIDS, Glanzmann

Thrombasthenia, β-thalassemia, and hemophilia B to increase the percentage of gene-

modified cells. [29;39;43–47] In the current study, we incorporated the MGMTp140k cassette
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into our 2bF8LV and used BG/BCNU in vivo chemoselection. To reduce the potential for

adverse effects from BCNU chemotherapy, we chose a high dose of BG to sensitize

untransduced cells combined with a low dose of BCNU as reported in literature. [39;43–47]

The animals did not appear sick after any of chemotherapy treatments. We monitored some

recipients for 6 months after the BG/BCNU treatments were completed (12 months after

transplantation); these animals were healthy, had normal blood counts, and exhibited no

overt evidence of tumor or other illness.

An effective selection system should not only allow for the enhancement of platelet-FVIII

expression, but for the reduction in potential for insertional mutagenesis as well because this

will make it possible to transplant a lower total number of long-term repopulating HSCs

and/or use a low MOI. The question is whether we can achieve sustainable therapeutic

results while reducing the MOI. In the current study, the highly selective effectiveness of

2bF8/MGMT-transduced animals in response to BG/BCNU treatment was confirmed by

qPCR analysis of the copy number of the proviral DNA and FVIII:C assay analysis of

platelet lysates. The average level of platelet-FVIII expression was enhanced 20-fold in the

660 cGy group and 30-fold in the 440 cGy group of 2bF8/MGMT-transduced recipients

after BG/BCNU treatments even when a relatively low MOI of 1 was used. The level of

platelet-FVIII expression in recipients after in vivo selection (4.33 ± 5.48 mU per 108

platelets) was 2.9-fold higher than that obtained from our non-selectable 2bF8LV-

transduced recipients in our previous report using an MOI of 10 and myeloablative

conditioning. [23] These data suggest that 2bF8 gene-modified cells can be efficiently

enriched and platelet-FVIII expression can be markedly enhanced after BG/BCNU treatment

when the the 2bF8/MGMT-mediated gene transfer system is employed.

When HSCs are transduced at a relatively low MOI of 1, the potential for muti-insertions of

the transgene into the genome is decreased. In addition, when a lower MOI is employed,

fewer numbers of transduced cells may be expanded after selection. Thus, insertion site-

mediated genotoxicity and the risk of insertional muta-oncogenesis may be reduced. When

an MOI of 10 was employed, which we typically use in our gene therapy protocol with our

non-selectable 2bF8LV, the average platelet-FVIII expression level in 2bF8/MGMT-

transduced recipients before BG/BCNU treatment is similar to that obtained from 2bF8-

transduced recipients in our previous report, [23] demonstrating that the transduction

efficiency and expression capacity of 2bF8/MGMT-LV is comparable to 2bF8LV when a

similar protocol is applied.

Theoretically, we should be able to reach similar levels of platelet-FVIII post treatment

using reduced preconditioning as we do using higher preconditioning as long as the regimen

creates enough space for the transduced cells to engraft. When the preconditioning was

reduced to 440 cGy, post-selection platelet-FVIII expression appears to be lower than the

level reached in the 660 cGy group when either an MOI of 1 or 10 was employed, but there

was no significant difference between the two groups in either case. No platelet-FVIII

expression was detected in animals preconditioned with 220 cGy TBI which subsequently

received 2bF8/MGMT-transduced HSCs using an MOI of 1 even after 4 BG/BCNU

treatments (data not shown), indicating insufficient engraftment of transduced cells.

Notably, the post-selection level of platelet-FVIII expression in the 440 cGy group with an
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MOI of 1 is comparable to that obtained from the 2bF8-transduced recipients when a

myeloablative regimen and an MOI of 10 was applied in our previous report. [23] Thus, a

protocol using 2bF8/MGMT-LV at a low MOI and a sufficient precondition regimen can

achieve therapeutic results while reducing toxicities related to platelet gene therapy.

The immune response to the transgene product is a significant concern in gene therapy.

Neither inhibitory nor non-inhibitory antibodies developed in transduced recipients, which is

consistent with our previous findings. [22;23] To investigate whether immune tolerance was

induced in 2bF8/MGMT-transduced recipients after treatment, animals were challenged

with exogenous rhF8. No anti-FVIII antibodies were detected by Bethesda, ELISA, or

ELISPOT assays. In contrast, when animals were immunized with a non-specific antigen,

ovalbumin, all the animals developed anti-ovalbumin antibodies. Our results strongly

suggest that platelet gene therapy can not only provide sustained therapeutic platelet-FVIII,

but also induce FVIII-specific immune tolerance in HA mice.

In summary, our studies demonstrate that using the MGMT-mediated drug-selection system

in 2bF8 gene therapy can efficiently enhance therapeutic platelet-FVIII expression, resulting

in sustained phenotypic correction and FVIII-specific immune tolerance induction in HA

mice. This effective in vivo selective system allows us to enrich 2bF8-transduced cells and

enhance platelet-FVIII expression for HA gene therapy even using a relatively low MOI and

a non-myeloablative regimen, which will minimize the toxicities and potential risks related

to platelet gene therapy. Further studies to evaluate the efficacy and safety of the 2bF8/

MGMT system in a large animal model and in human cells will be warranted.
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Fig. 1. 2bF8 transgene analysis
(A) Diagram of the pWPT-2bF8/MGMT construct. FVIII is driven by the platelet-specific

αIIb promoter. MGMTp140k was driven by the MSCV promoter. (B) PCR detection of the

2bF8 transgene. DNA was purified from peripheral white blood cells. A 0.65 kb fragment

from the 2bF8 expression cassette was amplified. Wild type (WT) mFVIII and mFVIIInull

PCRs were used as controls to confirm that 2bF8/MGMT-transduced recipients were on the

FVIIInull background. (C) qPCR determination of the average copy number of the 2bF8/

MGMT transgene per cell in transduced recipients. Peripheral blood cell-derived DNA was

analyzed for the 2bF8 transgene and normalized to the ApoB gene. These results

demonstrate that 2bF8/MGMT genetically modified hematopoietic cells were viable and

selectable by BG/BCNU treatments.
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Fig. 2. Platelet-FVIII expression in 2bF8/MGMT-transduced recipients (MOI of 1)
Platelets were isolated from peripheral blood from 2bF8/MGMT-transduced recipients

before and after BG/BCNU drug selection treatments. The levels of platelet-FVIII were

determined by a chromogenic assay on platelet lysates. The levels of platelet-FVIII

expression pre-BCNU treatment were averaged from the time points before BG/BCNU

treatments and the levels post-BCNU were averaged from three or more time points after the

final BG/BCNU treatment. (A) Platelet-FVIII expression in 2bF8/MGMT-transduced

recipients pre-conditioned with 660 cGy TBI. (B) Platelet-FVIII expression in 2bF8/

MGMT-transduced recipients pre-conditioned with 440 cGy TBI. These data demonstrate

that MGMT-mediated in vivo drug-selection treatments can efficiently enhance platelet-

FVIII expression in 2bF8/MGMT-transduced recipients.

Schroeder et al. Page 15

J Thromb Haemost. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. Phenotypic correction assessment of 2bF8/MGMT-transduced recipients (MOI of 1)
(A) Tail clip survival test. Tail clipping was performed at least 6 weeks after the final BG/

BCNU treatment. Fifteen of 16 transduced recipients pre-conditioned with 660 cGy TBI

survived tail clipping. (B) Tail bleeding test. Hemoglobin (Hb) levels were measured before

and 6 hours after tail clipping. The level of Hb in each animal before the test was defined as

100%. Five of 12 FVIIInull mice survived beyond 6 hours with only 35% Hb remaining,

while all BG/BCNU-treated transduced recipients survived with 69% Hb remaining. (C)

ROTEM analysis of whole blood clotting time. The clotting time in transduced BG/BCNU-

treated animals was significantly shorter than in FVIIInull controls. These results

demonstrate that hemostasis was restored in hemophilia A mice after 2bF8/MGMT gene

therapy followed by in vivo selection.
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Fig. 4. Sequential transplantation
To ascertain whether platelet-FVIII expression was sustained, secondary (2°) transplant was

carried out using BM cells from primary (1°) recipients that had been received 2bF8/

MGMT-transduced HSCs. (A) Average copy number of 2bF8 proviral DNA per cell in 1°

and 2° recipients. (B) Average FVIII:C levels in 1° and 2° recipients. 1° BMT*: data

presented in this group were summarized from the primary recipients post-selection from

which bone marrow mononuclear cells were collected and transplanted into the secondary

recipients. These results demonstrate that the levels of platelet-FVIII expression in the 2°

recipients were similar to those obtained from the 1° recipients.
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Fig. 5. The immune response in 2bF8/MGMT-transduced recipients
To investigate the immune response in 2bF8/MGMT-transduced recipients, plasma samples

were collected from 2bF8/MGMT-transduced recipients before and after rhF8 challenge. (A)

The titers of anti-FVIII inhibitory antibodies (inhibitors) determined by Bethesda assay. (B)

The titers of total anti-FVIII antibodies determined by ELISA assay. (C) The anti-FVIII

antibody secreting cells examined by ELISPOT assay. Shown are representative results from

4×106 cells seeded per well. Taken together, figures A, B, and C show that none of the

2bF8/MGMT-transduced BG/BCNU treated recipients pre-conditioned with 660 cGy TBI

developed anti-FVIII antibodies even after rhF8 immunization (50 U/kg/week IV × 4). (D)

The titers of anti-ovalbumin (OVA) antibodies. To ensure that the immune system was not

defective in the 2bF8/MGMT-transduced recipients, we further challenged the animals with

OVA and the titers were determined by ELISA. All animals developed high titers of anti-

OVA antibodies after OVA challenge. These results demonstrate that immune tolerance

developed in the 2bF8/MGMT-transduced recipients and that the immune tolerance is

FVIII-specific.
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Fig. 6. The efficacy of high MOI (MOI of 10) in 2bF8/MGMT gene therapy
To compare the efficacy of our novel vector 2bF8/MGMT and our non-selectable 2bF8

construct in platelet gene therapy of hemophilia A, we used an MOI of approximately 10,

the MOI typically used in our previous 2bF8LV studies. (A) Platelet-FVIII expression in

recipients. Platelet-FVIII expression levels in recipients were monitored before and after

each BG/BCNU treatment. The levels of platelet-FVIII expression before BG/BCNU

treatment were averaged from 2 time points and the levels after the 3rd treatment were

averaged from three time points after the final treatment. (B) Tail bleeding test. Hemoglobin

(Hb) levels were measured before and 6 hours after tail clipping. The level of Hb in each

animal before the test was defined as 100%.
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Fig. 7. Blood count during study course of 2bF8/MGMT-transduction and BG/BCNU treatment
Blood samples were collected from 2F8/MGMT-transduced recipients using sodium citrate

as an anticoagulant. Blood cell number and hemoglobin levels were measured using the Vet

blood counter. (A) Leukocyte number; (B) Hemoglobin levels; and (C) Platelet number.
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