1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

Rrens®

G

3}

Author Manuscript

Published in final edited form as:
Adv Drug Déliv Rev. 2010 September 30; 62(12): 1196-1203. doi:10.1016/j.addr.2010.06.007.

Platelets as delivery systems for disease treatments

Qizhen Shi and Robert R. Montgomery

Blood Research Institute, BloodCenter of Wisconsin; Departments of Pediatrics, Medical College
of Wisconsin; Children's Research Institute, Children's Hospital of Wisconsin, Milwaukee,
Wisconsin, USA

Abstract

Platelets are small, anucleate, discoid shaped blood cells that play a fundamental role in
hemostasis. Platelets contain a large number of biologically active molecules within cytoplasmic
granules that are critical to normal platelet function. Because platelets circulate in blood through
out the body, release biological molecules and mediators on demand, and participate in hemostasis
as well as many other pathophysiologic processes, targeting expression of proteins of interest to
platelets and utilizing platelets as delivery systems for disease treatment would be a logical
approach. This paper reviews the genetic therapy for inherited bleeding disorders utilizing
platelets as delivery system, with a particular focus on platelet-derived FVII1 for hemophilia A
treatment.
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1. Introduction

Genetic manipulation of cells to produce proteins of interest for disease treatment is an
attractive research area. Platelets, which are anucleate blood cells produced by
megakaryocytes, are replete with secretory granules. These granules accumulate their stored
contents from both megakaryocyte synthesis and endocytosis of plasma proteins. When
platelets are activated, a large number of bioactive proteins are released from their granules
by exocytosis participating in myriad physiologic and pathologic processes including
hemostasis, thrombosis, inflammation, atherosclerosis, wound healing, antimicrobial
defense, and malignancy [1]. Given platelets innate storage, trafficking, and release
capacities, taking advantage of them as delivery systems for proteins of interest would be a
logical and reasonable approach for disease treatment. The feasibility and efficacy of this
novel approach, previously carried out in experimental animals, will be reviewed in this
article.

2. Overview of platelet production and function

In hematopoietic stem cell linage commitment, two types of blood cell lines are derived: the
lymphoid linage, which includes lymphocytes, and the myeloid linage, which includes
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myelocytes, red cells, and megakaryocytes. Pluripotent hematopoietic stem cells produce a
progenitor committed to megakaryocyte differentiation that is still capable of mitotic
division. Eventually proliferating diploid megakaryocyte progenitors lose their capacity to
divide and enter endomitosis. During the endomitotic phase, cells still maintain their ability
to replicate DNA and cytoplasmic maturation continues, but neither cytoplasm nor nucleus
divides, resulting in cells with ploidy ranges from 8 N to 128 N in a single, highly lobated
nucleus and a cytoplasmic mass containing a complex of internal membrane systems,
granules, and organelles [2-6]. When the megakaryocyte matures, the polyploid nucleus
becomes horseshoe-shaped and the cytoplasm expands, resulting in a low nuclear to
cytoplasmic ratio, and platelet organelles and the demarcation membrane system are
robustly amplified [7-9]. The cytoplasmic mass from differentiated megakaryocytes forms
proplatelets and eventually gives rise to circulating platelets [10-12].

Platelets are involved in the cellular mechanisms of primary hemostasis leading to the
formation of blood clots, as well as participating in many physiologic and pathologic
processes including inflammation, wound healing, atherosclerosis, antimicrobial host
defense, angiogenesis, and malignancy [1]. Platelets are produced by megakaryocytes in a
process that consumes nearly the entire cytoplasmic complement of membranes, organelles,
granules, and soluble macromolecules. Currently, there are two proposed mechanisms for
platelet production. In one scenario, platelets are produced by cytoplasmic fragmentation
from megakaryocytes [13-18]. The other scenario of platelet biogenesis is that platelets are
budded off the tips of proplatelets, which operate like assembly lines, resulting in platelet
production at the end of each proplatelet [10-12,19,20]. In either scenario, each
megakaryocyte is estimated to give rise to 2000 to 5000 nascent platelets [21-23]. It is
estimated that megakaryocytes regenerate at a rate of 108 cells per day [24-26]. Thus, each
day the adult human produces approximately 2 x 1011 to 5 x 1011 platelets and this number
can increase tenfold with demand [24,27]. Production of such a large number of cells
circulating in the blood, each with a lifespan of 9 to 10 days, could potentially offer an
excellent delivery system for disease treatment.

Platelets contain a large number of biologically active proteins within cytoplasmic granules
including a-granules, dense granules, primary lysomes, and peroxisomes [28]. The a-
granules are the most abundant granules in platelets. There are about 50 to 80 a-granules per
platelet, which is 10-fold more than dense granules. They contain a wide variety of
coagulation/adhesive proteins, growth factors and protease inhibitors involved in both
primary and secondary hemostatic mechanisms [29,30]. Proteins present in a-granules either
arise from megakaryocyte synthesis (e.g. glycoproteins (GP)Ib/V/IX, GPIV, integrin allbp3
(GPIIb/IIa), von Willebrand factor (VWF), P-selectin, thromboglobulin, platelet-derived
factor), or endocytosis through cell surface membrane receptor-mediated uptake from the
plasma environment (e.g. fibrinogen, fibronectin, factor V). Dense granules contain ADP,
ATP, calcium ions, and serotonin [31]. Besides a vast number of molecules are stored in
platelet granules, platelets have several surface receptors [32]. There are two important
surface receptors that can bind adhesive glycoproteins (GP) including the GPIb/V/IX
complex, which supports platelet adhesive by binding VWF, and the allbp3 receptor, which
mediates platelet aggregation by binding fibrinogen, collagen, and VWF. Other receptors
include the serpentine receptors for ADP, thrombin, epinephrine, and thromboxane A2
(TXA2) and the Fc receptor FcyRIIA.

Platelets are the principle cells responsible for primary hemostasis. Upon vessel injury,
subendothelium portions of the blood vessel wall that normally are concealed from
circulating platelets by an intact endothelial lining are exposed, providing the initiation
signal for platelet deposition [33]. At sites of injury, platelets adhere to the vessel wall by
interactions with VWF and collagen and become activated and undergo degranulation,
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releasing a variety of potent functional molecules and several mediators that affect platelet
function, inflammation, vascular tone, fibrinolysis, and wound healing [34-39]. Thus,
platelets are packed with bioactive proteins and circulate in blood, serving as both storage
“depot” and trafficking “vehicle” in the circulation. Due to these special characteristics,
platelets can be a unique target for gene therapy of diseases that result from defects of
proteins that are normally synthesized by megakaryocytes, such as Glanzmann
Thrombasthenia, which results from deficiency of GPIIb/I1la, and Bernard-Soulier
Syndrome, which is caused by defects of GPIb/V/IX. This strategy can also be used for
other diseases in which the protein of interest normally circulates in blood and is needed at
the sites of vascular injury, but is not synthesized by megakaryocytes, e.g. factor VIII
(FV1I) for hemophilia A and factor IX (FIX) for hemophilia B. In the later two cases, the
protein of interest could be ectopically expressed in platelets where transgene protein could
be stored in releasable granules, circulate through the body, and ultimately released locally
at sites of platelet activation, such as at sites of vascular injury.

manipulation for disease treatment

Since platelets are anucleate cells with a limited life span, direct molecular manipulation can
not serve as a reliable means for intervention. Although megakaryocytes are amenable to
molecular manipulation [40], they also have a finite life span and can not serve as a means
for long-term expression of the target protein. In contrast, hematopoietic stem cells, which
give rise to all blood lineages including the megakaryocyte/platelet lineage, are preferable
targets for genetic transfer to establish in vivo long-term expression of the target protein in
platelets. Hematopoietic stem cells are an attractive target for gene therapy because they
have a high capacity for clonal expansion including both self-renewal and differentiation
into all blood lineages, thus supporting hematopoiesis throughout the lifetime, and because
these cells are easily accessible and can be expanded and genetically modified ex vivo, and
then reimplanted. Since the transgene is introduced by ex vivo transduction of hematopoietic
stem cells, followed by transplantation, anti-vector immune response should be minimized
in contrast to in vivo systemic transduction. Gene transfer into hematopoietic stem cells can
potentially provide a cure for inherited and acquired diseases of hematopoietic [41,42].

To restrict transcription of the transgene to the platelet/megakaryocyte lineage rather than in
all cells, the transgene has to be driven by a platelet lineage-specific promoter. Besides
offering tissue-specific gene expression, there are other advantages to use tissue-specific
promoters to direct transgene expression. One is that using the promoters of normal cellular
genes to direct expression of the therapeutic gene under physiologic regulation, rather than
strong viral promoters, may reduce the risks of activating adjacent cellular genes and
thereby reduce the potential of insertional onco-mutagenesis, particularly since cell-specific
promoters will remain inactivate in the vast majority of transduced cells. The other is that
they are less likely to activate the host-cell defense machinery than constitutive viral
promoters and therefore, the development of immune response to transgene product may be
reduced or circumvented [43]. The promoters that have been employed to direct
megakaryocyte/platelet lineage-specific transgene expression include those that control the
expression of genes encoding GPIIb (allb) [44-54], GPlba [55-57], GPVI [57], platelet
factor 4 (PF4) [58-60], and c-mpl [61,62]. All of these promoters are activate in both
megakaryocytes and platelets. Most reported studies have used either the GPIIb promoter or
the GPIbo promoter for megakaryocyte/platelet-specific gene expression. The allb promoter
directs high-level expression of GPIlb, which forms a complex with GPllla with a surface
density of 80 000 copies per platelets [63]. This promoter is active throughout
megakaryocytopoiesis, including very early stage of differentiation [64,65]. Recent studies
done by Frampton and co-workers have showed that GPIIb is also expressed on bone
marrow mast cells [66]. In contrast, the GPIba promoter drives expression of GPlIba, which
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forms a complex with GP1X and V with approximately 25 000 copies per platelet, and this
promoter is active at slightly later stages of megakaryoctopoiesis [67]. It has been reported
that the GPIba is also expressed on endothelial cells [68-70], dendritic cells [71] and breast
carcinoma cell lines [72]. The lineage-specific expression of the endogenous genes regulated
by these promoters is summarized in Table 1. Although the ability to limit transgene
expression to a specific tissue is becoming more feasible due to a better understanding of the
activity of gene promoters, the specificity and efficiency of transgene expression under
control of a manipulated promoter might still not be exactly the same as endogenous gene
expression. Many factors can affect transgene expression, including the region of the
promoter used, the genomic integration site, copy number of transgene, and other regulatory
elements that affect gene expression, e.g. enhancers, silencers, insulators, matrix attachment
regions, and locus control regions [73]. Ohmori and co-workers[57] examined the
expression of a luciferase reporter gene cassette under the transcriptional control of
fragments of several platelet-specific gene promoters including allb, GPlba, and GPVI.
Results from that work indicate that the GPlba gene promoter may deliver the highest level
of megakaryocytic-specific transgene expression. However, the use of incomplete
promoters, which is universal in transgene constructs, is likely to alter their activity and
tissue specificity.

Efficiently transduction and long-term stable integration of the target gene in hematopoietic
stem cells is important for long-term expression of transgene in the continuously replenished
platelets that are derived from these cells. Due to the relatively quiescent nature of
hematopoietic stem cells, they are considered poor targets for conventional retroviral
vectors, which require cell division for integration. Lentiviral vectors derived from the
human immunodeficiency virus have an advantage over oncoretroviruses in that they also
target non-dividing cells, including quiescent hematopoietic stem cells [74-78]. It has been
shown that gene-transfer vectors used in most clinical studies to date, derived from murine
y-retroviruses, have a high predisposition toward integrating near the 5’ ends of cellular
genes placing them in close proximity to transcriptional control elements of cellular genes
[79]. Newer vectors developed from lentiviruses tend to integrate across broader regions of
the genome, which may decrease their potential to transactivate cellular genes [80,81].
Lentivirus vectors represent a promising tool for gene therapy of many diseases through the
use of hematopoietic stem cells as a target. Introduction of the target cassette under control
of a platelet-specific promoter using lentivirus-mediated gene transfer into hematopoietic
stem cells could potentially provide patients with a self-replicating pool of stem cells for
long-term transgene expression in megakaryocytes and the platelets derived from them. This
will establish an in vivo “manufacturing plant” for therapeutic protein production, together
with a pre-established delivery system to shuttle the protein of interest to sites where and
when it is needed.

4. Gene therapy of platelet-mediated bleeding disorders using platelets and
megakaryocytes as a target

4.1. Glanzmann Thrombasthenia

Glanzmann Thrombasthenia is a rare inherited hemorrhagic disorder characterized by
severely reduced or absent agonist-induced platelet aggregation, caused by qualitative or
quantitative abnormalities of platelet glycoprotein allb (GPIIb) and/or B3 (GPIlla).
Transfusion of platelets is the mainstay of therapy for serious bleeding in Glanzmann
Thrombasthenia and as prophylaxis prior to surgery or other major hemostatic stresses.
However, platelet alloimmunization and antibodies directed at platelet proteins have the
potential to make further platelet transfusion ineffectual. Gene therapy could be an attractive
alternative to correct the genetic defect in Glanzmann Thrombasthenia. Studies by Wilcox
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and co-workers have demonstrated that when the human GPllla gene driven by the allb
promoter was introduced into CD34* hematopoietic stem cells from a Glanzmann
Thrombasthenia patient with defects in GPllla by retroviral vector, normal human GPI1b/
I11a was detected on the surface of megakaryocytes derived from transduced hematopoietic
stem cells, resulting in ex vivo correction of fibrin clot retraction [52,53]. Further studies
from the same group have demonstrated that targeting human GPIlla expression to platelets
under control of the GPIIb gene promoter using lentivirus-mediated gene transfer system
can correct the bleeding diathesis in animal models including murine and canine Glanzmann
Thrombasthenia models [48,82]. Their studies have shown that the small proportion (10 —
20%) of total circulating platelets that were genetically modified was able to effectively
mediate normal hemostasis, even among the large majority of defective platelets. This is a
promising approach with the potential to develop a strategy for long-term Glanzmann
Thrombasthenia gene therapy in humans.

4.2. Bernand-Soulier Syndrome

5. Ectopic

Bernand-Soulier Syndrome is a severe congenital platelet disorder that results in a markedly
prolonged bleeding time, very large platelets, and thrombocytopenia [83]. The molecular
basis of Bernand-Soulier Syndrome is a deficiency of the platelet membrane glycoprotein
(GP) Ib/IX complex, which is composed of four subunits (GPIba, GPIbp, GPIX, and GPV),
forming the receptor for VWF on the platelet surface [84]. Mutations in GPlba, GPIbp, or
GPIX can each result in Bernand-Solier Syndrome, with many of the known mutations
occurring in GPlba. Treatment of hemorrhage in patients with Bernand-Soulier Syndrome
usually requires transfusion with normal platelets, but this only transiently improves
bleeding time. Ware and co-workers have demonstrated that transgenic expression of human
GPlba can correct Bernand-Soulier Syndrome in a GPlbo deficient mouse model [85]. Shi
and co-workers have used lentiviral vector to introduce human GPlba with an HA tag into
human primary megakaryocytes, under control of the platelet-specific allb promoter [50].
Human CD34* hematopoietic stem cells were transduced with allb-HA-GPlba lentivirus
and cultured for 9 days with media containing a cocktail of cytokines known to induce
differentiation into a population comprised of several lineages including megakaryocytes.
Flow cytometric analysis indicated that 51% of the megakaryocytes derived from these
CD34" stem cells were expressing HA-tagged GPlba transgene protein. Immuno-
precipitation and western blot showed that transgene protein was associated with
endogenous GPIbp and GPIX, forming a complete GPIb/IX complex. Whether this
lentivirus-mediated gene transfer can introduce efficient GPIba transgene expression and
ameliorate the bleeding diathesis associated with Bernand-Soulier Syndrome still needs to
be further investigated.

expression of coagulation factors in megakaryocytes and

platelets for gene therapy of hemophilia
5.1. Hemophilia A

Hemophilia A is an X-chromosome linked recessive genetic bleeding disorder resulting
from a deficiency of, or defective factor VIII (FVI1I) molecules [86-88]. Currently,
hemophilia A is treated with protein replacement therapy using either plasma-derived or
recombinant FVIII. Although bleeding episodes are prevented or controlled quickly after
FVIII infusion, its expensive often limits its universal availability [89-91]. Furthermore, up
to 30% of patients with severe hemophilia A develop antibodies that inactivate the FVIII
procoagulant activity and are referred to as FVIII inhibitors [92-94]. The clinical hallmark of
inhibitor development in hemophilia A patients is failure to respond to routine replacement
therapy for bleeding episodes [95-97]. Gene therapy could be an attractive alternative
treatment for hemophilia A patients, but it may be more challenging for patients with
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inhibitors because inhibitory antibodies can inactivate FVIII if it is constitutively secreted
into the circulation [98].

5.1.1. The impact of VWF on hemophilia A gene therapy—FVIIl is a large and
relatively unstable protein that is naturally confined to the circulation. Unless it is bound to
its carrier protein, VWF, it is highly susceptible to proteolytic degradation [99-102].
Therefore, it has been thought in the past that, for FVI11 gene therapy to be successful, FVII1I
must be secreted directly into the circulation to allow rapid binding to circulating VWF. The
problems in previous clinical gene therapy trials [103-105] in which transgene FVII1 was
directly secreted into the circulation has induced a redoubling of efforts to explore the site
(or sites) of FVIII synthesis and the importance of its relationship to VWF biosynthesis.

VWEF is a large adhesive glycoprotein that performs an essential role in hemostasis,
initiating platelet adhesion and aggregation at sites of vascular injury, and it also serves as
the carrier protein for FVIII. The non-covalent VWF/FVIII complex protects FVIII from
rapid proteolytic degradation and delivers FVIII to sites of platelet plug formation [106]. It
is clear that VWF is synthesized exclusively in two cell types within the body
(megakaryocytes and endothelial cells) and it is stored in a-granules in megakaryocytes and
platelets and in Weibel-Palade bodies in endothelial cells [107-109]. In contrast, the site(s)
FVIII synthesized is still controversial (Figure 1) and how the regulated releasable pool of
FVII1 is established is still unclear [110-112], although it has been suspected that synthesis
of FVIII in a subpopulation of endothelial cells seems most likely [113-116]. To date there
is no evidence showing either FVIII synthesis or release from platelets in normal
individuals.

Early studies of the in vitro production of recombinant FVIII demonstrated the enhancement
of FVIII synthesis when performed in a cell that is also synthesizing VWF [117,118]. Thus,
directing FVIII expression to cells that synthesize VWF (megakaryocyte and endothelial
cell) in vivo could potentially enhance the stability of FVIII compared to cells not
synthesizing VWF (hepatocyte, fibroblast). Current experience suggests the normal plasma
levels of FVIII will probably not be achieved with early gene therapy, so the protective
effect of producing FVIII in a milieu of VWF production might be crucial to enhance the
stability of the potentially limited amount of nascent FVIII produced [103,104].
Furthermore, in platelets or endothelial cells both proteins would be stored together in the
protective confines of secretory granules (a-granules in platelets and Weibel Palade bodies
in endothelial cells). This is especially beneficial in platelet-derived FVIII gene therapy
because FVIII will be delivered together with VWF to the right place at the right time,
where and when it is needed.

5.1.2. Platelet-derived FVIII for hemophilia A gene therapy—The hypothesis of this
novel approach is that targeting synthesis of FVIII to megakaryocytes under control of a
platelet-specific promoter will direct the storage of FVIII with VWF in the a-granules of
platelets derived from these cells establishing a pool of FVIII together with VWF. At sites of
injury, platelets will activate and the stored FVII1 will be released to locally improve
hemostatic response. This is of particular importance for hemophilia A with inhibitors
because the inhibitory antibodies will inactivate the FVIII if transgene protein is
constitutively secreted into the circulation [98]. Since platelet-derived FVIII would be
released at hemostatic sites, the time-dependent inactivation by antibodies might be
circumvented, with improved hemostasis being a potential outcome. Additionally, more
tightly regulated release by platelets may limit immune exposure to the exogenous FVIII,
reducing the incidence of inhibitor formation.
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5.1.2.1. Studies from transgenic mouse models: Several laboratories have been
instrumental in developing unique strategies for inducing FVI1I1 synthesis in platelets. Shi
and co-workers have developed a vector (2bF8) that targets human B-domain deleted FVI1II
(hFVII1I) expression to platelets under control of the platelet-specific human integrin allb
(GPI1Ib) gene promoter. Using this construct, a transgenic mouse model was generated in
which functional FVI1I1 expression was confined to platelets, at a level corresponding to
about 1.2% of FVIII activity in normal mouse blood. Immunostaining demonstrated that
FVII1 was stored together with VWF in the a-granules of 2bF8 transgenic platelets. This
platelet-derived FVIII corrected the bleeding diathesis in hemophilia A mice even in the
presence of high-titer inhibitory antibodies. When 2bF8 transgene was bred into a VWF
knockout background, the level of platelet-FV1I1 significantly decreased, indicating co-
expression with VWEF in platelets is important for optimal FVI11 expression [49]. Further
studies by Shi and co-workers using 2bF8 transgenic mice have demonstrated that even with
only 1 to 5% of platelets containing FVI11, hemostasis is still improved in hemophilia A
mice with pre-existing immunity in a tail-clip injury model. Sustained platelet-FV1II
expression was achieved in immunized recipients that received bone marrow from 2bF8
transgenic mice, indicating that the presence of FVIII-specific immunity in recipients does
not negate engraftment of 2bF8 genetically-modified hematopoietic stem cells [119].

Yarovoi and co-workers have generated a transgenic mouse model in which the platelet-
specific murine GPIb promoter was used to drive FVIII expression in the megakaryocyte/
platelet lineage. FVI1I1 was detected in platelets from transgenic mice with a level equivalent
to a plasma FVIII correction of 9% antigen. This platelet-FVI11 corrected the clotting defect
in hemophilia A mice in a FeCls carotid artery injury model, achieving occlusive time
equivalent to that provided by infusion of FVIII to 20% of normal level [55]. Further studies
done by the same group demonstrated that FVII1 is stored in a-granules even in the absence
of VWF and that platelet-derived FVIII without VWEF still improved hemostasis in
hemophilia A animals [120]. In comparisons of the efficacy of platelet-FVI1II to infused
rhFVII11 in the presence of circulating inhibitors, studies done by by Gewirtz and co-workers
showed about 6-fold greater protection of platelet-FVIII compared to infused rhFVIII
followed by inhibitory antibodies in FV111"UI mice, using a FeClj carotid artery injury
model and commercial anti-FVII1I inhibitory antibodies [121]. Using the same transgenic
model, Neyman et al used a laser-induced cremaster vessel injury model to study the
accumulation of platelets and fibrin in clots in pFVII/FVIHINUI mice vs FVITNUI mice
treated with full-length FVII1 infusion, and showed that clots based on platelet-derived
human B-domain deleted FVIII had a tendency toward more embolization than those
generated after full-length FVII1 infusion [122].

Damon and co-workers generated a transgenic mouse model in which a rat PF4 core
promoter was used to direct human B-domain deleted FVIII expression. FVIII activity was
detected in transgenic platelets with a level of approximately 122 mU/1 x 109 platelets. The
studies demonstrated that ectopic expression of FVIII in platelets under control of the PF4
promoter had no effect on a-granule-derived platelet factor VV/Va function. The amount of
FVIII per platelet was decreased, with a parallel decrease in efficacy when transgenic mice
were infused with thrombopoietin [60].

5.1.2.2. Lentivirus-mediated platelet-specific gene therapy for hemophilia A: To apply
this platelet-derived FVIII approach to “real life” gene therapy of hemophilia A, efficient
gene transfer is essential. Shi and co-workers used lentivirus-mediated gene transfer to
transduce bone marrow cells from FVI1I™! mice with 2bF8 lentivirus, which were then
transplanted into littermates. The results demonstrate that platelet FVI11 expression was
maintained for at least 5 months in primary transplant recipients, indicating successful
treatment of the desired hematopoietic stem cells. Stable integration of 2bF8 transgene was
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confirmed by secondary transplants, which showed long-term expression of the 2bF8
cassette resulting in storage of functional FVIII protein in the platelets of recipients with no
inhibitor development [51]. Further studies (performed by Shi and co-workers) have
demonstrated that lentivirus-mediated platelet-derived FVIII gene transfer into
hematopoietic stem cells can provide sustained improvement of hemostasis in hemophilic
mice with pre-existing immunity, indicating that this approach may be a promising strategy
for gene therapy of hemophilia A with inhibitory antibodies in humans [123]. The clinical
efficacy of platelet-derived FVI1II has been examined using large animal model by Wilcox
and co-workers. Their studies demonstrated that autologous transplantation of 2bF8
lentivirus-transduced hematopoietic stem cells resulted in FVVI11 expression exclusively in
platelets with levels approximately 5 mU/108 platelets from 20 weeks through more than
one year after transplant and that platelet-F\VI11 ameliorated the bleeding phenotype in
hemophilia A dogs [124].

Ohmori and co-workers used a simian immunodeficiency virus-based vector harboring GPIb
promoter to direct FVIII expression for efficient platelet-targeted gene transduction, and
efficient expression of FVIII in platelets and phenotypic correction in hemophilia A mice
were achieved [57]. Instead of FVI1I, Ohmori and coworkers also inserted a FVII
constructed under control of the GPIb promoter into a lentiviral vector. Following
transduction and transplantation of bone marrow cells using that lentiviral vector, FVII was
expressed in platelets and localized in the cytoplasm. The platelet-derived FVII improved
hemostasis in hemophilia A mice even in the presence of anti-FVIII inhibitory antibodies
probably by a mechanism that by pass the need for FVIII to activate FX via the tissue factor
pathway [56].

These studies have demonstrated that targeting platelets as delivery systems for FVIII or
other coagulation factors can improve hemostasis in hemophilia A and hemophilia A with
inhibitors in animal models. This could be a promising approach for gene therapy of
hemophilia A patients and patients with inhibitors.

5.2. Hemophilia B

Similar to hemophilia A, hemophilia B is also an X-linked, recessive bleeding disorder
resulting from the deficiency of another coagulation factor, factor 1X (FIX). Replacement
therapy using either plasma-derived or recombinant FIX is the current standard treatment,
but therapy is fraught with the same complications of recurrent hemorrhages as hemophilia
A. Although only about 3% of hemophilia B patients develop inhibitory antibodies response
to factor 1X concentrates in replacement therapy, a frequency about 10-fold lower than in
hemophilia A, an allergic reaction or anaphylaxis is very common in hemophilia B patients
with inhibitors [125-127].

Sustained phenotypic correction of hemophilia B by gene transfer technology has been
achieved in animal models using several different gene delivery systems, including
retroviral vectors, adenoviral vectors and adeno-associated viral vectors containing FIX
cDNA targeted at either muscle cells or hepatocytes, leading to increased significant levels
of plasma FIX [128-136]. Clinical trials of gene therapy for hemophilia B using AAV
vectors were started in humans but have been stopped [133,137-139].

Studies have demonstrated that transgene FVIII can store in platelet a-granules even in the
absence of VWF [49,120]. Therefore, targeting FIX expression to platelets might also enable
storage of FIX in platelet a-granules where it might be released locally at the site of vascular
injury to improve hemostasis in hemophilia B. Zhang and coworkers (personnel
communication) have constructed a FIX expression cassette (2bF9) in which FIX cDNA
was placed under the control of the platelet allb promoter. Using a 2bF9 construct, a
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platelet-derived FIX transgenic mouse model was developed in which about 90% of FIX is
stored in platelet a-granules and is releasable by agonist stimulation. The study
demonstrated that platelet-derived FIX can ameliorate murine hemophilia B phenotype in a
tail clip injury model. Clinical efficacy can be transferred by either platelet transfusion or
bone marrow transplantation. These studies demonstrated that targeting FIX expression in
platelets can correct the hemophilia B phenotype.

5.3. The safety issues

There are some concerns arising from the ectopic expression of coagulation factors in
genetic therapy as well. These include 1) whether platelet-specific expression of transgene
interferes with expression of the endogenous protein that is driven by the same promoter; 2)
whether platelet-derived FVIII or FIX will cause thrombogenesis; 3) whether platelet-
derived FVIII will induce the immune response; and 4) the possibility of insertional
mutagenesis. To address whether platelet-derived FVIII affects endogenous protein directed
by the same promoter, we analyzed mouse endogenous GPlIb expression using flow
cytometry in 2bF8 transgenic animals and wild type or FVI11"U!! control mice. The results
demonstrated that GPIlb expression in 2bF8 transgenic mice is not significantly different
from control mice (unpublished data). In 2bF8 or 2bF9 transgenic model, all mice with
platelet-FVII1, including mice with a normal level of murine plasma FVIII plus platelet-
FVII1, have normal life spans with no overt evidence of health problems related to
thrombogenesis. The development of inhibitory antibodies to exogenous FVIII is not only a
severe complication of FVIII infusion in hemophilia patients, but also a concern in gene
therapy [140,141]. Since FVIII or FIX stores in platelet a-granules when transgene
expression is targeted to platelets, this may limit immune exposure to the exogenous FVIII
or FIX, reducing the incidence of inhibitor formation. Our studies have demonstrated that
neither inhibitory antibodies nor non-inhibitory antibodies were detected in 2bF8-lentivirus
mediated gene therapy animals [51]. Insertion site-related mutagenesis is of the major
concern in gene therapy. The advanced self-inactivating design of lentiviral vectors and the
differences in integration site selection between lentiviral and oncoretroviral vectors may
reduce the risk of insertional mutagenesis. Oncoretroviral vectors tend to integrate
preferentially into promoter-proximal regions, whereas lentiviral vectors appear to use a
more random model of integration, mainly inserting into open chromatin [80]. Utilizing the
protection of a suicide gene may further improve the safety of platelet-derived gene therapy.
Introducing a drug-inducible suicide gene into hematopoietic stem cells along with the
transgene, e.g. FVIII or FIX, may sensitize the manipulated cells to ablation on demand if
cells misbehave. Further characterizing the function of platelet-expressed FVIII and
continued vigilance regarding the insertional mutagenesis are important for lentivirus-
mediated platelet-derived gene therapy of hemophilia.

6. Conclusion

In summary, these studies have demonstrated the feasibility of platelet delivery of proteins
of interest for disease treatment through genetic manipulation of hematopoietic stem cells.
Targeting gene expression to platelets is a promising approach, which might lead to a cure
for genetic bleeding disorders. To apply this approach in the clinic, hematopoietic stem cells
would be harvested for ex vivo introduction of the gene of interest by lentivirus-mediated
gene transfer, followed by reintroduction into patients as an autologous transplant.
Furthermore, if in vitro production of platelets were established as transfusion alternative in
the clinic, platelets with FVIII or FIX could be used therapeutically in patients with
hemophilia A or B and the half-life of that FVII1 or FIX would be prolonged.
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Figure 1.

The sources of VWF and FVIII synthesis. It is clear that VWEF is synthesized by endothelial
cells and megakaryocytes, but the site of FVIII synthesis is still controversial. Recent reports
have demonstrated that some endothelial cells make FVIII [115,116].
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