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Megakaryocyte-targeted synthesis of the integgisubunit results in the
phenotypic correction of Glanzmann thrombasthenia

David A. Wilcox, John C. Olsen, Lori Ishizawa, Paul F. Bray, Deborah L. French, Douglas A. Steeber,
William R. Bell, Michael Griffith, and Gilbert C. White Il

Glanzmann thrombasthenia is an inher-
ited bleeding disorder characterized by
qualitative or quantitative defects of the
platelet-specific integrin,  «llbBs. As a
result, allbBs cannot be activated and
cannot bind to fibrinogen, leading to a
loss of platelet aggregation. Thrombasthe-
nia is clinically characterized by mucocu-
taneous hemorrhage with episodes of
intracranial and gastrointestinal bleed-
ing. To develop methods for gene therapy
of Glanzmann thrombasthenia, a murine
leukemia virus (MulLV)-derived vector,
—889PIA2@,3, was transduced into periph-
eral blood CD34 * cells from 2 patients
with thrombasthenia with defects in the

B3 gene. The human «llb promoter was
used in this vector to drive megakaryo-
cyte-targeted expression of the wild-type
Bs subunit. Proviral DNA and «llbBs
biosynthesis were detected after in vitro
differentiation of transduced thrombas-
thenic CD34 * cells with megakaryocyte
growth and development factor. Flow
cytometric analysis of transduced patient
samples indicated that 19% of megakaryo-
cyte progeny expressed allbBs; on the
surface at 34% of normal receptor levels.
Treatment of transduced megakaryo-
cytes with a combination of agonists
including epinephrine and the thrombin
receptor-activating peptide induced the

allbBs complex to form an activated
conformation capable of binding fibrino-
gen as measured by PAC-1 antibody
binding. Transduced cells retracted a
fibrin clot in vitro similar to megakaryo-
cytes derived from a normal nonthrom-
basthenic individual. These results dem-
onstrate ex vivo phenotypic correction of
Glanzmann thrombasthenia and support
the potential use of hematopoietic CD34
cells as targets for allb promoter-driven
MuLV vectors for gene therapy of platelet
disorders. (Blood. 2000;95:3645-3652)
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Introduction

Glanzmann thrombasthenia is a rare, autosomal recessive bleedingslanzmann thrombasthenia occurs at a low rate internationally,
disorder characterized by an absence or dysfunction of the platddat certain geographically restricted groups have a high carrier rate
receptor for fibrinogen, integriallbB; (glycoproteins [GP] llb- for thrombasthenia including Iraqi Jews, distinct Arab populations
Illa). To date, about 50 distinct mutations associated with Glanaf the Middle East, French gypsies, and individuals from southern
mann thrombasthenia have been localized with relatively equabia? Approximately 2.3% of the 270 000 Iragi Jews living in
occurrence on either thellb or B; gene! As in many genetic Israel are carriers for thrombasthepiadividuals of Arabic decent
disorders, the molecular abnormalities range from major deletioalso have a prevalence for this disorder, with more than 13 patients
and inversions to single point mutatioh&lthough the percentage identified from 5 kindreds. The discovery of the molecular genetic
of abnormakxllb3; expressed on the platelet surface may vary witbefects in relatively large, “high-risk” populations has influenced
the type of defect, all thrombasthenic platelets are functionaltile development of rapid DNA-based diagnostic as$ayhijch
indistinguishable as characterized by the failure of defectlf®3;  provides opportunities for genetic counseling and family planning
to bind fibrinogen resulting in the absence of platelet aggregatifor suspected carriers of the abnormdlb or 3; gene, and could
after stimulation by physiologic agonists. also help to identify prospective candidates for gene therapy.
Clinically, Glanzmann thrombasthenia is characterized by irregu- The CD34" hematopoietic cells are potential targets for gene
lar bleeding from mucous membranes with easy bruising, epistaxiserapy strategies because these cells can be safely collected from
gingival bleeding, and menorrhagia, which usually appears at e body, genetically modified, and reinfused into the pafiént.
early age and recurs throughout the individual's %ifdhese This cell population has the capacity to generate an engrafting cell
individuals occasionally experience severe intracranial or gastroimass capable of establishing hematopoiesis with progeny cells of
testinal bleeding that may result in death. Platelet transfusions aneltilineages expressing the transferred gene for the life span of
used to treat severe cases of bleeding associated with Glanzmtmengraft recipient. The use of CD34ells in vitro to develop a
thrombasthenia, although many patients become refractory siwategy for gene therapy of platelet disorders was facilitated by the
transfusions. discovery of techniquéshat induce pluripotent CD34progenitor
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cells to proliferate and differentiate into megakaryocytes in vitrisothiocyante (FITC)-conjugated monoclonal antibody, PAC-1, which rec-
and in vivo using c-Mpl-ligand or megakaryocyte growth an@gnizes an epitope on the activatetlbps complex was purchased from
development factor (MGDP flk2/flt3 ligand, interleukin (IL)-3, Becton Dickinson (San Jose, CA). The monoclonal antibody, Raich
IL-6, IL-11, and stem cell factor (SCF). Among other effects’€cognizes an epitope on thélbB3 complex, was provided by Dr Robert
MGDF plays a direct role in increasing the transcriptional activitf\ Montgomery (Blood Research Institute, Milwaukee, W1). The monoclo-

. . . al antibody, 6DZ? which recognizes an epitope on glycoprotein (GP)Ib
of the integrinallb gene in megakaryocytgstherefore, anlib was provided by Dr Barry Coller (Mt Sinai School of Medicine, New York,

promoter-directed expression system may be activated by MG'RI'@). Phycoerythrin (PE)-conjugated anti-GRllantibody (mouse antihu-

within transduced CD3#cells. Thus, CD34 cells can be trans- man cD42b) and isotype standards (PE-IgG, FITC-IgM) were purchased

duced with genes driven by thellb promoter and induced to from PharMingen (San Diego, CA). ADP was purchased from Fisher

form megakaryocytes that can be examined for targeted proviRlitsburgh, PA), and epinephrine was from Bio/Data Corp (Horsham, PA).

gene expression. Thrombin receptor-activating peptide (TRAP) and an Arg-Gly-Asp—
This study examined the use of peripheral blood CD8dlls containing peptide (GRGDW) were synthesized at the Blood Research

from patients with thrombasthenia as a model system for gelqstitute Core Facility (Milwaukee, WI).

thergpy of disor.ders. affecting platelgts. This investigation u§ed tﬂgtroviral construct p-889P1  A2@5

murine leukemia virus (MuLV)-derived vector; 889PP2p3,, in

which the transcription of; is controlled by an 889-nucleotide As previously describet, a fragment of thexllb promoter beginning at

fragment of the humamlb promoter. We previously used this nucleotide788.9 was used to drive transcription of compleme'ntary DNA

vector to direct megakaryocyte-specific expression of the platefSPNA) encoding the platelet alloantigen 2 tB)form of B (provided by

alloantigen 2 (PP) form of B in human cell lines and expressionDr Peter J. Newman, Blood Research Institute, Milwaukee, WThe

f th iral allb lex i K ; f7889P{*2[33 DNA cassette was positioned within the MulV-derived
0 e proviral allbp; complex in megakaryocyte progeny o retroviral vector, pHIT-SIN, which encodes al8ng terminal repeat (LTR)

transduced CD34 cells derived from a normal (nonthrombas-equence (provided by Dr Estuardo Aguilar-Cordova, Baylor College of

thenic) individualt® Alloantigens were used in that study to alloWyiedicine, Houston, TXY lacking the viral enhancer/promoter so that the

us to distinguish the biosynthesis of proviral 41 83 from  «llIb promoter could be used to promote megakaryocyte-targeted gene

endogenous (P1) B3 in the normal human cells. The present studytanscription.

extends the use of the889PF?3; vector to examine expression of ) )

the integrinallbBs complex on the surface of megakaryocyte§etrovirus production

following transduction and MGDF-induced differentiation of thromH{uman 293 cells were transiently transfected on 10-cm plates with 15 pg

basthenic CD34 cells. Functional studies demonstrated thagach of pCI-GPZ, pCI-VSV-G helper plasmids, and p-883®J using the

transduced thrombasthenic cells were capable of agonist-induéacium Transfection System (Life Technologies, Gaithersburg, MD).

allbBs activation and retraction of a fibrin clot indicating ex vivoMedia containing retrovirus was concentrated 500-fold and resuspended in

phenotypic correction of Glanzmann thrombasthenia. These resteve's modified Dulbecco's Eagle medium (IMDM). Viral preps were

indicate that ex vivo gene transfer of a megakaryocyte-targetétﬂred aHBzO°C _untll needed: Repllcgtlon competent virus was not detected

gene expression system into peripheral blood CD8dlls, fol- in —389Pﬁ B3 vu_'al preparations using extended marker rescue assays as
. . . reviously describeéf

lowed by reinfusion of transduced cells, may be appropriate 8

gene therapy for disorders of platelets. Selection of CD34 * cells from peripheral blood

Peripheral blood collection was performed after obtaining written informed

. . consent from adult Glanzmann thrombasthenic volunteers enrolled in a
Patlents, materlals, and methods protocol approved by the University of North Carolina and Johns Hopkins
University Committees on the Protection of the Rights of Human Subjects.
Subjects were given granulocyte colony-stimulating factor (Amgen, Thou-
Two patients with type | Glanzmann thrombasthenia,ABS;,*! and sand Oaks, CA) at 10 ug/kg/d subcutaneously for 4 days and peripheral
EAY11508; who is a member of a previously reported kindtd, blood cell collection was performed on day 5 using a COBE Spectra Blood
volunteered for the study. Both have lifelong bleeding episodes charactéell Separator. CD34 cells were immunoselected from the apheresis
ized by prominent mucous membrane bleeding and bleeding secondarpteduct on an Isolex 300i Magnetic Cell Separator (Nexell Therapeutics,
surgery or trauma. In each case, the diagnosis of thrombasthenia Wwa#e, CA, distribution through Baxter Healthcare) as previously de-
established by a prolonged bleeding time, the failure of platelets gsribed!® Cell yields from both patients were approximately 600 million
aggregate with physiologic agonists (adenosine diphosphate [ADP], epinefsiial nucleated cells, with a final recovery of 150 million CD3slls (85%

rine, collagen, and thrombin), and the failure of platelets to retract a fiorfeD34" purity). Selected cells were suspended in X-VIVO 10 (Biovethir,

clot. Platelets from each subject contained less than 5% detecitibps, ~ Walkersville, MD) containing 1% (w/v) human serum albumin, frozen in 10%
which is consistent with type | Glanzmann thrombasthenia. Distinct defedigv) DMSO at 5x 1P cells/mL, and stored in liquid nitrogen.

in B3 have been defined at the molecular level: patient E.A. has a novel )

nucleotide substitution i3 resulting in a single amino acid substitution of Transduction of CD34 * cells

tyrosine to cysteine at residue 115 (Y115C), and patient R.S. hasy@man cD34 cells were transduced as previously descrieBriefly,
previously reported single nucleotide substitution@in that affects the o5 were prestimulated in IMDM containing 20% fetal bovine serum
splice-donor site_ of exon 9 resulting in the d_eletior_l of 45 amino adigks ( (FBS), 10 U/mL recombinant human (rh) IL-3, 100 U/mL rhiL-6, 30 U/mL
All of these studlgs have beep conducted with patle_nt con§ent gnd appPrQbmbinant murine SCF (Genetics Institute, Cambridge, MA) and 10
by the human rights committees of Johns Hopkins University and theym_ fiko/fit3 ligand (R&D Systems, Minneapolis, MN) for 48 hours at
University of North Carolina and conducted according to the principlegzec in 594 CQ. Cells were transduced at6 16° per well of a sterile,
expressed in the Declaration of Helsinki. 24-well nontissue culture-treated plate (Falcon-Becton Dickinson, Franklin
Lakes, NJ) coated with 20 pg/@nRRetroNectid®?! (Takara Shuzo, Otsu,
Shiga, Japan) with an estimated multiplicity of infection of 10 retrovirus
Polyclonal antibodies specific ferllb and B; and a monoclonal antibody (—889PF?B3) per cell in IMDM plus 20% FCS and rhiL-3, rhiL-6, SCF,
that recognizes an epitope @y, AP312 were gifts from Dr Peter J. and flk2/fit3 ligand. Fresh viral supernatant was added after 2 hours. This
Newman (Blood Research Institute, Milwaukee, WI). The fluoresceiprocedure was repeated 1 time 24 hours later. Twenty-four hours after the

Patients

Antibodies and reagents
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final transduction, megakaryocyte formation was induced similar to gopulation was further confirmed with antibodies directed against glycopro-
previously described methddCells were resuspended ab&10°/mL in - tein GPllv. Megakaryocytes expressinglbBs were determined using
IMDM containing 10% platelet poor plasma and rhiL-3, rhiL-6, SCFsamples stained with AP2 and the secondary antibody described above.
flk2/flt3 ligand plus 100 ng/mL rhiL-11 (Genetics Institute) and 100 ng/miCells expressins; were determined using samples stained with AP3 and
rhMGDF (Amgen) for up to 17 days. Cells were collected, washed twice secondary antibody. Negative populations of cells were determined using
phosphate-buffered saline (PBS), and solubilized in 1 mL of lysis buffer anmhreactive isotype-specific antibodies as a control for background staining.

stored at-80°C. Fluorescence contours are shown as 50% log density plots. The efficiency
of —889PP2B33 to transduce CD34cells was calculated by comparing the

Detection of proviral DNA in transduced cells by polymerase percent of the cell population that expresseddhbp; complex following

chain reaction transduction with untransduced and normal nonthrombasthenic megakaryo-

o . . _cytesunder identical culture conditions. The mean fluorescence intensity of
Cells (1.2x 10°) were split into 3 aliquots and DNA was amplified in 3AP2 and AP3 staining was measured at saturating antibody }é¥éts

separate polymerase chain reaction (PCR) reactions: (1) amplification@fiermine receptor expression level and estimate receptor density on the
allb genomic DNA from nucleotides 13 703 to 14 064 (361 base pro@ﬁjct)ce” samples.

was performed as a positive control to detect genomic DNA from
untransduced and transduced samples; (2) PCR of plasmid vector backb g -

DNA (P—889PP?p353) was performed using sense priméfrlBGGACTGGT- Rggnlst-lnduced allbps activation

GAGTACTCAACC-3 from nucleotide 1861 to 1880 and antisense primeCulture cells were harvested for physiologic studiealth 33 function 8 to
5'-TTCACACCGCATACAGGTGGC-3, which consisted of nucleotides 13 days after transduction. Cells (2510f/mL) were incubated with
2323 to 2303 (462 base product) outside of the region packaged im&-GPllx and FITC-PAC1 (5 ug/mL) antibodies in modified Tyrode buffer
retroviral capsids as a negative control that demonstrated retroviral plasrahtaining 1 mmol/L CaG| 1 mmol/L MgCh, 50 umol/L each of TRAP,
DNA was not transfected into the cells during transduction; and (3) plasmkDP, and epinephrine for 15 minutes at 25°C. FITC-PAC1 binding was
vector (P-889PP?B;) sequence packaged into retroviral capsids wasonitored in the FL1 channel of the flow cytometer on the gated subset of
amplified by PCR using sense primer “OL-psi-1-$TGAACCTCCTC- cells that expressed GRINFL2). The specificity of FITC-PAC1 binding
GTTCGAC-3 beginning 111 nucleotides upstream-6889Pf?33 DNA  was determined by co-incubation of samples with a blocking peptide
cassette and antisense primer-ACTCCTCCTCCGTCTTGAGCC-3  containing Arg-Gly-Asp (GRGDW, 2.5 mmol/L). Samples were diluted
which consisted of nucleotides572 to —592 of theallb promoter (428 10-fold with buffer and examined using flow cytometry and 2-color analysis
base product) to detect proviral DNA in transduced samples. The P@Brformed as described above.

products were separated by electrophoresis on a 2.0% agarose gel and

visualized by ethidium bromide staining. Clot retraction

Immunoprecipitation analysis Clot retraction assays were performed using a slightly modified version of a
previously described meth@d@Ten to 14 days after transduction, cultured

Immunoprecipitaion analysis was performed as previously descHbedgells (1.5x 109/mL) were resuspended in serum-free IMDM containing 60

Precleared lysates were immunoprecipitated for 1 hour at 25°C with ARZ&/mL human fibrinogen in a standard aggregometry tube. Clot formation

coupled to Affi-gel Hz (Bio-Rad, Hercules, CA). Immunoprecipitates wergas initiated by the addition of 2.5 U/mL thrombin. Tubes were incubated

electrophoresed on a 7% sodium dodecyl sulfate-polyacrylamide ggl37°C for up to 12 hours and photographed.

electrophoresis (SDS-PAGE) gel under nonreducing conditions and pro-

teins were transferred to Immobilon-P (Millipore, Bedford, MA) at 200 mA

for 3 hours and blocked for 12 hours at 4°C in 10% FBS in TBS_TweelheSUHS

Protein was detected using rabbit polyclonal antibodies specifiglfor(5

Kg/mL) andBs (4 pg/mL) and a peroxidase-conjugated Flalfragment Formation of the allbfs complex following transduction of

donkey antirabbit IgG (HL) (Jackson ImmunoResearch, West Grove, PA? rombasthenic CD34 + cells

at a 1:20 000 dilution followed by chemiluminescence detection an

exposure to autoradiography film from 1 second to 10 minutes. Patients R.S! and E.A!2 have type | Glanzmann thrombasthenia
o due to defects ifB; associated with undetectable surface expres-
Indirect immunofluorescence sion of theallbB; complex, failure of platelets to bind fibrinogen,

Transduced and untransduced cells<(0F) were blocked for 15 minutes @bsence of platelet-platelet aggregates, and inability to retract a

in 2% bovine serum albumin (BSA) and 0.1 mmol/L Ca/Mg in PBS anfibrin clot. Patient R.S. has a previously reported single nucleotide

incubated with 5 pg AP2 for 20 minutes at 25°C, then treated witBubstitution that affects the splice-donor site of exon 9pef

PE-conjugated F(a)p donkey antimouse secondary antibody (Jacksoresulting in the deletion of 45 amino acids (&¥35), and patient

ImmunoResearch) for 20 minutes on ice. Cells were resuspended in 200f4A. has a novel nucleotide substitution@fresulting in a single

of 2% formaldehyde, 0.2% glutaraldehyde in PBS and fixed to single welmino acid substitution of tyrosine to cysteine at residue 115

of a 24-well tissue culture-treated plate for 15 minutes at 25°C Wh”(“EAYllSC{Sa). To assess the feasibility of human gene therapy of

centrifuging at 239. Positively staining cells were detected and photogs 4 7mann thrombasthenia, granulocyte colony-stimulating factor

g:g:i?i?:a:i:g a Zeiss Axiovert 10 fluorescence microscope a0 mobilized, peripheral blood CD34cells were collected from each

' patient and transduced with MuLV-derived vectei889PP2(35.

Flow cytometric analysis The transduced CD34cells were subjected to in vitro expansion
and differentiation with IL-3, IL-6, IL-11, flk2/flt3 ligand, SCF, and

Transduced and untransduced cells (£.50°) were blocked for 15 MGDF, and examined for the presence of proviral DNA by PCR

minutes in 2% BSA and 0.1 mmol/L Ca/Mg in PBS; incubated with 2.5 “%nalysis. After 10 days of cytokine treatment, successful transduc-

of AP2, AP3, 6D1, mouse IgG for 20 minutes at 25°C; and treated witk; .
PE-conjugated F(a]» donkey antimouse secondary antibody (Jackso fon of CD34" cells from RA9B; and EAY115@; was indicated

ImmunoResearch) for 20 minutes on ice. Cells were resuspended in 20 the detection of prO\{IraI DNA by PCR in-889PR3s-

of 1% paraformaldehyde in PBS and analyzed on a FACScan fdkansduced cells but not in untransduced cells (not shown, see
cytometer (Becton Dickinson) using CellQuest software. A minimum ofMaterials and methods”).

2 X 1C® cells exhibiting light scattering properties of megakaryocytes were Immunoblot analysis was performed to determine if dthis 35

used for the analysis. Identification of megakaryocytes in this celomplex was synthesized in megakaryocyte progeny of
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—889PP2B -transduced CD34 cells from R9B; and
EAY115(3;. On days 10 and 15 after differentiation, respectively,
the allbB3 receptor was immunoprecipitated from cellular lysates
with an allbBs complex-specific monoclonal antibody (AP2) and &
detected using a mixture of well-characterized polyclonal antibod-©
ies specific for theallb and B3 integrin subunits. Bothxllb

(M, = 145 000) andBs (M, = 95 000) were detected in th@s-
transduced cells (Figure 1) indicating that there was proviral-
derived, allb promoter-directed synthesis of #PB5 resulting in
formation of theallbB; complex. TheallbB; complex was not
detected in untransduced thrombasthenic CD@&dlls (Figure 1)

RS A9 B3

EA Y115C B3

Normal

b

ollbp3

B3-Trans.

nor in cells transduced with a similar MulLV-derived vectofFigure 2. Indirectimmunofluorescence analysis of thrombasthenic CD34
(—889nLacz) which encoded tm}egalactosidasgene in place of transduced with —889PIA2B;. The RSA9B; and EAY115CB; CD34* cells were

Untrans. p3-Trans.  Untrans. Control

*cells

transduced with —889PI2B3, induced to form megakaryocytes ex vivo, and then
examined by indirect immunofluorescence analysis for allbBs surface expression.
Cells were blocked in 2% BSA, and incubated with 5 pg monoclonal antibody 6D1
that recognizes megakaryocyte-specific glycoprotein (GP)Ib (top panels) or 5 pg
AP2, which recognizes allbB; (bottom panels), and detected with a PE-conjugated
F(ab'), donkey antimouse secondary antibody. Five to 10 days after transduction,
Indirect immunofluorescence was performed to examine expreggakaryocytes were present in untransduced and Bs-transduced cell cultures as

sion of 0L||bB3 on the surface of megakaryocytes foHOWingdemonstrated with the anti-GPlb antibody; however, onlylﬁg-transduced cells
~8B9PI?B transduction of CD34 cells from R&9Bs and oo o o sl (contah. There are o
EAY115(3;. Five to 10 days after ex vivo expansion andeasts cellsin eachfield of untransduced thrombasthenic cells stained with AP2 for allbBs.
differentiation of CD34 cells, megakaryocytes were identified in
cell cultures by detection of the megakaryocyte-specific glycoprindividual as demonstrated by detectable AP2 staining (Figure 2,
tein (GP)Ib using the monoclonal antibody 6D1. GPlb was detectedttom row).
on the surface of megakaryocytes in untransduced thrombasthenic;To quantitate the efficiency of transduction and estineatep;
transduced thrombasthenic, and normal (nonthrombastheniegeptor density on megakaryocytes, flow cytometric analysis was
samples (Figure 2, top row), and cells transduced wi@89nLacz performed following transduction of patient CD34ells with
(not shown). Only megakaryocytes derived fronB89PR2B,- —889PR23,. After day 9 of ex vivo cellular expansion and
transduced CD34 cells expressedllbB; receptors on the cell differentiation, typically 38% of the large cells from each culture
surface. This expression was qualitatively similar to megakaryeample differentiated to megakaryocytes expressing GPIb (not
cyte progeny of CD34 cells from a normal nonthrombasthenicshown). In Figure 3, megakaryocytes that expresd#u; on the
surface were identified on contour plots as the cells that emitted a

PIA235 (not shown).

Surface expression of  allbpz on transduced thrombasthenic
megakaryocytes

RS
A9 B3

EA
Y115C B3

160-»

< ollb

97 -
<33

58

Untrans. (33-Trans. Untrans. B3-Trans.

Figure 1. Immunoprecipitation analysis of —889PIA2B; transduced CD34 * cells
from patient RS AgB; and EAY115C B3. Cells (5 X 10°) were collected 10 and 15
days, respectively, after transduction and detergent lysates were immunoprecipitated
with 10 pg of an allbBs complex-specific antibody (AP2). The complexed proteins
were separated on a 7% SDS-PAGE gel under nonreducing conditions. Immunoanaly-
sis using polyclonal antibodies to allb and B3 followed by chemiluminescence
detection showed that transduction with the —889PIA28; vector resulted in the
synthesis of detectable levels of B3 and allb (arrows on right), whereas untransduced
samples did not have detectable protein. Molecular mass markers are in kilodaltons
(left). Additional bands appearing equally in each lane are nonspecific background
resulting from chemiluminescence detection using a murine monoclonal antibody for
immunoprecipitation and rabbit polyclonal antibodies and a horseradish peroxidase-
conjugated donkey antirabbit antibody for analysis.

Jntran: Trans

Relative fluorescence intensity (PE-AP2)
Relative fluorescence intensity (PE-AP3})

.9‘.‘

scale)

Forward scatter (linear scale)

Figure 3. Flow cytometric analysis following —889PIA28; transduction of
thrombasthenic CD34 * cells. Untransduced and transduced cells were induced to
form megakaryocytes for 9 days ex vivo, and then examined by flow cytometric
analysis for surface expression of the B3 subunit. Shown in the first set of panels are
megakaryocytes expressing allbB; as detected with complex-specific antibody AP2
and a PE-conjugated F(ab’), donkey antimouse secondary antibody. The second set
of panels are cells expressing the 3 subunit as detected with monoclonal antibody,
AP3, and secondary antibody. Fluorescence contour plots are presented for normal
nonthrombasthenic cells (upper right), untransduced and transduced cells from
EAY115CB; (middle panels), and untransduced and transduced cells from RSA933
(lower panels). The x-axis depicts cell size as measured with forward scatter on a
linear scale, and the y-axis is relative fluorescence intensity of PE-AP2 or PE-AP3.
Megakaryocytes that expressed allbf; on the cell surface were detected in the upper
right quadrant as were cells that expressed B;. Normal and patient cells incubated
with an isotype nonspecific antibody and secondary antibody were presented as
controls for background staining (upper left panels).
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32

high fluorescence intensity with AP2 at saturating antibody lev-
els1*An unreactive isotype-specific antibody was used as a contrc
for background staining of normal and patient cells. Normal
nonthrombasthenic CD34ells were induced to form megakaryo-
cytes with detectablellbp; in 41% of the cell population (Figure

3), whereas untransduced CD34ells from EAY115@; and
RSA9B; showed no detectablallbp; expression above back-
ground levels (Figure 3). Megakaryocytes expressiligp; were o e e

detected in 10% and 7% of the transduced cell population fron
EAY115(3; and RRA9B;, respectively (Figure 3). This indicates

that approximately 19% of patient megakaryocytes were trans
duced with —889PP23;, when the percent of megakaryocytes
expressingallbBs in the transduced cell populations were com-

pared with untransduced and normal nonthrombasthenic culture @
(Figure 3). Transduced patient megakaryocytes had a mean fluore’s
0% 10" 10

Normal

Untrans. ? B3-Trans.

RS RS

vents

cence intensity of AP2 staining that was 34%cdfoB; receptor g
expression level on normal (nonthrombasthenic)-derived megsQ
karyocytes indicating a reduced receptor density on transduce 5
patient cells (Figure 3). Flow cytometric analysis using a monoclo-Z
nal antibody (AP3) specific for th@; subunit demonstratefl;
expression on approximately 5% of transduced patient cells at 28¢
of normal receptor density (Figure 3). Because the percent of th
hematopoietic population expressigg(which normally pairs with

«V on monocytes and lymphocytes as well as megakaryocytes) i i Untrans. ”

nearly identical with data obtained faxllbpB; expression on EA

transduced patient cells, these results suggest thatithpromoter

directed megakaryocyte-specific expression optsubunit.

allbBs signaling in - Bs-transduced thrombasthenic

megakaryocytes o &
107 10" 1o 107 10* 1

Inside-out signaling inBs-transduced cells was measured by
performing agonist-dependent binding assays with the fibrinogeiRelative fluorescence intensity (FITC-PAC1)
mimetic antibody, PAC1, to determinedflbB; could be induced ) o o
to form an activated conformation capable of binding fibrinoge Figure 4. Analysis of agonist induced activation of allbBs on Bs-transduced
0 X . p g 9 rt}‘lrombas'(henic megakaryocytes.  Cultured cells were harvested for physiologic
Activation of allbB; was measured 9 days after ex vivo cellulagtudies of alibps function at 9 days after transduction with —889PI*28,. Untransduced
expansion and differentiation using megakaryocytes selected withng Bs-transduced cells (1.5 x 10°/mL) were incubated with PE-GPIba and FITC-
PE-GPIkx antibody following stimulation of cells with TRAP, PAC1 antibodies in modified Tyrode buffer containing TRAP, ADP. and epinephrine
A g N : ! agonists. Binding of the allbBs activation-sensitive antibody, FITC-PAC1, was
ADP, and epinephrine. Results of these studies are shown in Figkgitored in the FLL channel of the flow cytometer on the gated subset of
4 and demonstrate that in the presence of agopisttansduced megakaryocytes that expressed GPIba (FL2). In each panel, FITC-PACL binding was
megakaryocytes bound FITC-PAC1 ata peak value that was on ﬂzf\ésured in the absence _(s_haded hi;tograms) and presence (unshaded histog_ranjs)
fold ab | s f t d d tient @f an Arg-Gly-Asp—containing peptide (GRGDW) that blocks FITC-PAC1 binding
a\_/er_age 19' 0 above levels 1rom untransauced paten ] ce §ecifically to activated allbBs. The Bs-transduced megakaryocytes from patients
Similar to Figure 3Bs-transduced megakaryocytes bound antibody.s. and E.A. bound FITC-PACL at a fluorescence intensity peak value of 13 and 7,
at a reduced fluorescence intensity that was approximately Qoprespectively, which is on average 10-fold higher than the FITC-PAC1 peak value of 1
. untransduced megakaryocytes from R.S. and E.A. (shaded). The Bs-transduced
the peak value Ie_vel_o_n normal c_ont_rol megakaryocytes (Flgure ﬁmples from R.S. and E.A. bound FITC-PAC1 at a fluorescence intensity peak value
FITC-PACL1 was inhibited from bindin@s-transduced and normal that was approximately 9% of the peak value of 110 for normal nonthrombasthenic
control megakaryooytes in the presence of an Arg_G|y-Aspnegakaryocytes (shaded top). In the presence of the GRGDW peptide, FITC-PAC1

containing peptide that is known to block the specific-binding ¢f¢ net bind to megakaryocytes from pa-transduced, untransduced, or normal
samples as demonstrated with fluorescence intensity peak value of 1 for each sample

0‘|le3 to PAC1 and ﬁbrinc’gen (Figure 4)- In contrast, urltranS(Dnshaded) and Bs-transduced megakaryocytes from R.S. that had a peak value of 2.
duced thrombasthenic megakaryocytes did not bind FITC-PAC1 in

the presence or absence of the inhibitor peptide (Figure 4). These

results indicate thatllbp; expressed ops-transduced megakaryo- Panels) that was similar to cultured CD3dells from a nonthrom-
cytes functions similar to the integrin complex on normal nonthronkasthenic individual (normal control, right panels), whereas untrans-
basthenic megakaryocytes because excitatory agonists stimul&idged thrombasthenic cells were unable to retract a fibrin clot (left

PAC1 binding and an inhibitory peptide blocked antibody recognitionanels). The data suggest that the expresstip; receptors are
functional in mediating clot retraction, implying an ex vivo

correction of the Glanzmann thrombasthenia phenotype.

T 107 10* SF 10T 10f 107 fo*

Transduced thrombasthenic cells retract a fibrin clot

To further identify the function of the expressatib3;, CD34"
cells from RRA2A9B; and EAY115@; were transduced with Discussion

—889PP2i3,, treated with cytokines for 10 days to form megakaryo-

cytes, and examined for the ability to retract a fibrin clot (Figure 5)he results of this investigation demonstrate successful transduc-
The —889P12B; transduced cells mediated clot retraction (middid@on of peripheral blood CD3% cells from 2 patients with
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lines24-27 transfected rat primary celf8,and transgenic mic#:30
Megakaryocyte progenitor cells express GATA and Ets factors that
bind within this region to induce a high level of transcription of the
allb gened! while as yet undefined factors that play a role in
restricting transcription to developing megakaryocytes have been
localized between nucleotides80 and—130 of thexallb gene?8:32:33
An MGDF-responsive element has also been recently identified
that increases the transcriptional activity of the integritb gene
in megakaryocyte$Investigations with transgenic mouse models
have demonstrated megakaryocyte-targeted transcription in vivo
when the transcriptional activation of an 800-nucleotide fragment
of the humarxllb promoter directed expression of the thymidine
kinase gene in multipotent hematopoietic cells leading to sustained
Figure 5. Fibrin clot retraction assay following ~ —889PIA2B; transduction of  €Xpression in megakaryocyte progeny and down-regulated expres-
thrombasthenlic CD34 + cellg. The RSA9B3; and EAY115CB3; CD34* cells were  gjon during erythroid and myeloid lineage differentiatf8i° We
tr_ansduced with 788.9PIAZB3, |nduce_(_j for 10 to 14 dgyg to form megakaryocytes in have recently observed supporting results when the MuLV-derived
vitro, and then examined for the ability to retract a fibrin clot. Cells (1.5 X 108/mL)
were resuspended in IMDM containing 60 pg/mL human fibrinogen in a standard ~ €Xpression vector-889Pf2B3,, selectively targeted expression of
aggregometr){tube. Clotforma:ionWasinitiated by the addition of 2.5 U/mL thrombin. Bz to transduced promegakaryocyte cell lines, and a similarly
e e, B 60t T controlled consiruct;-839nLacZ, preferentilly directghgalac-
basthenic cells (normal control), whereas untransduced patient samples were not ~ tosidase activity to megakaryocytes following transduction and
able to retract a fibrin clot. A normal control was included for the time each patient  MGDF-induced differentiation of human CD34cells10 The
sample was assayed. current investigation demonstrates the use of an 889 nucleotide
fragment of the humaallb promoter for targeted gene expression
Glanzmann thrombasthenia using the MulLV-derived vectolQ correct diseased human megakaryocytes following transduction
—889PPM23,. IntegrinB; subunit synthesisyllbB; complex forma- and MGDF induced differentiation of thrombasthenic hematopoi-
tion, and surface expression were demonstrated on transduegd CD34 cells. We detected levels of integrps expression
megakaryocytes derived from thrombasthenic patients R.S. amehrly equal toallbBs by flow cytometric analysis suggesting
E.A. Although FACS analysis indicated a subnormdlbpf; megakaryocyte-specific expression of the transgene in transduced
receptor density on the surface of megakaryocytes, thegatient cells. The cumulative data indicate that the MuLV-derived
—889PF?p3; transduced cells demonstrated function by mediatingllb promoter expression system used in this report has the
retraction of a fibrin clot and binding thellbBs; activation- capacity to direct expression of th@; gene with selective,
dependent PAC1 antibody on cellular stimulation with agonist8)GDF-inducible expression in megakaryocyte progeny suggesting
which is consistent with the ex vivo correction of the Glanzmanthis system may be ideal for gene therapy for platelet disorders
thrombasthenic phenotype. Proplatelet formation was observedsiich as Glanzmann thrombasthenia.
transduced cell culture, but the quantity of platelets were too few to Two potential challenges arise with our proposal to use the
test aggregation. Our in vitro results show that despite suboptimuLV construct, —889PP235, which expresses the rare APl
transduction efficiency of CD34cells and reducedlIlbpz receptor alloantigen form ofB; for genetic correction of thrombasthenia.
density on patient megakaryocytes, there is correction of Glarfzirst, individuals have become refractory to infused donor platelets
mann thrombasthenia. This is consistent with the fact that genetiige to the production of antibodies against mismatched alloanti-
carriers for Glanzmann thrombasthenia (about 50% noattibB;  genic determinants d8; resulting in clearance of the transfused
receptor density levels) are disease free with normal platefgateletd*; therefore, epitopes gB; may have to be identically
aggregation and clot retraction. We have previously observetatched to result in acceptance of corrected platelets as an
measurable platelet aggregation and retraction of a fibrin clot usiadditional requirement for gene therapy of thrombasthenia. We
a mixture of 10% normal platelets with 90% thrombasthenispeculate that further experimentation with different platelet alloan-
platelets in vitro (unpublished data). Thus, we might expect to ségens of 33 for gene therapy of Glanzmann thrombasthenia may
in vivo correction of thrombasthenia with expressiorutib3; on  help us overcome some principal problems of transfusion medicine
less than 20% of transduced megakaryocytes as demonstratedoincerning antigen tolerance and correction of platelet refractori-
vitro; however, if transduced progenitor cells were delivered toess. This could ultimately lead to a definitive strategy that will
patients in the absence of total marrow ablation, the actuyabse as a viable alternative to the current treatment of platelet
percentage of corrected megakaryocytes could be greatly redutrethsfusions for bleeding episod@sSecond, individuals suffering
in the total cell population. Nevertheless, our data suggest tHeim acute coronary thrombosis have been noted with an increased
compared to uncorrected platelets, a circulating population pfevalence for the presence of thé®Rlllelic isoform of3; on their
platelets derived fromBs-transduced megakaryocytes have aplatelets®3% alternatively, the PE form of s may be used for gene
increased potential to aggregate at the site of vascular injury dugherapy of Glanzmann thrombasthenia. These results indicate that
the expression afllbB; that can be induced by agonist to becomexpression of different Pt or PP2 forms of 83 in transduced
activated and bind fibrinogen. thrombasthenic cells may lead to changes in the ability of platelets
One key aspect of this work is the use of a fragment obille  to activate and aggregate.
promoter to target gene expression to human megakaryocytes.The results of this investigation suggest that transduction of
Regulatory elements of thelb promoter necessary for high level, altered forms of integrin subunits into CD34dells of thrombasthen-
megakaryocyte-specific gene transcription have been localizedds may allow elucidation of events important for integrin expres-
the first 800 nucleotides of the humatib promoter using cell sion and intracellular signaling in primary human hematopoietic
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cells. Cultured cell lines transfected with recombinaiitbB; Bernard Soulier syndrome, platelet-type von Willebrand disease,
subunits have been traditionally utilized to identify key steps thand pseudo von Willebrand dised$eOther diseases may also
take place during integrin biosynthe8%s!! intracellular signal- benefit from the expression of novel proteins in megakaryocytes,
ing,242 and receptor activatioff. Although these studies havebecause this study suggests that a platelet could potentially deliver
advanced our understanding concerning fundamental conceptstfer therapeutic agents to the site of a vascular injury during a
integrin biology, data suggest th@t, B,, and s integrins may primary hemostasis response.
behave differently in transfected cells compared to natural host
cells due to the influence of cell type-specific cytosolic proteins in
governing signal transductidf*® Information gained from our Acknowledgments
study may inspire new strategies for investigating integrin-
mediated events via megakaryocyte-targeted gene expression dg-would like to thank Suzanne Lyman for her technical assistance
ing megakaryocytopoiesis of primary human hematopoietic cellswith clot retraction assays in this study and Dr Susan Gidwitz for
The allb promoter controlled expression system889PP23;,  her technical advice. We thank Dr Julie Oliver (Duke University,
was developed to treat thrombasthenics v@istdefects; however, Durham, NC) for technical assistance with flow cytometry and Dr
this system may be used for gene therapy of other moleculBihomas F. Tedder for use of the flow cytometry facilities at Duke
genetic defects of platelets. The system could potentially be udddiversity Medical Center. We thank Drs Masamichi Shiraga and
for gene therapy of thrombasthenics withb defects or individu- Sanford Shattil (Scripps Research Institute, La Jolla, CA) for
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In the article by Urashima et al entitled “An oral CD40 ligand gene therapy
against lymphoma using attenuated Salmonella typhimurium,” which ap-
peared in the February 15, 2000, issue of Blood (Volume 95:1258-1263), a
correction should be noted. Under “Materials and methods, Salmonella
strain and CD40L,” the name of the auxotrophic ST aroA~ strain donated by
Dr Bruce A. D. Stocker and grown in 100 mL L broth should have been given




