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Abstract

 

In plasma, von Willebrand factor (vWf) associates with
Factor VIII (FVIII); however, the site at which these pro-
teins first interact has not been defined. Administration of

 

1-desamino-8-

 

D

 

-arginine vasopressin (DDAVP) causes a
rapid, concomitant elevation in plasma levels of both vWf
and FVIII, suggesting the existence of a DDAVP-releasable
storage pool for both proteins. To determine whether vWf
and FVIII can associate intracellularly and colocalize to
storage vesicles, we transfected AtT-20 cells with vWf and
FVIII expression plasmids. FVIII alone was not detectable
within storage granules; however, transfection of vWf cDNA
into the same cell caused FVIII to alter its intracellular traf-
ficking and to undergo granular storage, colocalizing to the
vWf-containing granules. In contrast, colocalization of FVIII
was not observed when these cells were transfected with
plasmids encoding defective FVIII-binding vWf mutants.
Transfection of bovine endothelial cells with FVIII further
demonstrated vesicular storage of FVIII with vWf in Wei-
bel-Palade bodies. Since gene therapy of hemophilia A may
ultimately target endothelium or hematopoietic stem cells,
the interaction between vWf and FVIII within a secretory
cell is important. Thus, vWf can alter the intracellular traf-
ficking of FVIII from a constitutive to a regulated secretory
pathway, thereby producing an intracellular storage pool of
both proteins. (

 

J. Clin. Invest.

 

 1998. 101:613–624.) Key
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Introduction

 

vWf and Factor VIII (FVIII)

 

1

 

 are critical hemostatic proteins.
Reduced levels of either protein result in the common bleed-
ing disorders von Willebrand disease (vWD) and hemophilia
A, respectively. Treatment of mild vWD or mild hemophilia

 

A involves the use of 1-desamino-8-

 

D

 

-arginine vasopressin
(DDAVP) to arrest the bleeding episode by stimulating the
endogenous release of both vWf and FVIII (1, 2). Immediately

after the administration of DDAVP, there is a rapid and con-
comitant increase in the plasma levels of both FVIII and vWf
in normal individuals as well as in patients with mild vWD or
mild hemophilia A (3–6). The absence of similar elevations in
plasma FVIII levels in severe vWD (type 3) patients after
treatment with DDAVP suggests that such patients fail to es-
tablish a storage pool of FVIII (7). Although DDAVP-stimu-
lated release of FVIII in normal individuals suggests an intra-
cellular storage pool of FVIII, subcellular deposits of FVIII
have not been defined clearly in vivo. Only one report has
shown FVIII in irregular staining patterns in vascular tissue
(8). In contrast, vWf is stored in releasable granules in platelets
and endothelial cells (9, 10), although the source of the
DDAVP-stimulated vWf release has been ascribed primarily
to the endothelium and not the platelet (11, 12). The goal of
our study was to determine whether a storage pool of both
vWf and FVIII will form in a cell capable of intracellular stor-
age and whether vWf can alter the secretory trafficking of
FVIII into this storage pool.

While vWf serves two crucial functions in hemostasis (13),
this manuscript will further define its function as an intracellu-
lar chaperone, in addition to its known role as the extracellular
carrier of FVIII. Intracellularly, vWf undergoes a sequential
series of posttranslational modifications in the rough endo-
plasmic reticulum and Golgi network, including dimerization,
glycosylation, sulfation, multimerization, and propolypeptide
cleavage (14). Vesicular transport of secretory proteins, such
as vWf, occurs through two distinct secretory pathways in the

 

trans

 

-Golgi network (TGN), resulting in constitutive secretion
and regulated storage (15–17). vWf becomes highly concen-
trated and is segregated into dense intracellular granules
termed Weibel-Palade bodies (WPB) in endothelial cells and

 

a

 

-granules in platelets (14). These granules of vWf constitute
the releasable storage pool of high molecular weight multi-
meric vWf (18). While multiple variants of vWD have been
identified at both the functional and molecular level, we used
two type 2N vWD mutant proteins with reduced affinity of
vWf for FVIII. Mutations causing type 2N vWD have been
mapped to the NH

 

2

 

 terminus of mature vWf, and led to a sec-
ondary deficiency in plasma levels of FVIII (19, 20). In this
study, these mutant vWf proteins were expressed in cell lines
to characterize the intracellular relationships between these
mutant vWf molecules and FVIII.

FVIII is a large heterodimeric plasma glycoprotein that is
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an essential component of the intrinsic blood coagulation path-
way, serving as the cofactor for the Factor IXa–dependent,
“factor X-ase” activation complex (21). FVIII has been de-
tected by mRNA hybridization and immunoperoxidase stain-
ing in a wide variety of tissues including liver, spleen, lymph
node, kidney, and placental extracts (8, 22, 23). Over the past
several decades, several experimental therapies involving the
transplantation of reticuloendothelial tissue have successfully
“cured” hemophilia A in humans (liver and spleen tissue) and
dogs (lymph node, liver, and spleen) (24–28). Nevertheless, the
cellular site of FVIII production has not been identified con-
clusively, undoubtedly due to FVIII’s low plasma and cellular
concentration (22). The extracellular interaction between vWf
and FVIII has been the subject of intensive study; however, it
is not known where these two proteins first interact to form the
noncovalent complexes that exist in plasma and that make up
the necessary pool for DDAVP-induced release. Since endo-
thelial cells or megakaryocytes containing vWf may be a target
for gene therapy of hemophilia A, understanding the biology
of FVIII in the vWf-secreting cell is of great importance.

 

Methods

 

Antibodies.

 

mAbs AvW-1, AvW-5, AvW-17, MBC 103.3, and MBC
213.8, and polyclonal anti-vWf and anti-FVIII antibodies were pro-
duced by the Hybridoma Core Laboratories of the Blood Research
Institute. AvW-1 is a “neutral” noninhibitory antibody that recog-
nizes the COOH terminus of mature vWf (20). AvW-5 and AvW-17
both recognize multimeric vWf on Western blots. MBC 103.3 detects
human FVIII light chains, but is not inhibited by the binding of vWf to
FVIII. MBC 213.8 is an anti–canine vWf mAb which also detects hu-
man and bovine vWf. F-8 is an immunoprecipitating anti-FVIII mAb
which recognizes the A2 domain of the FVIII heavy chain, and was
kindly provided by D. Pittman (Genetics Institute, Andover, MD)
(29). The anti-ACTH mAb (O2A3) was obtained from DAKO Corp.
(Carpinteria, CA).

 

Plasmids.

 

The major expression constructs used in these experi-
ments were: pvW198.1 (vWf) (20) and pMT2-BDVIII (FVIII) (30)
plasmids. The FVIII construct used in this study has the entire FVIII
B domain excised, removing amino acids 741–1639 (30). A full-length
FVIII construct, pMT2-VIII (31), was used for the initial studies only.
Mutant vWf plasmids used in this study were constructed previously
in pvW198.1, recreating known type 2N vWD patient DNA defects:
one with an R91Q substitution (20) and one with a pro-vWf cleavage
defect, which leads to the hereditary persistence of pro-vWf (HPP-
vWf) (32). The HPPvWf construct used in these experiments in-
cluded a dinucleotide mutation (

 

D

 

2269–2270), which exposes a cryp-
tic splice site in the patient’s mRNA (32). This results in a loss of
cleavage of vW AgII from mature vWf and the secretion of only pro-
vWf. The mature NH

 

2

 

-terminal amino acids of vWf remain intact, but
the NH

 

2

 

 terminus of this defective vWf retains the uncleaved pro-
polypeptide, vW AgII (32). Plasmids used as stable selection plasmids
in the transfection experiments included pcDNA3 (Invitrogen, San
Diego, CA) or pCI-Neo (Promega, Madison, WI), which both con-
tain the neomycin resistance gene enabling selection of transfected
cells with Geneticin (G418) (Sigma Chemical Co., St. Louis, MO).

 

Cell cultures.

 

Three different established cell lines were used in
the course of this study: mouse pituitary tumor cells (AtT-20/D16v-F2
cells, CRL 1795) (American Type Culture Collection, Rockville,
MD); monkey kidney cells (COS-7, CRL 1651) (American Type Cul-
ture Collection); and human embryonic kidney cells (HEK-293T)
which were kindly provided by D. Ginsburg (University of Michigan,
Ann Arbor, MI). Human umbilical vein endothelial cells (HUVEC)
and bovine aortic endothelial cells (BAEC) were isolated from pri-
mary tissues and established in cell culture. Cells were used at third to

fifth passages for the transfection studies. AtT-20 cells are a model
storage and secretory cell line which are negative for vWf and FVIII
synthesis, but positive for the hormone ACTH production and stor-
age (33). One additional cell line used was a Chinese hamster ovary
(CHO) cell line (10A1) that expresses wild-type FVIII (31). All cell
lines were cultured at 37

 

8

 

C in 5% CO

 

2

 

 in complete medium: DME
with high glucose (Life Technologies, Gaithersburg, MD), 10% FBS,
and 2 mM 

 

L

 

-glutamine. HUVEC and BAEC cultures were plated on
gelatin (Sigma Chemical Co.) and cultured in the same medium with
the addition of sodium heparin (6.45 U/ml) (Sigma Chemical Co.)
and endothelial cell growth supplement (30 

 

m

 

g/ml) (Collaborative
Biomedical Products, Bedford, MA).

 

Mammalian cell transfections.

 

To establish vWf and FVIII ex-
pressing cell lines, AtT-20 cells were individually transfected with
pvW198.1 (WTvWf) and pMT2-BDVIII (BDD-FVIII) plasmids.
Transfection conditions were optimized. 24 h before transfections,
cells were plated at 7.3

 

 3 

 

10

 

4

 

 cells/cm

 

2

 

. A transfection mixture of 2

 

m

 

g/ml DNA plus 30 

 

m

 

g/ml LipofectAMINE (Life Technologies) was
applied to the cells for 5 h at 37

 

8

 

C in OptiMEM I (Life Technologies).
The DNA/lipid complexes were then replaced with complete medium
for 72 h, allowing for transient expression of the plasmids. Condi-
tioned media were harvested from the cells, centrifuged to remove
cellular debris, and then either assayed fresh or frozen at 

 

2

 

80

 

8

 

C for
later analysis. Finally, the cells were lysed or fixed for immunofluo-
rescence staining. In some experiments, FVIII and vWf expression
were augmented with the addition of 3 mM sodium butyrate (Sigma
Chemical Co.) to the cell media 24 h before harvesting samples (34).
Minor variations in the transfection procedure were used for the
COS-7, HEK-293T, and BAEC transfections: 2.1 

 

3

 

 10

 

4 

 

cells/cm

 

2

 

plated and 10 

 

m

 

g/ml LipofectAMINE per reaction. Additionally,
transient transfections of COS-7 cells were performed with the vari-
ous plasmids independently to create positive controls for ELISA
and immunofluorescence staining.

AtT-20 stable transfections were established using the above opti-
mized transfection conditions. Stable transfections included either
wild-type (WT) vWf (pvW198.1), mutant HPPvWf, or BDD-FVIII
constructs. All were cotransfected with a neomycin-resistance plas-
mid (pcDNA3), in order to introduce a selectable marker. The cells
were detached with trypsin 48 h after transfection and diluted 1:10 in
complete medium containing 0.3 mg/ml G418 (Sigma Chemical Co.),
and replated in 100-mm dishes. After 2 wk of selection, isolated colo-
nies were picked with polished glass pipettes (35) and replated in 24-
well plates. After several weeks of selection, positive colonies were
selected by analysis of the secreted vWf and FVIII by vWf capture
ELISA and fluid-phase functional FVIII assay, respectively (de-
scribed below). The highest producing cells in colonies identified by
these assays were expanded and purified through two rounds of sin-
gle cell limiting dilutions. The cells were retested for vWf and/or
FVIII secretion before each expansion step. The purified stable vWf/
AtT-20 and FVIII/AtT-20 cell lines were used for the secondary
transfections described below.

 

Functional analysis of expressed FVIII.

 

Activated FVIII activity
(FVIII:C) levels in the conditioned media were quantitated by a fluid-
phase assay, Coatest VIII:C/4 kit (DiaPharm, Franklin, OH). The
procedure was a modification of the manufacturer’s protocol to allow
the test to be performed in 96-well microtiter plates. Polybrene (1
mg/ml) (Sigma Chemical Co.) was added to conditioned media from
transfected endothelial cells (64.5 

 

m

 

l/ml medium) before the assay to
inactivate heparin, as recommended by the manufacturer’s protocols.
Briefly, 25 

 

m

 

l of sample was added in triplicate to uncoated wells. As-
say components, including phospholipid, Factor IXa, Factor X, and
calcium chloride were added, and the plates were incubated for 10
min at 37

 

8

 

C. The chromogenic Factor Xa substrate S-2222 was added,
and the plate was transferred immediately to a ThermoMax micro-
plate reader (Molecular Devices, Menlo Park, CA) preset at 37

 

8

 

C.
The plate was read kinetically at 405 nm for 10 min at 37

 

8

 

C. The Fac-
tor Xa–dependent conversion of S-2222 is a function of the amount of
FVIII:C in each well. A standard curve was constructed by plotting
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known amounts of recombinant human FVIII (r-hFVIII) (Baxter,
Glendale, CA) against 

 

V

 

max

 

 at 405 nm. The 

 

V

 

max

 

 of each reaction was
converted to units of FVIII:C activity using the kinetic software pro-
gram, SOFTmax, v. 2.34 (Molecular Devices). The sensitivity of this
assay is 

 

z

 

 1.0 mU/ml of FVIII:C.

 

Analysis of expressed vWf.

 

vWf in conditioned media from the
transfected AtT-20 and BAEC cells was analyzed by means of solid-
phase capture ELISAs (32) and functional fluid-phase assays (32, 36).
The concentration of secreted or released vWf in the samples was
determined by an antigen-capture vWf ELISA using immobilized
AvW-1 (or MBC 213.8 for BAEC samples) as described previously
(32). vWf antigen levels were expressed as nanograms per milliliter,
measured against serially diluted normal pool human plasma plotted
as a standard curve (assuming 10 

 

m

 

g/ml of vWf in NP). vWf was also
assayed for its ability to bind platelets (36) and to bind FVIII. The
FVIII-binding assays were done essentially as first described by Nish-
ino et al. (37) and modified by Kroner et al. (20, 32). Briefly, microti-
ter plates were coated with AvW-1 (a noninhibitory antibody). Sam-
ples diluted to a vWf concentration of 100 ng/ml, controls, and
standards were added in 50-

 

m

 

l aliquots in triplicate wells. Concentra-
tions of the diluted samples were rechecked on separate plates using
the vWf ELISA. In some assays, controls included endogenously se-
creted vWf collected from nontransfected HUVEC and BAEC cul-
tures grown without cytokine or secretagogue stimulation. After a 2-h
room temperature incubation, the captured vWf was incubated with
wash buffer (0.4 M CaCl

 

2

 

/50 mM Tris/150 mM NaCl

 

2

 

, pH 7.4) for 30
min at 37

 

8

 

C to remove coexpressed FVIII. Diluted r-hFVIII ranging
from 0 to 4 U/ml was then added to the wells (50 

 

m

 

l), followed by a 1-h
incubation at 37

 

8

 

C. The activity of the bound FVIII was then assayed
using the chromogenic Coatest VIII:C/4 kit. In this binding assay the
enzymatic reactions were performed at room temperature and were
terminated with 50% acetic acid (25 

 

m

 

l/well). The FVIII activity was
measured by an endpoint reading at 405 nm. The amount of FVIII
bound was calculated based upon a standard curve generated by the
addition of serially diluted r-hFVIII to microtiter wells before the
chromogenic FVIII assay.

 

Pulse-chase analysis of expressed proteins.

 

To determine whether
the stably transfected AtT-20 cells were synthesizing and processing
FVIII and vWf correctly, cells were metabolically labeled and pulse-
chase experiments were performed, as described previously (38). The
cells were starved in cysteine (Cys)/methionine (Met)-free media for
10 min, and then labeled for 30 min by addition of [

 

35

 

S]Met and
[

 

35

 

S]Cys mix (Redivue Pro-Mix L-[

 

35

 

S]) (Amersham, Arlington
Heights, IL) to the media. An excess of unlabeled Cys/Met plus apro-
tinin (200 

 

m

 

g/ml) was added for another 5 h, and the cells were lysed
with an NP-40–containing buffer (38). A protease inhibitor cocktail
consisting of soybean trypsin inhibitor (1 mg/ml), and PMSF (1 mM)
was added to all medium and lysate samples immediately after har-
vest to prevent proteolytic degradation (31). FVIII and vWf in the
conditioned media and lysates were immunoprecipitated with protein
A–Sepharose CL-4B (Pharmacia Biotech Inc., Piscataway, NJ) beads
coupled to mAb F-8 (29) and AvW-1 (20), respectively. The immuno-
precipitates of both proteins were washed in a series of Triton X-100/
PBS buffers and eluted with 2% SDS as described previously (38).
After elution from the beads, a portion of the FVIII samples was fur-
ther treated with thrombin (5 U/ml at 37

 

8

 

C for 30 min) before gel
analysis (29). The immunopurified samples of FVIII and vWf were
reduced with 

 

b

 

-mercaptoethanol and electrophoresed on 8% SDS-
PAGE gels at 35 V for 16 h. The gels were dried and proteins were vi-
sualized by autoradiography after enhancement by En

 

3

 

Hance (Du-
Pont, Boston, MA) for 30 min.

 

Multimer analysis.

 

To demonstrate that the secreted vWf was
processed normally, examination of the multimeric pattern of the
AtT-20–synthesized vWf was performed. Conditioned media samples
from transfected AtT-20, HEK-293T, and BAEC cells were analyzed,
including untreated and sodium butyrate–treated samples. The col-
lected conditioned media samples were precleared using Sepharose
CL-4B, and then immunoprecipitated using mAb AvW-1 coupled

to Sepharose CL-4B. For these immunoprecipitations, beads were
washed twice in a series of three buffers each containing modified
Hepes-Tyrode buffer (20 mM Hepes, 140 mM NaCl, 3 mM KCl, 12 mM
NaHCO

 

3

 

, 1 mM NaH

 

2

 

PO

 

4

 

, 0.002% Triton X-100, pH 8.0) plus 1%
BSA, 0.5 M NaCl, or 0.04% SDS (32). Antigens were eluted with
multimer gel sample buffer (8 M Urea/6% SDS/13 mM Tris/1 mM
EDTA/0.05% bromophenol blue, pH 8.8). Samples were electro-
phoresed through a horizontal 1.5% or 3.0% HGT(P) agarose (FMC
Bioproducts, Rockland, ME) gel containing 1% SDS for 16 h at 40 V.
The proteins were transblotted to Immobilon-P (Millipore, Medford,
MA) for 30 min at 35 V followed by 4 h at 50 V. Membranes were
blocked with 5% nonfat dry milk, incubated overnight with mono-
clonal antibodies against vWf (AvW-5 and AvW-17), and then incu-
bated for 2 h with horseradish peroxidase–conjugated goat anti–
mouse IgG (Pierce, Rockford, IL). Finally, membranes were treated
with ECL chemiluminescent substrate (Amersham) and bands de-
tected by exposure to x-ray film (BioMax film; Eastman Kodak,
Rochester, NY).

 

Immunofluorescence microscopy.

 

Visual detection of the intra-
cellular locations of vWf and FVIII in transfected cells was accom-
plished with immunofluorescent antibody labeling and confocal laser
scanning microscopy (CLSM) analysis. Negative controls (nontrans-
fected cells and mock-transfected cells) were processed in parallel
with each immunofluorescence labeling assay under the same condi-
tions. Transfected cells were grown in 35-mm plates on poly-

 

D

 

-lysine–
treated glass coverslips (Becton Dickinson, Bedford, MA) in DME/
G418 media. After 3 d of growth, the cells were fixed using 3.7%
buffered formalin, permeabilized in 1% Triton X-100 solution (20
mM Hepes/300 mM sucrose/50 mM NaCl/3 mM MgCl

 

2

 

?

 

6H

 

2

 

O, pH
7.0], and blocked in 2% normal donkey serum/PBS. Dual immunoflu-
orescent labeling of the cells was accomplished using a sequential an-
tibody staining method, in which the individual antibodies were incu-
bated with the fixed cells in four sequential steps (each for 30 min at
37

 

8

 

C) (35, 39). Affinity-purified anti-vWf polyclonal antibodies and
anti-FVIII monoclonal antibody (MBC 103.3) were used as primary
antibodies and diluted at 2.5 and 5.0 

 

m

 

g/ml in 1% BSA/HBSS, respec-
tively. FITC- and Texas red (TXR)-conjugated donkey IgGs (H

 

1

 

L)
[F(ab

 

9

 

)

 

2

 

 fragments] (Jackson ImmunoLabs, West Grove, PA) were
the secondary antibodies used for detection of the primary antibod-
ies, and were diluted 1:200 or 1:1,000 in a 1% BSA/HBSS, respec-
tively. In the figures displayed in this report, the presence of FVIII
was detected by an anti–mouse FITC-conjugated IgG, while the pres-
ence of vWf was detected by an anti–rabbit TXR-conjugated IgG.
Immunofluorescence detection was performed using an MRC 600
confocal laser imaging system equipped with a krypton-argon laser
(Bio-Rad, Hercules, CA) and an epifluorescent microscope (Nikon,
Melville, NY). Individual excitation filters were used for FITC and
TXR fluorescence, with the emissions captured using dual filter
blocks (K1 and K2) and background reduced by Kalman collection
filtering. Cells were imaged by a series of Z sections taken for each
field, and the entire Z series (12–25 images) combined into a stacked
projection. The projections for each individual filter (FITC and TXR)
were then merged using the Confocal Assistant software program
(Bio-Rad). Computer-assigned colors were based on the intensities of
bitmap overlaps, with colocalization of the two fluorochrome-conju-
gated antibodies represented by yellow pixels.

 

Secondary transient transfections of stable cell lines.

 

Once indi-
vidual stable cell lines were isolated and characterized, they were
used in a series of secondary transfections in which various vWf con-
structs (WT and 2N vWf mutants) were transfected into FVIII/AtT-20
stable cells. Two dysfunctional vWf clones (see the 

 

Plasmids

 

 section)
which possessed defective FVIII-binding capabilities (type 2N vWD)
were tested in these studies. Mutations were selected based upon
known severe FVIII-binding defects. The plasmids were secondarily
transfected into FVIII/AtT-20 cells, following the transfection pro-
cedures described above. Controls for these transfections were
pCI-Neo transfected FVIII/AtT-20 cells (negative plasmid control)
and WTvWf transfected FVIII/AtT-20 cells (positive control for
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FVIII binding and storage). The reverse experiments were also per-
formed: BDD-FVIII was transfected into WTvWf/AtT-20 and HPP-
vWf/AtT-20 cells. After transient transfections, the mutant vWf/
FVIII transfectants were stained and viewed as described above. The
conditioned media were analyzed by vWf ELISA and Coatest FVIII:
C/4 kit, monitoring for changes in the secretion of vWf and FVIII.
The transient transfections of each stable cell line have been repeated
a minimum of six times. The efficiency of the transient transfections
into FVIII/AtT-20 cells varied between 10 and 30%, as determined
by the number of cells displaying positive for vWf granular staining.

 

Stimulated release of storage granules.

 

Stably transfected AtT-20
cells (10

 

6

 

 cells in 60-mm plates grown to near confluency) were treated
with 5 mM 8-bromoadenosine 3

 

9

 

:5

 

9

 

-cyclic monophosphate (8-Br-cAMP)
(Sigma Chemical Co.) for 1 h at 37

 

8

 

C (35). The FVIII-transfected BAEC
cells (4.5

 

 3 

 

10

 

5

 

 cells in 60-mm plates grown to near confluency) were
stimulated with either 10

 

2

 

6

 

 M PMA (Sigma Chemical Co.) or 10

 

2

 

5

 

 M
histamine (Sigma Chemical Co.) for 30 min at 37

 

8

 

C (40). After the
treatments, the transfected AtT-20 and BAEC cells were washed
twice with HBSS and formalin-fixed as described above. Immunoflu-
orescence microscopic analysis was then performed on these cells us-
ing the same detection antibodies and sequential staining as previ-
ously described. Each slide was evaluated for the appearance or
disappearance of intracellular storage granules of vWf and FVIII.

 

Results

 

AtT-20 cells process FVIII and vWf correctly into functional
proteins.

 

To investigate the nascent FVIII and vWf processing
and trafficking in the secretory pathway of storage/secretory
cells, we transiently transfected FVIII and vWf expression
plasmids into AtT-20 cells. Since AtT-20 cells have not been
used previously as a transfected host for FVIII, we have dem-
onstrated by means of functional FVIII activity assays that the
biosynthesis of FVIII occurred normally. The secreted AtT-
20–expressed FVIII has activity similar to that of transfected
COS-7–expressed FVIII, although the transfection efficiency
of the AtT-20 cells is markedly reduced in comparison. Ini-
tially, we performed the transfection experiments using a full-
length (fl) FVIII plasmid construct, but fl-FVIII transfected
AtT-20 cells secreted FVIII at levels below our assay limits of
detection, and attempts to isolate these AtT-20 stable clones
were not successful. When the BDD-FVIII construct was used
in AtT-20 and COS-7 transient transfections, the resulting lev-
els of FVIII activity increased on average 4- and 100-fold, re-
spectively, over similar transfections with the fl-FVIII construct.
The reduced ability of the AtT-20 cells to express fl-FVIII that
we observed is similar to many reports of the inefficient pro-
duction of the fl-FVIII protein in other cells (21, 34). Although
the transiently transfected BDD-FVIII/AtT-20 cells expressed
detectable amounts of functional FVIII, the expression levels
remained low. To elevate the expression of FVIII, we aug-
mented FVIII mRNA synthesis by the addition of sodium bu-
tyrate to the culture media. The expression vector pMT2 used
in these experiments uses a promoter that is susceptible to so-
dium butyrate induction (41). A region in the A2 domain of
hFVIII was discovered recently to contain two butyrate-respon-
sive elements, which in the presence of sodium butyrate re-
lieved the transcriptional repression of the FVIII cDNA (42).
After sodium butyrate treatment of BDD-FVIII transiently
transfected AtT-20 cells, there was a substantial increase in the
expression of FVIII, as detected by functional assay of ex-
pressed FVIII in treated versus nontreated cells (84.9 vs. 13.6
mU/ml of FVIII:C). This treatment greatly enhanced our abil-
ity to detect the expression and storage of the FVIII by immu-

nofluorescence microscopy. Hence, all the experiments de-
scribed within this paper have been performed using B
domain–deleted FVIII (BDD-FVIII) with sodium butyrate
stimulation, unless specifically noted.

Once it was determined that the transfected cells expressed
FVIII or vWf, stable AtT-20 clones expressing high levels of
vWf (WTvWf/AtT-20) or FVIII (FVIII/AtT-20) were estab-
lished and characterized. To determine whether correct pro-
cessing of vWf and FVIII was occurring in AtT-20 cells, the
stably transfected cells were metabolically labeled and the me-
dia were collected after a 5-h chase. The harvested media were
analyzed by immunoprecipitation with anti-vWf and anti-
FVIII monoclonal antibodies followed by reducing SDS-
PAGE. The expressed FVIII was detected as primarily single
chain with a small amount of processed heavy and light chains

Figure 1. Intracellular processing of FVIII in transfected AtT-20 
cells. Plasmid constructs encoding the human FVIII cDNA were tran-
siently transfected into various cell lines, and the resulting protein ex-
pression was analyzed after immunoprecipitation. FVIII cDNA con-
structs (BDD- and fl-FVIII) were stably expressed in AtT-20 and 
CHO cells, as indicated above the blot. The cells were metabolically 
labeled followed by a 5-h chase, after which the conditioned media 
were collected and immunoprecipitated with the mAb F-8 (anti-
FVIII A2 domain–specific) (29) as described in Methods. After elu-
tion from the antibody-coupled beads, samples were further treated 
with thrombin (1IIa) (third and fifth lanes). The samples were then 
analyzed reduced on 8% SDS-PAGE gels. The autoradiograph was 
exposed for 8 d (fourth and fifth lanes, 14 d to enhance the weak sig-
nal). Mock (first lane) represents media from a negative control
AtT-20 cell line (Neor). FVIII/AtT-20 cells (second and third lanes) 
were the BDD-FVIII stables created for this study, whereas the 10A1 
(fl-FVIII/CHO) cells (fourth and fifth lanes) were created previously 
(31). The migration of the single chain (S.C.), heavy chain (H.C.), and 
light chain (L.C.) is noted along the right side for both BDD- and fl-
FVIII. The band marked by the asterisk (120 kD) represents a pro-
teolytic product of the single chain, where the A1 domain (50 kD) has 
been cleaved by noninactivated serum proteases. The thrombin 
(1IIa) digested products (73, 50, and 43 kD) are also noted on the 
right side. 14C-labeled protein molecular mass markers are shown on 
the left side.
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(Fig. 1), and the expressed WTvWf was detected as processed
mature vWf with a minor amount of pro-vWf (Fig. 2 

 

A

 

). Since
the B domain–less construct used in this report has the entire
B domain excised (

 

D

 

741–1648), the major FVIII intracellular
cleavage sites at 1313 and 1648 are not present. Hence, the
FVIII/AtT-20 stable cell lines express primarily single chain
uncleaved FVIII (Fig. 1, 

 

second lane

 

), similar to that previ-
ously observed by one of us (R.J. Kaufman) when expressing
this particular BDD-FVIII construct (30, 43). Nonetheless, the
FVIII expressed by this construct is functional and thrombin
(IIa) cleavage sites remain intact, as demonstrated by the cor-
rect-sized thrombin cleavage products that comigrate with the
thrombin cleavage products of wild-type FVIII secreted from
CHO cells in Fig. 1 (

 

third and fifth lanes

 

). As shown in Fig. 2 

 

A

 

,
the intracellular processing of vWf from pro-vWf to mature
vWf occurred normally in the WTvWf-expressing AtT-20
transfected stable cells (lane 

 

B

 

), similar to that previously
demonstrated by other investigators using vWf transfected
AtT-20 cells (35, 44). As expected, the pro-vWf mutant (HPP-
vWf) showed no intracellular cleavage to mature vWf (Fig. 2

 

A

 

, lane 

 

C

 

). Additionally, the multimeric composition of the
AtT-20 expressed WTvWf (Fig. 2 

 

B

 

, lane 

 

C

 

) was similar to that
of plasma vWf (lane 

 

A

 

).
To determine the functionality of the expressed recombi-

nant proteins, vWf secreted by the different AtT-20 stable
clones was analyzed by quantitative ELISA and by functional
FVIII-binding assays (Fig. 3), while the expressed FVIII was
quantified by functional chromogenic FVIII:C activity assays.
The levels of vWf expressed by the WTvWf/AtT-20 cells in
culture fluctuated between 628 and 1,128 ng/ml of vWf, and
the FVIII expressed by the FVIII/AtT-20 cells (without so-
dium butyrate treatment) had activity ranging from 74 to 96
mU/ml of FVIII:C in assays. To monitor the normal FVIII car-
rier function of vWf, we compared the quality of the vWf ex-
pressed from the different AtT-20 cell lines in FVIII-binding
assays. As Fig. 3 demonstrates, the AtT-20–expressed WTvWf
captured and bound recombinant FVIII normally. In separate
experiments, the stably expressed WTvWf was shown to bind
FVIII similar to that of vWf expressed by endogenously pro-
ducing endothelial cells (see below). As expected, the 2N vWD
mutant (HPPvWf) expressed by the AtT-20 cells displayed a
complete absence of detectable FVIII-binding (shown in Fig.

Figure 2. Subunit and multimeric composition of expressed recombi-
nant vWf in AtT-20 cells. (A) Expressed vWf was immunopurified 
from chase media of metabolically labeled AtT-20 cells after the 
same experiment described in Fig. 1, except that in these isolates the 
mAb AvW-1 was used to capture the labeled vWf for electrophoresis 
analysis. An autoradiograph (3-d exposure) is shown which displays 
the different sizes of processed vWf reduced on an 8% SDS-PAGE 
gel. Lane A (Mock) represents media from a negative control AtT-20 
cell line (Neor). A comparison is shown between WTvWf expressed 
from labeled WTvWf/AtT-20 cells (lane B) and pro-vWf expressed 
from labeled HPPvWf/AtT-20 cells (lane C). The location of the pro- 
and mature vWf bands are marked on the right, while the molecular 
weight standards are noted on the left. (B) Multimeric analysis of 
AtT-20 expressed vWf. In this portion of Fig. 2, vWf in the condi-
tioned media has not been metabolically labeled. These samples have 
been immunoprecipitated with the same AvW-1–coupled Sepharose 
as in A, but analyzed electrophoretically on 3% agarose gels, as de-
scribed in Methods. The vWf multimers in lanes A–C were isolated 
from normal human plasma, mock-transfected AtT-20 cell media, 
and WTvWf/AtT-20 cell media, respectively. The vWf detected in 
both cases displays the full multimeric array.

Figure 3. Functional analysis of the FVIII-binding capability of AtT-20 
expressed vWf. Secreted recombinant vWf collected in the condi-
tioned media from three different stable AtT-20 cell lines, WTvWf/
AtT-20 (filled circles), HPPvWf/AtT-20 (filled boxes), and FVIII/
AtT-20 (filled triangles), was captured by immobilized mAb AvW-1 
and functionally assayed for FVIII binding as described in Methods. 
All samples were diluted to 100 ng/ml of vWf, and reassayed to con-
firm the diluted concentrations. Various concentrations of rFVIII 
were added to each sample, listed along the x axis, to generate these 
curves. The activity of captured rFVIII was then measured by the 
generation of FX-ase with the Coatest VIII:C/4 kit. This assay was 
performed four times and the binding results were averaged. All data 
points have been normalized (percent bound) to the activity of FVIII 
bound by WTvWf in the presence of 4 U/ml of rFVIII (100%). The 
errors bar represents the standard error of means. The background 
binding obtained with this assay is shown by the FVIII/AtT-20 sam-
ples representing the negative control with no transfected vWf. The 
small increase in binding at 2 and 4 U/ml in the negative control 
FVIII/AtT-20 samples is probably due to the presence of serum
(10% FBS) in the conditioned media. The pro-vWf expressed by the 
HPPvWf/AtT-20 cells shows no detectable binding of rFVIII above 
that of the negative control (FVIII/AtT-20 media).
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3), similar to our previous results with HPPvWf expressed by
COS-7 cells (32). Both AtT-20–expressed FVIII and vWf dis-
played normal functional activity in the enzymatic and FVIII-
binding assays, respectively, indicating that the AtT-20 cells
possessed the processing pathways necessary for the synthesis
and secretion of functional vWf and FVIII.

Immunodetection shows regulated storage of vWf but not
FVIII. We visualized the intracellular location of vWf and
FVIII in AtT-20 cells by means of CLSM. In vWf-transfected
AtT-20 cells, punctate granules were readily detected by anti-
vWf antibodies (Fig. 4, A, G, and J). The vWf-containing gran-
ules ranged in location from midcell towards the apical (lumenal)
surface of the cell, with the majority of the granules appearing
along the apical cell surface. This granular pattern of vWf stor-
age is consistent with the WPB deposition we have observed in
BAEC (see Fig. 7) and HUVEC (not shown) and with previ-
ous findings by other investigators for the storage of vWf in
transfected AtT-20 (35, 44), MDCK-II (45), and CV-1 cells
(46). When FVIII-expressing stable AtT-20 cells were ob-

served with CLSM, only faint diffuse perinuclear staining pat-
tern could be observed (Fig. 4, D–F), indicating the presence
of FVIII in the endoplasmic reticulum, similar to the patterns
observed when FVIII was transfected into the nonstorage cell
line COS-7 (data not shown). FVIII-producing AtT-20 cells
have been tested with 15 different monoclonal and polyclonal
anti–human FVIII antibodies using immunofluorescence stain-
ing, and none detected FVIII localized to granules. One of
these mAb is MBC 103.3 which has been used for the immuno-
detection of FVIII in this report. Similar immunofluorescence
microscopy results were obtained with transfected cells not
treated with sodium butyrate, although the level of FVIII fluo-
rescent detection in these cells was weaker. The pattern of vWf
and FVIII intracellular staining was not altered by the addition
of sodium butyrate to the media. Thus, unlike vWf, there is no
innate storage of FVIII in the AtT-20 cells.

Because we were analyzing transient transfections with var-
iable transfection efficiency, each immunofluorescently stained
slide was thoroughly examined. For each immunolabeling ex-

Figure 4. Intracellular distribution of vWf and FVIII in AtT-20 cells. Stable AtT-20 cells were transiently transfected with either pCI-Neo or 
WTvWf plasmids. After 72 h, cells were fixed, permeabilized, and double-labeled with an anti-FVIII mAb (MBC 103.3) (detected with FITC-
conjugated donkey anti–mouse IgG) and a polyclonal antibody to human vWf (detected with TXR-conjugated donkey anti–rabbit IgG). Images 
shown are the stacked confocal projections representative of independent secondary transient transfections. Mock transfections with pCI-Neo of 
WTvWf/AtT-20 cells (A–C) and FVIII/AtT-20 cells (D–F) show staining of only one of the proteins. In contrast, transfections with the WTvWf 
plasmid of FVIII/AtT-20 cells (G–I and J–L) show colocalization of the two proteins. As labeled above each column, the first column shows vWf 
detection by TXR (in red), the second column shows FVIII detection by FITC (in green), and the third column shows the merged TXR/FITC 
images where colocalization is shown in yellow. Cells were viewed and digitally photographed with a Bio-Rad MRC 600 confocal microscope 
with a 360 objective, and the field zoomed 32.5 before Z-series construction (32,512 total enlargement).
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periment, at least 1,000 cells per slide were assessed for immu-
nofluorescence detection using manual epifluorescence mi-
croscopy before CLSM imaging. Figs. 4, 6, and 7 contain
randomly selected positive-staining cells that are representa-
tive of the positive cells seen in the entire transfection as visu-
alized by CLSM. The confocal microscopy pictures shown in
these figures are the stacked three-dimensional projection im-
ages (TXR and FITC channels and merged views) from tran-
sient transfections of FVIII/AtT-20 stable or BAEC cell lines.
The images shown in Figs. 4 and 6 are the results of separate
secondary transfections of AtT-20 stable cell lines. Negative
control plasmids (pCI-Neo) were used to demonstrate that
FVIII storage or lack of it was not an artifact of transfection
conditions. Although we are showing dual fluorescent pictures
in this report, these are computer-assigned colors based on the
intensity of the overlap of the two channels. The individual flu-
orescent components were detected and digitally processed
using single wavelength excitation filters on the CLSM. As a
result, the immunodetection of FVIII antigens inside vWf-con-
taining granules was not a result of crossover from intensely
staining vWf in the TXR channel into the FITC channel during
laser scanning and data collection. As an additional control in
other experiments, the secondary antibody-fluorochrome as-
signment was reversed and the same intracellular patterns for
vWf (storage) and FVIII (nonstorage) were observed (data
not shown).

vWf functions as an intermolecular chaperone for FVIII.
To analyze the role of vWf in the FVIII secretory pathway, we
transfected the AtT-20 cell lines stably expressing vWf or
FVIII with FVIII or vWf constructs, respectively, to obtain a
subpopulation of cells expressing both proteins. These experi-
ments were performed to address whether the synthesis of
vWf affected the intracellular trafficking of FVIII. When these
transfected cells were analyzed by dual immunofluorescence,
the appearance of the subcellular FVIII had been shifted from
purely cytoplasmic into a pattern of both granular deposition
and cytoplasmic staining. The change is clearly visible in the
FITC-only projection images when vWf transfected FVIII/
AtT-20 cells are compared with the mock transfections (pCI-
Neo) of the FVIII/AtT-20 cells (Fig. 4, H and K vs. E). Merg-
ing the separate projection images obtained from FITC-only
and TXR-only emission detection, we observed that double
transfected cells contained yellow granules indicating colocal-
ized compartmentalized storage of FVIII and vWf (Fig. 4,
compare I and L with C and F). We conclude that transient
transfection of WTvWf cDNA into FVIII/AtT-20 cells caused
a significant portion of the nascent FVIII to undergo granule-
specific storage which was detectable within all vWf-contain-
ing granules (Fig. 4, G–L).

Specific FVIII intracellular interaction with vWf. We next
investigated the nature of these FVIII-vWf intracellular inter-
actions by repeating the FVIII/AtT-20 secondary transfec-
tions, but this time with vWf plasmids possessing defective
FVIII binding. The plasma and intracellular avidities for FVIII
of known type 2N vWf mutants were compared. Two different
binding defects have been studied in this report: HPPvWf and
R91Q vWf, both encoding type 2N vWD mutations. When
transiently transfected into FVIII/AtT-20 cells, neither vWf
mutant appears to affect the constitutive secretion of FVIII
(Fig. 5). While the transfection efficiency varied from experi-
ment to experiment, we never observed a significant reduction
(. 50%) of FVIII secretion after transient transfection of ei-

ther WT or 2N vWf constructs (Fig. 5). This suggests that the
presence of vWf inside the cells did not cause a detectable shift
in the FVIII secretory pathway from constitutive release to
storage in the regulated secretory pathway. The shift to regu-
lated storage of FVIII most likely represents a small fraction of
the nascent FVIII since the levels of constitutive secretion of
FVIII appear unaltered. However, by immunofluorescence
staining, the effect of intracellular vWf-FVIII interactions on
the secretory pathway of FVIII was apparent. Expression of a
severe type 2N vWf (HPPvWf) construct in FVIII/AtT-20 cells
failed to direct nascent FVIII into storage granules (Fig. 6,
compare B with E, and C with F), even though the synthesized
pro-vWf was stored normally in granules (Fig. 6, A and D).
The storage of uncleaved pro-vWf (HPPvWf) detected in
AtT-20 secretory granules during this study agrees with the re-
port of pro-vWf transfection of CV-1 cells by Voorberg et al.
(46), but conflicts with the report by Journet et al. for pro-vWf
transfection of AtT-20 cells (44). This may be due to their use
of a different pro-vWf mutant (Gly763 mutant) than our HPP-
vWf clone. Compared with WTvWf transfections, reduced
FVIII storage was also seen with a moderately severe type 2N
vWf (R91Q vWf) when transiently transfected with FVIII/
AtT-20 cells. In most of the transient transfections with this
construct there was no colocalization detected (Fig. 6, G–I),
but several cells did display an occasional FVIII granule, sug-
gesting FVIII colocalization in a minor number of vWf gran-

Figure 5. Comparison of the FVIII and vWf expression levels in vWf 
transfected FVIII/AtT-20 cells. Analysis of the secreted proteins ex-
pressed by the stable FVIII/AtT-20 cells, after transfection (72 h), 
was performed after each series of cell transfection before the immu-
nofluorescence stainings. The conditions remained the same for all 
the transfections, with the conditioned media harvested after 24 h of 
sodium butyrate treatment. The plasmids used in the transfection are 
listed along the x axis. “Mock” refers to the transfection of the vector, 
pCI-Neo, into the cells as a negative control. The results represent 
the mean protein levels from eight transient transfection experiments 
used to obtain immunofluorescent images shown in this report. The 
total number of independent plates listed below each plasmid type 
(as n). The average mean FVIII activity (solid bars) and the average 
mean vWf (striped bars) are shown6SEM. The values shown have 
been calculated as mU/ml/d/106 cells (FVIII:C) and ng/ml/d/106 cells 
(vWf:Ag), and are shown along the dual y axis.
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ules (not shown). These data demonstrate that the granular
storage of FVIII is vWf dependent and not merely a result of
vWf storage granular formation.

Since the AtT-20 cells are actively involved in the synthesis
and storage of the prohormone ACTH (33), we performed ad-
ditional analysis of the transfected FVIII/AtT-20 cells by in-
cluding slides incubated with anti-FVIII and anti-ACTH anti-
bodies in several of the immunofluorescence staining series.
Confocal microscopic analysis of these transfected cells re-
vealed the expected granular deposits of ACTH. No colocal-
ization of FVIII in ACTH-containing granules was observed in
the immunolabeled FVIII/AtT-20 cells (data not shown). In
contrast, transient transfection of WTvWf plasmids into these
FVIII/AtT-20 cells demonstrated FVIII storage with vWf but
neither protein with ACTH. This confirms the finding of Wag-
ner et al. (35) that transfected vWf and endogenous ACTH are
sorted to separate secretory granules in AtT-20 cells. The na-
scent FVIII molecules are not shunted to random storage
granules, but only to those containing vWf with intact FVIII
binding domains. We have never observed immunofluores-
cence detection of FVIII-only storage granules in transfected
AtT-20 cells. Additionally, the presence of vWf extracellularly
(either secreted by cells or the addition of purified vWf) in
the culture media did not increase the amount of FVIII in
granular storage. We have cocultured the two AtT-20 stable
lines (WTvWf/AtT-20 and FVIII/AtT-20) together in 35-mm
dishes. After several days, the cell lines remained distinct upon
viewing the fixed cells with CLSM. In neither cell line in the
cocultures was FVIII detected within storage granules, and no
uptake of vWf was observed in the cytoplasm of these FVIII/

AtT-20 cells (data not shown). Taken together, these results
indicate that the storage of FVIII in cells is specifically related
to the synthesis of vWf in the same cell.

FVIII can be sorted into endothelial WPB. In vivo, the pri-
mary cell synthesizing, storing, and releasing vWf is the endo-
thelial cell. Therefore, we studied FVIII trafficking in endo-
thelial cells, such as the nonembryonic BAEC. Like other
endothelia, the BAEC display readily detectable WPB (47),
but unlike HUVEC the BAEC are more easily transfected. To
demonstrate that bovine vWf secreted by the BAEC cultures
could interact with human FVIII, additional FVIII-binding as-
says were performed as shown above (see Fig. 3). We have de-
termined that antibody-captured bovine vWf bound human
rFVIII similar to that of AtT-20– and HUVEC-expressed
WTvWf (using 2U/ml of FVIII, the values were 120% vs. 90%
and 100%, respectively). Low passage BAEC have been trans-
fected with the BDD-FVIII plasmid and the resulting intracel-
lular distribution pattern of FVIII was studied by CLSM. Im-
munofluorescence staining of nontransfected BAEC detected
neither the presence nor storage of intracellular FVIII, and
FVIII:C activity assays of BAEC culture media failed to detect
endogenous FVIII activity. After transient transfection with
FVIII, BAEC produced measurable levels of FVIII activity
(4–8 mU/ml) in the conditioned media and immunodetectable
FVIII inside the cells. Based upon the number of immunode-
tectable FVIII transfected cells, the transient transfection effi-
ciency of this FVIII construct appears to be similar in both
AtT-20 and BAEC cells (z 1–2% efficiency). In contrast, the
readily transfectable nonstorage COS-7 cells, when transiently
transfected with BDD-FVIII (z 30% efficiency), consistently

Figure 6. vWf-dependent storage of FVIII in intracellular vesicles. Stable FVIII/AtT-20 cells (all panels) were transiently transfected with either 
WTvWf (A–C), HPPvWf (2N vWD) (D–F), or R91Q vWf (2N vWD) (G–I) plasmids, as previously noted. Afterwards, the cells were fixed, per-
meabilized, and dual-labeled with monoclonal anti-FVIII antibody MBC 103.3 and a polyclonal anti-vWf antibody, as described in Fig. 4. 32,512 
total enlargement. Dual fluorescent detection is shown in the color merges labeled as “Both” in the far right column.
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produced high levels of FVIII in the conditioned media (200–
430 mU/ml of FVIII). Transient transfections of BAEC with
BDD-FVIII plasmids demonstrated immunodetectable granu-
lar storage of FVIII, similar to that seen in AtT-20 transfec-
tions. As shown in Fig. 7, nascent FVIII colocalized with en-
dogenously produced vWf in storage vesicles, displayed here
by the yellow pixels in the FITC/TXR merged images (Fig. 7,
bottom). Some cytoplasmic staining of FVIII was detected in
the transfected endothelial cells, but only in cells that also dis-
played vesicular storage of FVIII (Fig. 7, middle). The cells

shown in Fig. 7 are representative of the degree of colocaliza-
tion of FVIII and vWf in these endothelial cell transfections,
with clear differences between transfected and surrounding
cells. The BAEC used in these transfection experiments re-
tained their normal complement of WPB, which continued to
exhibit positive immunostaining for vWf (Fig. 7 top).

Since DDAVP stimulates the release of stored vWf and
possibly FVIII, we further investigated whether the WPB-like
granules in the transfected AtT-20 and BAEC cells could be
stimulated in an analogous manner releasing stored vWf and
FVIII. Although inefficient, the cAMP analogue 8-Br-cAMP
has been shown to function in AtT-20 cells as a secretagogue
causing stimulated release of stored granular proteins, such
as ACTH, insulin, and vWf (33, 35, 48). However, confocal
microscopic examination of the transfected AtT-20 cells
showed little difference in the vWf/FVIII granules between the
8-Br-cAMP–treated and nontreated cells. Hence, we found it
necessary to examine the release potential in endothelial cells,
where stimulated release of granular components such as vWf
by PMA and histamine has been demonstrated previously
(40). Although the number of cells successfully transfected was
low in the BAEC-FVIII transient transfections, the trans-
fected BAEC cells consistently displayed granular storage of
colocalized FVIII and vWf when examined by CLSM. Upon
agonist stimulation with either PMA or histamine, cells with
immunodetectable FVIII/vWf granules could no longer be
identified (data not shown). There was a parallel loss of both
vWf and FVIII from storage granules in the PMA-treated
transient transfected BAEC. Attempts to quantify the amount
of FVIII released by agonist stimulation of the transfected
cells have been hampered by the low number of FVIII trans-
fected BAEC. FVIII activity assays of PMA- or histamine-
treated cell conditioned media showed minimal amounts of
FVIII above the sensitivity of the assay. Visually, the FVIII,
shunted into regulated storage by the bovine vWf, appears to
have been released in parallel with vWf from the WPB after
stimulation with PMA. This further supports the hypothesis
that FVIII storage can occur in the WPB, forming a releasable
vWf-FVIII in vivo storage pool when both proteins are ex-
pressed in endothelial cells. The focus of this initial investiga-
tion was FVIII trafficking. The question of regulated granule
release must await further experiments with improved trans-
fection efficiencies.

Discussion

The tissue distribution of vWf has been studied extensively
and the synthesis is limited to the vascular endothelium and
megakaryocytes (14), where it is stored in endothelial cell
WPB and platelet a-granules, respectively (14). In contrast,
the site of FVIII synthesis is not clearly established. Although
mRNA for FVIII has been detected in many tissues (22, 23),
the cellular site of synthesis within these tissues is not well de-
fined. Tissue expression of FVIII has also been studied through
organ and tissue transplantation which demonstrates that in
humans and dogs the production of FVIII occurs in the liver,
spleen, and lymph nodes (24–28). While mRNA for human
FVIII has been identified in hepatocytes (22), the plasma level
of FVIII, unlike other hepatocyte-synthesized proteins, is ele-
vated rather than depressed in end-stage liver failure (2). Cel-
lular staining for FVIII is complicated by the recognized low
levels of protein synthesis and subsequent difficulty with im-

Figure 7. Colocalization of transfected FVIII with vWf in endothelial 
cell WPB. BAEC were cultured in LabTek chamber slides (Fisher 
Scientific, Itasca, IL), and transfected as previously noted. After-
wards, the cells were fixed, permeabilized, and dual-labeled with 
monoclonal anti-FVIII antibody MBC 103.3 and a polyclonal anti-
vWf antibody, as described in Fig. 4. The top panel shows vWf detec-
tion with TXR (in red). The middle panel shows FVIII detection with 
FITC (in green). The bottom panel shows the confocal merge of the 
TXR/FITC images. 32,512 total enlargement.
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munostaining (8, 23). Although the clinical therapy of patients
with mild hemophilia or vWD with the drug DDAVP results
in a marked rise in both FVIII and vWf proteins in plasma
(3–6), no site of intracellular storage for FVIII has been demon-
strated. The endothelial cell appears to be the primary source
of this released vWf (12). The coexpression of vWf and FVIII
in tissue culture has been carried out previously in CHO cells
but not in a cell line with a defined storage pathway (49). Wag-
ner and co-workers have studied synthesis of vWf in the model
cell line AtT-20 extensively and demonstrated intracellular
processing and sorting to be similar to that found in vascular
endothelium (35, 39). The potential intracellular interactions
between FVIII and vWf and their potential roles in generating
an intracellular storage pool of FVIII are important issues to
define. Furthermore, since vascular endothelium may be one
of the logical sites for gene therapy of hemophilia A, under-
standing how FVIII functions intracellularly in a cell produc-
ing vWf has added significance.

The concentration of FVIII in plasma is quite low, with es-
timates ranging from 100 to 200 ng/ml (22). The low levels of
FVIII expression in vitro after transfection with the human
FVIII gene have been ascribed to low levels of FVIII mRNA
production (22) and inefficient secretion that correlates with
interaction with the protein chaperone, BiP/GRP78 (34, 41).
These effects can be circumvented using a FVIII gene from
which the coding region for the B domain has been removed,
resulting in a marked increase in FVIII synthesis by the trans-
fected cells (30, 43). The expressed recombinant B domain–
less FVIII remains fully functional. B domain–deleted FVIII
can correct the cuticle bleeding time in the canine model of he-
mophilia A (43), and is generally thought to be as effective as
full-length FVIII. In addition, a B domain deletion molecule
(ReFactor, FVIII-SQ) (Pharmacia, Columbus, OH) is being
used currently in European and American clinical trials for
treating patients with hemophilia A. Most efforts toward gene
therapy for hemophilia A use B domain–deleted FVIII be-
cause of its increased expression level. For these reasons we
have used BDD-FVIII in our studies and postulated that
BDD-FVIII would traffic inside the cell in a manner analo-
gous to fl-FVIII. AtT-20 cells transfected with a B domain–
deleted FVIII construct (BDD-FVIII) resulted in a greatly
increased level of FVIII expression over that of fl-FVIII trans-
fected in the same cell line. This increased level of synthesis
permitted detection by both activity assays and immunostain-
ing. The production of FVIII was further enhanced through
creating stable cell lines in which all cells were synthesizing
FVIII. Our studies demonstrate that BDD-FVIII is appropri-
ately processed in AtT-20 cells and results in a FVIII protein
that has a specific activity similar to wild-type recombinant
FVIII.

As described above, the AtT-20 cell line is derived from a
mouse pituitary tumor that possesses both constitutive as well
as regulated secretion pathways, and has been used by a num-
ber of investigators to study the sorting of proteins including
insulin, trypsinogen, and vWf into secretory vesicles (33, 35,
48). The coexpression of vWf and FVIII has been reported
previously in CHO cells (49); however, these cells do not pro-
duce secretory granules and are therefore incapable of mim-
icking the interactions that may occur in the presence of vWf
targeted to the regulated pathway. As expected, transfection
of AtT-20 cells with vWf resulted in the specific storage of vWf
in storage organelles thought to be analogous to the WPB in

endothelial cells. In contrast, AtT-20 cells transfected with
FVIII exhibit only cytoplasmic staining with no specific stor-
age granule identified (Fig. 4). Thus, the FVIII protein does
not possess inherent signals for regulated granular storage.

To study the effect of vWf on intracellular trafficking of
FVIII, the cDNA for both proteins needed to be inserted into
AtT-20 cells. Transfection of a full-length vWf expression vec-
tor into a stable AtT-20 cell line producing FVIII altered the
trafficking of FVIII so that it was stored in the same storage
granules as vWf. This demonstrates a novel molecular chaper-
one function for vWf, whereby it diverts a portion of FVIII
from constitutive secretion to a regulated pathway of storage.
To our knowledge, this is the first demonstration of such a
chaperone mechanism for a secreted protein and may have im-
portant implications for cellular storage of other proteins.

The strong interaction between vWf and FVIII is estab-
lished clearly in the extracellular environment and has been
characterized extensively in plasma (for reviews see references
14 and 21). In fact, if patients with severe (type 3) vWD are
treated with vWf concentrates, the level of plasma FVIII grad-
ually rises from nearly undetectable levels to maximal (nearly
normal) levels at 24 h after the infusion (50). The time course
of this interaction is in marked contrast to the nearly instan-
taneous rise of both proteins after the administration of
DDAVP in normal individuals or patients with mild vWD or
hemophilia A (3–6). Such a response suggests the possibility of
costorage of both proteins. To further understand the intracel-
lular relationships between vWf and FVIII, we explored the
intracellular interactions when mutant vWf molecules are used
in our system. Our laboratory, as well as other laboratories,
has identified and characterized mutations causing type 2N
vWD in which a molecular defect of vWf results in a protein
with reduced or undetectable binding of FVIII (19, 20, 32). In
this study, we used two such mutant vWf molecules: the first
with a R91Q mutation, the most common basis of type 2N
vWD (51); and the second with a HPPvWf mutation, a rare de-
fect with no cleavage of the vWf propolypeptide. Prior re-
search has characterized this latter vWf mutation with nearly
absent FVIII binding (52) while the former mutation has
markedly reduced binding to FVIII (32). When the AtT-20
cells stably expressing FVIII were secondarily transfected with
these Type 2N mutants, we found a dramatic reduction in
FVIII granular storage with the R91Q mutation and nearly ab-
sent granular storage of FVIII with the mutation causing per-
sistence of pro-vWf (Fig. 6). Thus, the avidity of these two vWf
molecules in the extracellular milieu for FVIII appears similar
to that which we have observed intracellularly when both vWf
and FVIII are being synthesized and are available for storage.

Intracellular processing of vWf is a complex series of
events. Studies have demonstrated the order of vWf process-
ing to be synthesis of the pro-vWf molecule, COOH-terminal
dimerization, glycosylation, sulfation, NH2-terminal multimer-
ization, propeptide cleavage, and then secretion or granular
storage (14, 35, 39, 44, 53). Propolypeptide cleavage of vWf has
been localized to the TGN occurring before the formation of
the secretory granule (39); however, the propolypeptide and
mature vWf remain noncovalently associated (39) with both
residing in secretory granules (54). Since FVIII cannot bind to
a pro-vWf molecule from which the propolypeptide has not
been cleaved (55), and since FVIII can be stored in the secre-
tory granule together with vWf, our studies suggest that FVIII
must have access to the (propeptide-cleaved) mature vWf be-



von Willebrand Factor-dependent Storage of Factor VIII 623

fore granule formation. In addition, FVIII binding to vWf re-
quires sulfation of Tyr1680 in FVIII and this modification also
occurs within the TGN (56). Therefore, association of FVIII
with vWf appears to be the final step before vWf spacial seg-
regation into secretory granules, and would suggest that the
order of processing events for vWf in the TGN is: multimeriza-
tion, propolypeptide cleavage, FVIII association, and then
secretory granular storage.

We have used the AtT-20 cell line so that we might be able
to study storage/secretion while manipulating the genes for
vWf and FVIII independently. Obviously, the AtT-20 cell is
not the normal cell of synthesis for either protein, thus we
wanted to explore the relevance of FVIII synthesis by a cell in
which vWf is normally synthesized. When the human FVIII
gene was transfected into BAEC, it underwent identical com-
partmental trafficking to that observed in AtT-20 cells, and
was stored together with vWf in granules. In the BAEC model,
all cells are producing and storing vWf, and only a small num-
ber of these cells are secondarily transfected with the FVIII
gene. Cells producing FVIII were identified both by their cyto-
plasmic staining as well as their granular staining (Fig. 7).
While some vWf granules may have been produced before
transfection with the FVIII, the majority of immunodetectable
granules exhibited colocalization of both vWf and FVIII.
Thus, this intracellular association occurs both with the model
AtT-20 cell line as well as with endothelial cells normally pro-
ducing endogenous vWf, and this suggests that such interac-
tions could occur in vivo.

Our observations are particularly relevant to the gene ther-
apy of hemophilia A where the endothelium or hematopoietic
stem cell may be one of the targets chosen for gene targeting.
If FVIII is produced in vascular endothelium or megakaryo-
cytes, we would anticipate that FVIII would be released both
into the extracellular milieu constitutively and in addition par-
titioned with vWf into granular storage sites that might be sub-
sequently released by vascular injury or by the administration
of DDAVP. Such intracellular stores of FVIII and vWf may
offer a clear advantage for endothelial cell targeting by pro-
tecting the nascent FVIII from extracellular proteolysis and in-
creasing its local concentration at sites of vascular injury.
Whether the intracellular storage of FVIII reduces the amount
of constitutively secreted FVIII is not clear. Although our
studies were not specifically designed to address this question,
we found that the level of FVIII activity in the conditioned me-
dia was not significantly decreased when FVIII underwent reg-
ulated storage (Fig. 5). This may be due, in part, to improved
intracellular processing of FVIII in the presence of vWf, as has
been shown in transfected CHO cells (30, 49).

While the AtT-20 cell is an excellent cell to study intracel-
lular trafficking, it is not ideal for studies of vWf release, as dis-
covered in studies by Wagner and others (for review see refer-
ence 57). Our experiments have demonstrated a similar
unremarkable twofold increase in vWf levels upon release by
8-Br-cAMP from AtT-20 transfected cells, and as such the in-
creases in FVIII due to release from FVIII/WTvWf storage
granules in AtT-20 cells were found to be insignificant. Studies
are in progress using a different transfection strategy to pro-
duce endothelial cells with more meaningful levels of transfec-
tion efficiency.

Whether the mechanisms described in this manuscript ex-
plain the intracellular stores of FVIII that are DDAVP releas-
able is not clear. Endothelial cells in tissue culture have not

been demonstrated to have stores of FVIII; however, relevant
cytokines have not been studied exhaustively for their poten-
tial effect on FVIII synthesis. Furthermore, since endothelial
cells from various vascular beds exhibit different phenotypes
(9) with respect to their local environment, not all endothelial
cells may possess the capacity to produce both proteins. Since
the most conclusive studies with tissue transplantations in he-
mophilia A have been with reticuloendothelial tissue (24–28),
endothelial cell populations from these organs would be an ob-
vious choice for future study. Furthermore, the potential for
endothelial cell targeting in the gene therapy of hemophilia A
warrants a need for greater understanding of the intracellular
interaction between these two proteins within the endothelial
cell secretory pathways.

Our studies demonstrate that the trafficking of FVIII from
the TGN to vesicular storage is vWf dependent and that spe-
cific mutations in vWf affect this trafficking and storage in a
manner analogous to the interaction of these proteins in
plasma. This represents a newly recognized chaperone func-
tion for an intracellular protein and such interactions permit
the storage of a protein not normally targeted for such storage
by itself. Since FVIII does not bind to vWf until the propoly-
peptide is cleaved, the presence of FVIII in these storage gran-
ules confirms that the propolypeptide is cleaved from the vWf
multimers before final formation of the storage granule (39).
The intracellular storage of FVIII may be relevant to gene
therapy protocols that propose to target vascular endothelium
or stem cells with the FVIII gene. Utilization of this regulated
secretory pathway may increase the bioavailability of FVIII at
the sites of endothelial and/or platelet perturbation. This mech-
anism may also account for the site of DDAVP-releasable
FVIII; however, confirmation of this hypothesis will require
more intensive study.
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