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Introduction

The X-linked bleeding disorder of hemophilia A (HA) is
characterized by coagulation factor VIII (FVIII) deficiency.1

Currently, HA is treated by administration of plasma-derived
or recombinant FVIII,2 but this strategy is complicated by the
development of inhibitory antibodies in 30-40% of patients
affected by the severe form of the disease.3 Curative  gene and
cell therapies are, therefore, of interest for HA. It would be
useful for such therapies to delineate the cell types capable of
producing FVIII in necessary amounts.4 This study was aimed
to determine whether hematopoietic lineage cells could serve
roles in the production of FVIII. For several decades, liver was
considered the primary site of FVIII production since ortho-
topic liver transplantation corrected HA.5 On the other hand,
transplantation of liver from hemophilic donors, either dogs6

or humans,7 into healthy subjects does not cause hemophilia,
indicating that FVIII is also produced in extrahepatic sites.
Recent studies using a cell therapy approach8,9 or cell type-
specific knockout experiments indicated that FVIII is pro-

duced largely in liver sinusoidal endothelial cells (LSEC);10,11

although FVIII mRNA was present in endothelial cells of kid-
neys, spleen and lungs, it was absent in endothelial cells of the
brain and heart.10,12-15 These findings were in agreement with
studies showing that hemophilic patients benefited from
transplantation of the spleen in the long-term.16,17 On the other
hand, early studies in hemophilic dogs did not show long-
term correction and other reports described the spleen as only
a store for FVIII-expressing cells.18,19 For instance, the spleen
was found to harbor large numbers of
monocytes/macrophages but the physiological significance of
FVIII expression in macrophages20 or peripheral blood
mononuclear cells21 is unclear. Nonetheless, is it noteworthy
that FVIII was originally cloned with RNA from a T-cell line.22

Recently, bone marrow (BM) transplantation was demon-
strated to correct the bleeding phenotype in HA mice, in part
through donor-derived monocytes/macrophages and mes-
enchymal stromal cells.23,24 Further investigations into the role
of hematopoietic cells in FVIII expression are, therefore,
appropriate. 
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A large fraction of factor VIII in blood originates from liver sinusoidal endothelial cells although extrahepatic
sources also contribute to plasma factor VIII levels. Identification of cell-types other than endothelial cells with the
capacity to synthesize and release factor VIII will be helpful for therapeutic approaches in hemophilia A. Recent
cell therapy and bone marrow transplantation studies indicated that Küpffer cells, monocytes and mesenchymal
stromal cells could synthesize factor VIII in sufficient amount to ameliorate the bleeding phenotype in hemophilic
mice. To further establish the role of blood cells in expressing factor VIII, we studied various types of mouse and
human hematopoietic cells. We identified factor VIII in cells isolated from peripheral and cord blood, as well as
bone marrow. Co-staining for cell type-specific markers verified that factor VIII was expressed in monocytes,
macrophages and megakaryocytes. We additionally verified that factor VIII was expressed in liver sinusoidal
endothelial cells and endothelial cells elsewhere, e.g., in the spleen, lungs and kidneys. Factor VIII was well
expressed in sinusoidal endothelial cells and Küpffer cells isolated from human liver, whereas by comparison iso-
lated human hepatocytes expressed factor VIII at very low levels. After transplantation of CD34+ human cord
blood cells into NOD/SCIDγNull-hemophilia A mice, fluorescence activated cell sorting of peripheral blood
showed >40% donor cells engrafted in the majority of mice. In these animals, plasma factor VIII activity 12 weeks
after cell transplantation was up to 5% and nine of 12 mice survived after a tail clip-assay. In conclusion,
hematopoietic cells, in addition to endothelial cells, express and secrete factor VIII: this information should offer
further opportunities for understanding mechanisms of factor VIII synthesis and replenishment.
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ABSTRACT



Although liver-directed gene therapy for hemophilia
captured interest, expressing FVIII in other cell types, such
as hematopoietic stem cells25,26 and platelets,27-30 is also con-
sidered to be relevant. In several mouse studies, expres-
sion of human FVIII in hematopoietic stem/progenitors
cells corrected hemophilia A.25,31-33 The advantages of
expressing FVIII in platelets are these cells’ involvement in
early hemostasis and the fact that they serve as a major
site for storage of FVIII.34 In megakaryocytes and endothe-
lial cells the presence of von Willebrand factor should be
helpful for stabilizing FVIII. It is possible that FVIII in
platelets may not cause the development of neutralizing
antibodies.35 However, whether megakaryocytes may
natively express FVIII has not yet been established. 
Here, we focused particularly on what cells of the

hematopoietic lineage may produce and release FVIII. This
was investigated by differentiating monocytes from
human or mouse blood into macrophages in vitro, and  gen-
erating myeloid cells from BM or cord blood stem/progen-
itor cells. The significance of FVIII expression in these cell
types was examined by cell transplantation assays for their
ability to replace FVIII in severely immunocompromised
severely immunocompromised HA mice.

Methods

Polyclonal antibodies
The production and analysis of antibodies is described in the

Online Supplementary Methods.

Human cell isolation and differentiation 
Details on the procedures for isolation and culture of liver cells

are given in the Online Supplementary Methods. Peripheral blood
mononuclear cells were isolated with Ficoll-PaqueTM Premium (GE
Healthcare). To promote adhesion of isolated monocytes, periph-
eral blood mononuclear cells were cultured in serum-free RPMI
medium. After 30 min, the medium was changed with RPMI con-
taining 5% fetal bovine serum, and cells were cultured for 12 h. To
generate macrophages, cells were cultured in DMEM with 10%
fetal bovine serum, 1 mM sodium pyruvate, 1 mM non-essential
amino acids, 0.25 mM HEPES (Lonza), and 10 ng/mL macrophage
colony-stimulating factor. 
Hematopoietic stem cells were isolated from mononuclear cord

blood cells using MACS® CD34 MicroBeads Kit (Miltenyi).
Procedures to obtain macrophages and megakaryocytes from
CD34+ cells are described in the Online Supplementary Methods.
For xenotransplantation studies, CD34+ cells were cultured for

24 h in STEM-SPAM containing 50 ng/mL human thrombopoi-
etin, 50 ng/mL human stem cell factor, 50 ng/mL human inter-
leukin-3 and 50 ng/mL human Flt3-ligand.  

Mouse cell isolation and differentiation
Total peripheral blood mononuclear cells were plated at a  den-

sity of 2x106 cells/mL in DMEM containing 10% fetal bovine
serum. BM cells were differentiated into macrophages (BM-DM)
in IMDM containing 10% fetal bovine serum and 5 ng/mL recom-
binant murine macrophage colony-stimulating factor. For studies,
BM-DM were analyzed 5-7 days later.
For megakaryocyte differentiation, c-Kit+ cells were isolated

using mouse CD117-MicroBeads kit (Miltenyi) from total BM
cells. Isolated cells were cultured for 2 days in STEM-SPAM con-
taining 20 ng/mL stem cell factor. Then 106 cells/mL were cultured
for 3-4 days in STEM-SPAM containing 100 ng/mL thrombopoi-
etin, 10 ng/mL interleukin-6 and 10 ng/mL interleukin-11.

RNA isolation, reverse transcriptase polymerase chain
reaction and quantitative polymerase chain reaction
RNA was isolated by Isol-RNA Lysis Reagent (5PRIME). One

microgram of RNA was reverse-transcribed with RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific). Quantitative
polymerase chain reaction (PCR) was performed with GoTaq®

qPCR Master Mix (Promega). Primers and amplification protocols
are described in the Online Supplementary Methods.

Immunostaining
Mouse tissues were fixed in 4% paraformaldehyde for 2 h at

4°C, equilibrated in sucrose, and embedded in cryostat embedding
medium (Bio-Optica). Human organs were paraffin-embedded.
Cells were plated on 12 mm  glass coverslips. Megakaryocytes
were cytospun onto glass slides. Procedures for immunohisto-
chemistry/immunofluorescence and antibodies are described in
the Online Supplementary Methods. 

Cell transplantation studies in mice
Animal studies were  approved by the Animal Care and Use

Committee of the Università del Piemonte Orientale
"A.Avogadro" (Novara, Italy). For xenotransplantation, we used
immunocompromised NOD/SCID HA (NSHA) mice transferred
from Einstein College in New York to the Università del
Piemonte Orientale.8 NOD/SCID-γNull HA mice (NSG-HA)
were generated by crossing these immunocompromised
NOD/SCID HA mice with NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (γNull)
mice from Jackson Laboratories (Bar Harbor, Maine, USA) since
this background is superior for transplanting human cells.36

CD11b+ human cord blood-derived mononuclear cells (15x106)
were injected into the tail vein of 6- to 8-week old NSG-HA
mice. For human CD34+ transplantation studies, 10- to 12-week
old NSG-HA mice were conditioned with 50 mg/kg busulfan
and 24 h later 3-6x105 CD34+ cells per mouse were injected intra-
venously.  

Factor VIII activity 
To evaluate FVIII activity, the activated partial thromboplastin

time (aPTT) was measured in plasma samples and a chromogenic
assay was performed using a Coatest® SP4 FVIII-kit
(Chromogenix). Standard curves were generated by serial dilution
of commercial human FVIII (Kogenate®, Bayer) for the chro-
mogenic assay and by serial dilution of pooled human plasma
mixed with HA mouse plasma for the aPTT assay. Results are
expressed as international units (IU) for the chromogenic assay
and as percentage of normal FVIII activity for the aPTT assay.

Results

Factor VIII expression in bone marrow and peripheral
blood cells

We first investigated whether human BM cells express
FVIII at the mRNA and protein levels. Reverse transcrip-
tase PCR analysis showed that FVIII mRNA was well
expressed in human BM (Figure 1A). Immunofluorescence
staining using a polyclonal anti-FVIII antibody, generated
in our laboratory, identified FVIII protein in human BM
and spleen (see Online Supplementary Results).  In these
organs, FVIII was largely localized in CD14+ cells (Figure
1B,C). This confirmed previous findings of FVIII expres-
sion in myeloid cells in the mouse.23
We, therefore, explored, in both humans and mice,

which hematopoietic cell populations express FVIII
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(Figure 2 and Online Supplementary Figure S2). Peripheral
blood monocytes and monocyte-derived macrophages
expressed FVIII at the mRNA and protein levels. However,
human monocyte derived-macrophages showed greater
FVIII expression than freshly isolated monocytes, as deter-
mined by reverse transcriptase PCR (Figure 2A). The FVIII

mRNA levels in lymphocytes and neutrophils were very
low compared to those in monocytes and macrophages
(Figure 2A). 
FVIII was not present in hematopoietic cells from HA

mice (Online Supplementary Figure S2A, lanes 2-4). FVIII
mRNA was found only in monocytes of wild-type mice
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Figure 1. Expression of FVIII
in human bone marrow
cells. (A) Reverse transcrip-
tase-PCR and (B) immuno-
fluorescence analysis of
FVIII expression in five rep-
resentative human bone
marrow samples. A human
hepatocellular carcinoma
cell line (HepG2) was used
as a positive control (+) in
the reverse transcriptase-
PCR analysis, W (water) and
MW (molecular weight).
FVIII immunoreactivity was
assessed also in CD14+ BM
cells (B) and in spleen
macrophages (C). Scale bar:
25 μm.

Figure 2. Expression of
FVIII in peripheral human
blood cells. (A) Reverse
transcriptase-PCR analysis
of FVIII expression in
monocytes, monocyte-
derived macrophages
(MDM), neutrophils and
lymphocytes (lymph). (B)
FVIII immunoreactivity in
monocytes, macrophages
and dendritic cells. (C)
Controls were stained with
normal rabbit serum
(NRS). Scale bar: 25 μm.
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(Online Supplementary Figure S2A, lanes 5-7). Immuno -
fluorescence demonstrated FVIII in monocytes as well as
in monocyte-derived macrophages and dendritic cells
with co-staining of FVIII and the CD14 monocyte marker
(in human cells) (Figure 2B) or FVIII and the F4/80 mono-

cyte/macrophage marker (in mouse cells) (Online
Supplementary Figure S2B). Negative controls were incubat-
ed with normal rabbit serum (Figure 2C). 
Similar results were obtained in differentiated

macrophages derived from mouse BM or CD34+ human
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Figure 3. FVIII expression in hematopoietic stem cell-derived macrophages and megakaryocytes. (A, D) Phase contrast microscopy showing
CD34+ cells isolated by immunoselection from human cord blood and differentiated into macrophages or megakaryocytes with a cytokine
cocktail. (B) Cytofluorimetric analysis of differentiated human macrophages, which expressed the expected markers, CD11b and CD14. (C)
PCR on CD34+ cell-derived macrophages and (E) megakaryocytes showing FVIII expression. (F,G) FVIII protein detected by immunofluorecence
in CD34+ cell-derived macrophages and (H,I) megakaryocytes. CD34-DM, CD34 derived macrophages; MK, megakaryocytes; NRS, normal rab-
bit serum. Scale bar: 25 μm.
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cord blood cells. After adhesion to dishes, differentiated
macrophages displayed typical ”fried egg” morphology,
abundant cytoplasm and CD11b and CD14 markers
(Figure 3A,B and Online Supplementary Figure S3A). Reverse
transcriptase PCR confirmed that human hematopoietic
stem cells and CD34+ cell-derived macrophages expressed
FVIII mRNA (Figure 3C). FVIII mRNA was also found in
mouse total BM, mainly in c-Kit+ cells as well as in BM-
DM (Online Supplementary Figure S3B).These results were
confirmed by co-staining of FVIII with CD14 in human
cells (Figure 3F,G) and of FVIII with F4/80 in mouse cells
(Online Supplementary Figure S3F). 

In view of the physiological role of von Willebrand fac-
tor in stabilizing plasma FVIII,37 we investigated whether
megakaryocytes could express and produce FVIII. After
human CD34+ or mouse c-Kit+ cells were differentiated
into megakaryocytes, cells became larger with rounded
morphology (Figure 3D and Online Supplementary Figure
S3C). Human megakaryocytes expressed FVIII at mRNA
(Figure 3E) and protein levels, as shown in immunofluo-
rescent staining by co-expression of FVIII and the specific
megakaryocyte marker, CD61 (Figure 3H,I). In mouse
megakaryocytes differentiated from c-Kit+ cells expression
of von Willebrand factor mRNA and GpαIIβ mRNA was
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Figure 4. Macrophages in
human tissues synthesize FVIII.
Immunohistochemical staining
with polyclonal anti-FVIII anti-
bodies. FVIII expression is
detectable in cells of myeloid
origin: (A) macrophages of lung,
(B) lymph node, (C) spleen, (D)
megakaryocytes and myeloid
cells of BM and in (E) myeloid
cells of chronic myeloid
leukemia. (F) In kidney,
glomerular capillaries are nega-
tive. (G) Endothelium of post-
capillary venules in lymph node
is stained, while arterioles and
(H) small arteries of spleen are
FVIII negative. M: macrophages;
MK: megakaryocytes; VEN:
venule endothelial cells; AEN:
arterial endothelial cells.
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up-regulated upon cytokine stimulation (Online
Supplementary Figure S3D). FVIII was present in both c-Kit+
cells and megakaryocytes (Online Supplementary Figure
S3E,G).

Factor VIII expression in human tissues
Immunohistochemistry showed FVIII in the cytoplasm

of resident macrophages, especially in pulmonary alveoli
(Figure 4A), lymph node sinuses (Figure 4B) and splenic
red pulp (Figure 4C). In BM, FVIII was primarily detected
in megakaryocytes and myeloid cells (Figure 4D and
Figure 1B). In several cases (n=5) of chronic myeloid
leukemia, FVIII was present in cells at various stages of dif-
ferentiation (Figure 4E). Interestingly, FVIII expression in
endothelial cells was consistently different in vessels expe-
riencing high or low blood flow with the greater FVIII
expression occurring in the latter. For instance, post-capil-
lary venules in lymph nodes, characteristically in areas of
T-cell expansion, were strongly positive for FVIII (Figure
4G), whereas renal glomeruli (Figure 4F) and small arteries
in splenic white pulp, both exemplifying high pressure
flows, were either negative or stained only faintly with
FVIII antibody (Figure 4H). 

Factor VIII expression in liver cells
Recently, LSEC were shown to be the main source of

FVIII in the liver.38,39 To confirm these findings in human
cells, we isolated LSEC, hepatocytes and Küpffer cells
from liver biopsies. Immunofluorescence confirmed FVIII
expression in cultured LSEC along with co-staining for
CD31, CD146 and von Willebrand factor, which are LSEC
markers (Figure 5A). Among non-parenchymal cells, FVIII
was detected by immunostaining in CD11b+ myeloid cells
(Figure 5B-D). Human hepatocytes expressed FVIII, but at
a lower level compared to LSEC and not all cells were pos-
itive (Figure 5E). We cultured human LSEC and Küpffer
cells and verified cell identity by fluorescence activated
cell sorting (FACS) using Tie-2 and CD31 for LSEC and
CD11b and CD14 for Küpffer cells (Figure 5F). Using
quantitative PCR we found that human LSEC contained 5-
fold more FVIII mRNA than did hepatocytes or Küpffer
cells (P<0.05) (Figure 5G). This was in agreement with
immunofluorescence results of FVIII in different types of
liver cells (Figure 5A-E). To assess the ability of cells to
secrete FVIII, we transplanted 107 human hepatocytes
(n=9) or 107 non-parenchymal liver cells (n=5) mixed with
Cytodex3 microcarriers into the peritoneal cavity of NSG-
HA mice and then performed aPTT assays after 3 or 7
days to measure plasma FVIII activity. No FVIII activity
was detected in recipients of either Cytodex3 micro-carri-
ers alone or hepatocytes at either time points. By contrast,
up to 2% plasma FVIII activity was detected in recipients
of non-parenchymal liver cells (Figure 5H). 

Studies in mice with hemophilia A
Because of the complexity of post-translational modifi-

cation and trafficking of FVIII in cells, it is crucial to deter-
mine whether FVIII-expressing cells can actually secrete
the functional protein. To evaluate this property in
CD11b+ human monocytes, we transplanted 15x106

CD11b+ cord blood-derived cells into NOD-SCID HA
mice (n=11) via tail vein injection. One week after trans-
plantation, peripheral blood and spleen contained up to
3% human cells as shown by FACS (Figure 6A,B).
Transplanted cells additionally engrafted in the liver, as

shown by immunofluorescence staining (Figure 6C). After
3 and 7 days of cell transplantation, in four mice FVIII
activity was detected by Coatest assay (Figure 6D). After
1 week, nine out of 11 mice survived tail clip-induced
bleeding, whereas all control mice died (Figure 6F). These
results were confirmed in NSG-HA mice treated with the
same number of CD11b+ cells. In these NSG-HA recipi-
ents, after 1 week FACS confirmed the presence of human
cells in the spleen and blood (data not shown). An aPTT
assay also confirmed the appearance of FVIII activity
(Figure 6E). In conclusion, human monocytes secreted
FVIII and rescued the bleeding phenotype in HA mice.

Transplantation of human CD34+ cells in NSG-HA mice
To determine whether cord blood-derived progenitor

cells generated FVIII−expressing cells, we subjected mice
to sub-lethal BM conditioning with busulfan (50 mg/kg).
Animals were then divided into two groups and trans-
planted with either 3x105 CD34+ cells (n=6, low dose) or
6x105 CD34+ cells (n=6, high dose). Human cell chimerism
was analyzed 8 and 12 weeks later and cell engraftment
was evaluated by FACS for human CD45. Eight weeks
after transplantation, CD45+ human cells constituted
39.3±22.7% and 25.3±11.4% of nucleated blood cells, in
the low- and high-cell dose group, respectively (Figure
7A,B). Higher cell engraftment was observed in mice
receiving the low dose of cells. The engraftment of human
CD45+ cells was generally similar over 12 weeks
(36.8±16.8% and 25.4±9.1%). FVIII activity was >2% in
most cell recipients (Figure 7C), which was sufficient to
ameliorate the bleeding phenotype of HA mice. At 12
weeks, higher FVIII activity was detected in the high-cell
dose group than in the low-cell dose group (3.7±1.3% ver-
sus 2.4±1.1%, P<0.05 (Figure 7D). After tail clip challenge,
nine of the 12 transplanted mice (75%) survived, while all
control mice died (Figure 7E). These mice showed FVIII
activity of 3.5±1.3% by the aPTT assay and there was a
correlation between the phenotypic correction and sur-
vival of the animals following tail clip-induced bleeding.
At the end of the tail clip assay, human cell engraftment

was evaluated in the spleen and BM. The engraftment of
human CD45+ cells was similar in low- and high-cell dose
groups (BM: 63.6±6.5% and 54.5±8.5%; spleen:
62.2±17.2% and 62.5±2.3%, respectively) (Figure 8A,B).
Myeloid differentiation of transplanted cells was investi-
gated in BM by CD33 and CD14 staining, which showed
more CD14+ than CD33+ cells (Figure 8A). In the spleen,
transplanted human cells were predominantly B cells;
40% were CD19+, <8% were CD3+ cells and <20% were
monocytes, as shown by CD14 and CD11b staining.
Engrafted human cells were more often CD11b+ than
CD14+ (Figure 8B). No correlation was found between
transplanted cell numbers and human cell chimerism, as
detected by human CD45+ cells in mouse blood. In mice
transplanted with fewer CD34+ cells, more human cells
were found and in mice transplanted with more CD34+
cells fewer human cells were observed in the peripheral
blood. Transplanted cell engraftment in BM and spleen
was similar (Figure 8A, B).

Discussion

The development of new approaches to correct hemo-
philia A requires insights into cell populations capable of
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Figure 5. Expression of FVIII in human liver cells. (A-E) Human LSEC, Kϋpffer cells (KC) and hepatocytes were isolated and FVIII expression
was evaluated by immunofluorescence, and (G) quantitative PCR. (F) The identity of isolated LSEC and KC was verified by FACS analysis. (A)
Immunofluorescence showing LSEC co-expressing FVIII and liver sinusoidal endothelial cell markers (CD31, CD146 and vWF). (B-D)
Immunofluorescence showing FVIII expression in human KC co-stained with CD11b. (E) Immunofluorescence showing FVIII expression in
human hepatocytes. (F) FACS analysis demonstrating expression of typical markers by isolated KC (CD11b+ and CD14+) and LSEC (Tie-2+ and
CD31+). (G) Quantitative PCR showing FVIII mRNA expression in human liver and isolated human LSEC, KC and hepatocytes. (H) FVIII activity
detected by aPTT assay in plasma from mice following transplantation of human hepatocytes (hep), non-parenchymal cells (NPC) or micro-
carriers alone (beads) as control after 3 or 7 days. NRS, normal rabbit serum. Scale bar: 25 μm.
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producing FVIII. Early studies suggested that FVIII was
expressed mostly in hepatocytes,40 but other studies found
that FVIII was expressed in LSEC and macrophages as
well, whereas virtually no signal for FVIII was detected in
hepatocytes.20,41 More recently, we and others established
that FVIII is largely produced and secreted by LSEC.8,9,42,43
Indeed, we were able to correct the bleeding phenotype of
HA mice by transplantation of healthy LSEC in the
monocrotaline-conditioned liver of hemophilic mice. We

also found that HA mice can be treated by reconstitution
of healthy BM, indicating that BM−derived hematopoietic
or mesenchymal cells can produce and secrete FVIII.23 This
study built on these possibilities by investigating whether
human LSEC, hepatocytes or peripheral blood, cord blood
and BM cells may be suitable  for cell therapy in HA.
Although  hepatocytes have been targeted for cell and

gene therapy in hemophilia,44-46 recent studies demonstrat-
ed that FVIII is not secreted by hepatocytes, but, on the
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Figure 6. Hemophilia
A correction after
monocyte injection in
hemophilic mice.
Identification of
transplanted cells in
(A) peripheral blood,
and (B) spleen, as
shown by cytofluori-
metric analysis, and
(C) in liver of mice as
shown by immunoflo-
rescence with anti-
CD14 antibodies. (D,
E) FVIII activity of
treated and control
mice measured by
chromogenic assay or
by aPTT assay 3 and
7 days after CD11b+

injection. (F) Survival
of monocyte-injected
hemophilic A mice
after tail clip per-
formed 1 week after
treatment. All mice
that showed plasma
FVIII activity survived
tail clipping. Numbers
refer to individual
mice.
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contrary, largely by endothelial cells.39 In agreement with
this, recent studies confirmed the expression of FVIII in
endothelial cells using elegant strategies of tissue-specific
knocking out of FVIII expression in different cell types
using  Cre/Lox in transgenic mice. The authors concluded
that FVIII is not synthesized in hepatocytes but mainly
secreted by the endothelial cells.10,11 Despite the validity of
these data, the fact that the clotting factor assays per-
formed were mainly activity data should be kept in mind

since low levels of FVIII secretion by other cell types might
still be unidentified. Similarly, tissue analysis in this study
showed that FVIII is produced by LSEC and endothelial
cells in venous vessels, while FVIII was nearly undetectable
in arterial endothelial cells. These findings open up the pos-
sibility that high blood flow in arteries plays a role in
down-regulating FVIII expression. Additionally, we detect-
ed variable levels of FVIII in hepatocytes from healthy
human liver, with the clotting factor being absent from
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Figure 7. FVIII activity in mice transplanted with human CD34+ cells. Transplanted human
cells were identified in mouse blood by cytofluorimetry for human CD45 marker. (A, B)
Human chimerism was assessed 8 and 12 weeks after CD34 cell transplantation. FVIII activ-
ity in mice was assessed by aPTT 3 months after human CD34+ cell transplants. (C, D) All
treated mice showed FVIII activity with levels between 2% and 5%. (E) Three months after
transplantation mice were challenged with tail clipping and nine out of 12 (75%) survived.
ns, not stained; LD, low dose; HD, high dose.
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some cells. It cannot be excluded that FVIII might have
been degraded in these cells. However, in our experience,
we have always detected FVIII mRNA in isolated mouse
and human hepatocytes. In one study, hepatocyte trans-
plantation under the kidney capsule of HA mice demon-
strated transplanted cell survival for up to 100 days with
detectable FVIII activity allowing mice to survive after tail
clip-induced bleeding,46 On the other hand, when hepato-
cytes were transplanted into the peritoneal cavity of HA
mice in our study, we were unable to detect correction of
plasma FVIII activity. By contrast, when LSEC were trans-
planted, we  readily detected plasma FVIII activity in HA
mice. Here, we confirmed these results by showing that
peritoneal transplantation of human non-parenchymal
liver cells, but not hepatocytes, restored detectable plasma
FVIII activity in NSG-HA mice. 
In this study, we detected FVIII in myeloid cells, i.e.

monocytes/macrophages/dendritic cells, as well as
megakaryocytes, including after cell differentiation in vitro.
Moreover, our survey of hematopoietic organs demon-

strated FVIII production in human spleen, BM and lymph
nodes, where, besides endothelial cells, FVIII was detected
in myeloid cells. Lungs were positive for FVIII expression
in endothelial cells and alveolar macrophages. This is in
agreement with the findings of van der Kwast and col-
leagues who found FVIII in pulmonary alveolar
macrophages and cells of the splenic red pulp.20
Interestingly, when monocytes were differentiated in
macrophages in vitro, the mRNA signal increased indicating
that during macrophage differentiation FVIII expression
was up-regulated. Similarly, FVIII was expressed in den-
dritic cells, cord blood-derived cells, as well as lympho-
cytes, but not in neutrophils. It should be noted that FVIII
was originally cloned from T cells and genetic diagnosis of
hemophilia in people relies on RNA analysis from lympho-
cytes.22 Remarkably, when CD11b+ cells from cord blood
were injected into HA mice, we detected FVIII activity in
blood for up to 1 week and mice survived after tail clip-
induced bleeding. The role of monocytes/macrophages in
this process was re-emphasized, since human CD14+ cells
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Figure 8. Human chimerism in BM and spleen of transplanted mice. BM and spleens of transplanted mice were stained for human (h) markers
3 months after cell transplantation. (A) BM was stained for hCD45, hCD33 myeloid precursor, hCD14 monocyte marker, hCD3 T-cell marker
and hCD19 B cell marker. (B) Spleen was analyzed for the presence of hCD45, hCD14, CD19, hCD3 and CD11b monocyte markers.
Percentages without standard deviations are representative of two independent experiments. NS, not stained; LD, low dose; HD, high dose. 
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were identified in the liver and spleen of transplanted mice.
In the case of megakaryocytes, demonstrating the presence
of FVIII mRNA was helpful for ensuring that the FVIII orig-
inated from endogenous expression, and not simply from
uptake of exogenous protein. 
FVIII production after hematopoietic stem cell trans-

plantation in humans has been reported but needs more
detailed study.47,48 Our data are in agreement with the
report of Caselli and colleagues47 on an adolescent with
hemophilia A who received cord blood hematopoietic
stem cell transplantation and improved. The authors
described that during follow-up the FVIII levels in the plas-
ma of this patient were increased and that, on the basis of
the international classification, the degree of his coagula-
tion defect  prior to transplantation qualified him as a
severe case  whereas after transplant he should be defined
as having moderate hemophilia. 
Transplantation of cord blood cells has been a successful

treatment for BM failure, malignancies, immunological dis-
orders, metabolic diseases, etc. Such applications are
attractive because cord blood is widely available and con-
tains greater numbers of early hematopoietic stem/progen-
itor cells than does BM.49 As FVIII was expressed in cord
blood-derived CD34+ cells, which after transplantation

were able to differentiate, secrete FVIII and correct the
bleeding phenotype  of NSG-HA mice, this should offer
further therapeutic opportunities for HA. To increase FVIII
expression in HA further, a combined cell−gene therapy
approach might be worth envisioning. This should benefit
from appropriate gene transfer vectors, including con-
structs for cell type-specific transcriptional regulation of
FVIII expression, as shown by the correction of HA by  reg-
ulated FVIII expression under a platelet-specific promoter
for cell-gene therapy with BM cells.30,50
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