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Abstract t 

Thee liver is the main site of factor VII I (FVm) production in mammals but 
previouss studies have shown that multiple other tissues like kidney, spleen, and 
lymphh nodes also express FVIII . In the present study we determined whether 
hematopoieticc cells are capable of FVIII production as well. 
FVII II  deficient mice underwent a bone marrow transplantation receiving bone 
marroww from wildtype littermates. Six weeks later blood and tissues were 
collectedd for analysis of FVIII activity in plasma and the presence of FVIH 
mRNAA in blood cells and/or organs. 
Afterr bone marrow transplantation, 9 out of 11 of the FVIII deficient mice 
showedd detectable plasma FVIII levels (mean+/-SEM: 4.2%+/-1.0% of normal). 
Furthermore,, FVIII mRNA was detected in both bone marrow and peripheral 
bloodd cells whereas the liver showed no evidence for FVIII mRNA. Surprisingly, 
FVII II  mRNA was also detected in the heart, spleen and lung of transplanted FVIII 
deficientt mice suggesting transdifferentiation and/or fusion of hematopoietic stem 
cells. . 
Inn summary, transplantation of wildtype bone marrow into hemophilia A mice 
partlyy restores FVIII plasma levels. The source of plasma FVIII remains difficult 
too define, however, as after transplantation the presence of FVIII mRNA was not 
limitedd to hematopoietic cells, most likely due to stem cell plasticity. 

Introduction n 

Factorr VII I (FVIII ) is a plasma protein that plays an essential role in the 
hemostaticc system. It acts as the cofactor of FIX in the activation of FX, thereby 
promotingg fibrin formation.1 The clinical relevance of FVIII is evident from the 
factt that a deficiency of FVIII results in the bleeding disorder hemophilia A. 
Too date there still is controversy regarding which tissues are capable of factor 
VII II  production. Without doubt, the liver is the principal site of FVIII synthesis.2 

Thiss is based on the presence of FVIII antigen, FVIII activity, FVIII mRNA in 
Kupferr cells, sinus endothelial cell and hepatocytes2 and, most impressive, by the 
correctionn of FVIII levels in hemophilic dogs and humans upon liver 
transplantation.33 In addition, extra-hepatic tissues, i.e. the spleen, the kidneys, and 
thee lymph nodes, have been shown to be capable of FVIII mRNA synthesis." 
Thee presence of FVIII mRNA has also been demonstrated in blood cells,9"11 even 
att remarkably high levels. Although this blood cell RNA is regularly used to 
screenn for genetic abnormalities in hemophilia A patients,12"1 it is doubtful 
whetherr blood cells are capable of producing FVIII . As already suggested in the 
earlyy nineties, FVIII mRNA found in the circulation might be an example of 
ectopicc or "illegitimate" RNA.1315 In the sixties and seventies it was demonstrated 
thatt (sub-cellular fractions of) granulocytes contain FVIII protein.9 u However, 
convincingg evidence that functional FVIII is synthesized by hematopoietic cells 
andd secreted into the circulation is lacking. 
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Inn the present work we address the question whether hematopoietic cells are 
capablee of FVIII production by performing bone marrow transplantations into 
hemophilicc mice. Indeed, bone marrow transplantation increased circulating FVIII 
levelss in hemophilic mice, but the cellular source remains difficult to define. 

Methods s 

MouseMouse strains 

Thee generation of FVIII deficient mice (exon 16 disrupted) has been described in 
detaill  by Bi and co-workers.16'17 The FVIII deficient mice we used are direct 
descendentss from an Fl-cross, and thus genetically 50% C57B1/6 and 50% 129Sv. 
Recipientt mice were hemizygous offspring of heterozygous FVIII knockout mice. 
Donorr mice were wildtype siblings of the recipients. Genotyping was performed 
ass described before.16 The mice were bred and maintained at the animal care 
facilityy at the Academic Medical Center. All mice were housed according to 
institutionall  guidelines, with free access to food and water. Animal procedures 
weree carried out in compliance with the Institutional Standards for Humane Care 
andd Use of Laboratory Animals. 

BoneBone marrow cell preparation 

Bonee marrow cells were harvested from 10-12 weeks old wildtype males. Cells 
weree isolated by flushing tibia and femurs with phosphate buffered saline (PBS, 
NPBI,, Emmercompascuum, The Netherlands) containing 10% fetal calf serum 
(FCS,, BioWitthaker, Heidelberg, Germany), 100 U/mL penicillin (BioWitthaker), 
andd 100 ug/mL streptomycin (BioWitthaker), and single cells were prepared by 
pullingg the tissue clumps three times through a 25-gauge needle. Next, the cells 
weree centrifuged at 250 x g for 10 minutes, aspirated, washed, and resuspended in 
PBS. . 

BoneBone marrow transplantation 

Eightt to twelve week-old, male FVHI-deficient mice received a total body 
irradiationn of two times 4.0 Gy with three hours between the two doses (sublethal 
dose),, using an X-ray source at a dose rate of 0.88 Gy/min, followed by i.v. 
injectionn of 107 bone marrow cells. To protect the irradiated recipients from 
infections,, the mice were supplied with autoclaved, acidified (pH 2.5) drinking 
waterr containing 2% neomycin (Sigma Chemical Co, St.Louis, MO, USA) from 
onee week before until six weeks after transplantation, and they were housed in 
sterilee filter top cages in a laminar flow chamber. 

SampleSample preparation 

Sixx weeks after transplantation, the mice were sacrificed, blood was drawn via a 
heartt puncture and collected into tubes containing 0.32% sodium citrate, and 
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variouss tissues were surgically removed and immediately frozen in liquid 
nitrogen.. Blood was centrifuged twice at 1,000 x g for 10 min. The plasma layer 
wass carefully aliquoted, and stored at -80 CC until subsequent analysis. The 
remainingg pellet was resuspended in 200 ul PBS. DNA was isolated from these 
cellss using the QIAamp DNA blood mini kit (Qiagen, Hilden, Germany). 
Totall  RNA was isolated from snap frozen tissue using guanidine isothiocyanate 
(Trizol®,, Gibco)/ chloroform extraction followed by precipitation with 2-
propanol.. After washing with 80% ethanol, the isolated RNA was dissolved in 
RNasee free water and stored at -80 QC until usage. cDNA was made by reverse 
transcriptionn from total RNA using random hexamer primers (Life Technologies) 
andd Superscript II RNAse H reversee transcriptase (Life Technologies). 

MeasurementMeasurement ofFVIII activity 

FVII II  activity was measured in citrated blood using a chromogenic FVIII assay 
(Dadee Behring) on a Behring Coagulation System analyzer (BCS, Dade Behring). 
Murinee wildtype plasma diluted in murine FVIII deficient plasma was used as a 
calibrationn curve. 

AnalysisAnalysis ofFVIII mRNA synthesis 

FVII II  mRNA levels were measured using a quantitative real-time RT-PCR using 
LightCyclerr technology (Roche Molecular Biochemicals) with SYBR Green II 
detection.. Primers for FVIII were chosen based on the murine FVIII mRNA 
sequencee (Genbank accession number NM-007977) and the mouse genome 
database,, and amplification products were analyzed on a 2% agarose gel. The 
primerr pair (forward 5'-GCTTATTTCTCTGATGTTGATCTTG-3'and reverse 
5'-CATCAAAGATAGTGAAAAGCAGAGC-3')) produced a single band of 110 
bp,, which was absent in liver of FVIII deficient mice. Relative amounts of mRNA 
weree semi-quantified by comparing the sample curve with the positive control 
curvee (wildtype liver). The cycle number in which the signal becomes above the 
predefinedd threshold is denoted CN. By using the following equation: 
%% mRNA = 2(CNposidve control"  CNsamPle)*  100, the percentage of tissue specific FVIII 
mRNAA as compared to the positive control was calculated. The obtained 
percentagess were then converted into relative amounts as compared to the bone 
marroww mRNA level by defining the average bone marrow signal as 100%. We 
optedd to represent mRNA levels relative to bone marrow mRNA levels because 
thatt shows the difference in transplantation efficiency between the different mice. 

Results s 

Inn two separate experiments, we transplanted 11 FVIII deficient mice with 
wildtypee bone marrow and all transplanted mice survived the six week-recovery 
period.. As is shown in figure 1, nine of the transplanted FVIII deficient mice 
showedd detectable FVIII activity levels (ranging from 1.7 to 10.4%; mean+/-
SEM:: 4.2 %  1.0 %), whereas two of the 11 transplanted FVIII deficient mice 
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showedd no detectable FVIII activity 6 weeks after transplantation. Therefore, 
bonee marrow transplantation increased FVIII levels in 82% of the transplanted 
mice. . 
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Too determine whether hemotopoietic cells produce the observed plasma FVIII 
activityy levels, we analyzed blood cells, bone marrow and liver of five 
transplantedd FVIII deficient mice for the presence or absence of FVIII mRNA. As 
iss shown in figure 2A, the PCR method we used was specific for FVIII mRNA, 
sincee mRNA from FVIII deficient liver did not give any signal, while mRNA 
fromm wildtype liver gave the predicted PCR product. As is shown in figure 2B, 
FVII II  mRNA was detected in bone marrow and blood cells, but not in liver, 
indeedd suggesting that hematopoietic cells are the source of FVIII upon bone 
marroww transplantation. 
Recentt work has suggested that adult bone marrow-derived hematopoietic stem 
cellss might transdifferentiate into other cell types than the anticipated bone 
marroww and blood cells.18"24 To exclude such stem cell plasticity as the source of 
plasmaa FVIII after transplantation, we determined FVIII mRNA in several other 
tissuess than the already tested liver. As is shown in figure 2C, in addition to bone 
marroww and blood, low levels of FVIII mRNA were detected in heart, lung and 
spleenn of all mice. Maximal FVIII mRNA levels were present in bone marrow, 
followedd by spleen, lung and blood cells. In only one mouse FVIII mRNA was 
detectedd in kidney and in another on in muscle. Liver and brain were negative for 
FVII II  mRNA in all five mice. 

Discussion n 

Too date there is still controversy about the tissues capable of producing FVIII . 
Withoutt discussion, the liver is the principal site of FVIII synthesis. But in 
addition,, extra-hepatic tissues, i.e. the spleen, the kidneys, and the lymph nodes, 
mightt synthesize FVIII mRNA.4"8 FVIII mRNA is also present in blood cells,9"11 

however,, FVIII mRNA found in the circulation is often thought to be an example 
off  ectopic or "illegitimate" RNA1315 and therefore it is questionable whether 
bloodd cells are able to synthesize functional FVIII . In addition, it has been 
demonstratedd that (sub-cellular fractions of) granulocytes contain FVIII protein.9" 

Figuree 1: FVII I 
off  male FVII I 
weekss after 
transplantation n 
donorr cells. 

activityy in plasma 
deficientt mice 6 
bonee marrow 
usingg wildtype 
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111 In the present work, we show that bone marrow transplantation of hemophilic 
micee results in low levels of circulating FVIII , as FVIII activity in hemophilic 
micee increased up to % upon wildtype bone marrow transplantation. 

bloo dd bone brain heart kidne y live r lung musclesplee n 
cell ss  marro w 

Figuree 2: FVIII mRNA is present in bone marrow and several other tissues of a FVIII deficient mouse 6 
weekss after bone marrow transplantation using wildtype donor cells. A. FVIII deficient mice show no FVIII 
mRNA.. Lane 1, 2 and 5 show PCR products from livers of FVIII def mice, lane 3, 4 and 6 show PCR products 
fromm livers of wildtype mice and lane 7 shows the negative control. B. Representative RT-PCR of blood (striped 
black),, bone marrow (black) and liver (dotted black) of a FVIII deficient mouse that underwent bone marrow 
transplantation.. The positive control (wildtype liver) is depicted as dashed gray and the negative control as gray. 
C.. Graphical representation of average relative amounts of FVIII mRNA present in tissue of FVm def mice 6 
weekss after bone marrow transplantation. Results are depicted relative to the amount of FVHI mRNA present in 
bonee marrow. Shown are mean  SEM of 5 mice. 

Basedd on our observation that bone marrow transplantation results in elevated 
FVII II  activity in hemophilic mice, we tried to identify the cellular source of 
plasmaa FVIII in our transplanted mice. Initial Light Cycler® experiments showed 
FVII II  mRNA in both bone marrow and blood cells but not in liver, suggesting 
thatt hematopoietic cells do produce FVIII . Whether these FVIII producing 
hematopoieticc cells are granulocytes as suggested already in the 1960's " ' wil l be 
subjectt of future experiments. Megakaryocytic and platelets, however, are 
probablyy not the cells producing FVIII after transplantation, since Yarovoi et al.25 

describedd that they could not detect FVIII protein or mRNA in these cells. 
Ourr conclusion from the initial experiment that hematopoietic cells produce FVIII 
resultingg in elevated plasma levels after transplantation is undermined by the 
observationn that low levels of FVIII mRNA were also detected in heart, lung and 
spleen.. At a first glance, the most logical explanation would be that FVIII mRNA 
inn heart, lung and spleen is the result of contamination of these tissues with blood. 
However,, the observations that not all tissues analyzed showed detectable FVIII 
mRNAA levels and that the amount of FVIII mRNA detected in lung and spleen 
wass higher than the amount detected in blood argue against this explanation. 
Alternatively,, transdifferentiation of hematopoietic stem cells into FVIII 
producingg cells could be responsible for FVIII synthesis upon bone marrow 
transplantation.. During the last years there has been a debate about whether adult 
bonee marrow-derived stem cells are capable of differentiation into other cells than 
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bonee marrow and blood cells.'8"24 It has often been described that bone marrow 
transplantationn results in the presence of donor cells in liver, skin and several 
otherr tissues.26"29 This phenomenon has been extensively explored for its potential 
therapeuticc use in renewing damaged tissue as for instance during ischemic heart 
disease.. However, it remains unclear whether the presence of donor cells in 
otherr tissues than bone marrow or blood is the result of transdifferentiation of 
hematopoieticc cells into for instance cardiomyocytes or of fusion of the stem cells 
withh cells of the recipient.18,20 Evidently, if bone marrow-derived stem cells are 
capablee of differentiation into or fusion with for instance cardiomyocytes or 
spleenn cells, our observed results do not indicate that hematopoietic cells produce 
FVIH,, but that bone marrow-derived cells can produce FVIH when differentiated 
intoo or fused with the proper daughter cell. Unfortunately, based on our current 
experimentss it is not possible to distinguish between FVIII production by 
hematopoieticc cells and other stem cell derived cells. Immunohistochemical 
stainingg for FVIII of hemophilic mice transplanted with wildtype bone marrow 
mightt resolve this intriguing issue, but such studies have been unsuccessful to 
date. . 
AA major limitation of the current study is that we do not yet have data about the 
phenotypee of the mice after bone marrow transplantation. In patients FVIII levels 
beloww 1% are characteristic for severe hemophilia, whereas FVIII levels above 
5%5% are characteristic for a mild form of hemophilia with less clinical signs.31 The 
observedd plasma FVIH activity levels of on average about 4% might thus be 
clinicallyy relevant. Whether conventional techniques, such as tail bleeding time, 
turnn out to be sensitive enough to detect phenotypic improvement after 
transplantationn remains questionable. However, Sarkar et al. described the 
partiall  correction of the hemophilia A phenotype in 65% of hemophilic mice 
havingg approximately 7 % FVIH activity after administration of an adeno-
associatedd virus vector containing murine FVIII . If conventional techniques prove 
too be insensitive, macroscopic analysis of transplanted mice might be an attractive 
alternative. . 
Inn conclusion, we demonstrated that transplantation of wildtype bone marrow into 
hemophiliaa A mice partly restores FVIH plasma levels. However, the source of 
plasmaa FVIII remains indefinable, as after transplantation the presence of FVIII 
mRNAA was not limited to hematopoietic cells. 

Acknowledgements s 

FVIHH deficient mice are a generous gift of Dr. M. Neerman-Arbez. We are 
indebtedd to Hans Rodermond, Joost Daalhuisen, Angelique Groot and Will y 
Morriënn for their excellent technical support. 
Thiss work has been partly supported by the Netherlands Heart Foundation (grant 
numberr 98.159). 

131 1 



Chapterr 9 

References s 

1.. Mann K. Biochemistry and physiology of blood coagulation. Thromb. Haemost. 1999;82:165-174 

2.. Hollestelle MJ, Thinnes T, Crain K, Stiko A, Kruijt JK, van Berkel TJ, Loskutoff DJ, van Mourik JA. 

Tissuee distribution of factor VDI gene expression in vivo-a closer look. Thromb Haemost. 2001;86:855-861. 

3.. Wilde J, Teixeira P, Bramhall SR, Gunson B, Mutimer D, Mirza DF. Liver transplantation in haemophilia. 

Brr J Haematol. 2002;117:952-956. 

4.. Wion K, Kelly D, Summerfield J, Tuddenham E, Lawn R. Distribution of factor VTIT mRNA and antigen in 

humann liver and other tissues. Nature. 1985;317:726-729 

5.. Rail L, Bell G, Caput D, Truett M, Masiarz F, Najarian R, Valenzuela P, Andreson H, Din N, Hansen B. 

Factorr VDI:C synthesis in the kidney. Lancet. 1985; 1:44 

6.. Levinson B, Kenwrick S, Gamel P, Fisher K, Gitschier J. Evidence for a third transcript from the human 

factorr v m gene. Genomics. 1992;14:585-589 
7.. Elder B, Lakich D, Gitschier J. Sequence of the murine factor VII I cDNA. Genomics. 1993;16:374-379 

8.. Ingram GIC. Haemophilia and the mysterious spleen: the story of a hate-love relationship. Haemophilia. 

1998;4:69-74 4 

9.. Szpilman H, Prokopowicz J, Niewiarowski S. Distribution of procoagulant activity in the subcellular 

fractionss of human granulocytes. Experientia. 1961;25:77 

10.. Zacharski LR, Bovine EJW, Titus JW, Owen CA. Synthesis of antihemophilic factor (Factor VIE) by 

leukocytes:: Preliminary report. Mayo Clin. Proc. 1968;43:617 

11.. Szmitkowski M, Prokopowicz J, Szmitkowska K. Antihaemophilic factor (factor VIII ) from human 

granulocytes.. Haematologia. 1977;11:177-187 

12.. Berg LP, Wieland K, Millar DS, Schlosser M, Wagner M, Kakkar VV, Reiss J, Cooper DN. Detection of 

aa novel point mutation causing haemophilia A by PCR/direct sequencing of ectopically-transcribed factor VII I 

mRNA.. Hum Genet. 1990;85:655-658. 

13.. Bidichandani SI, Lanyon WG, Shiach CR, Lowe GD, Connor JM. Detection of mutations in ectopic factor 

VITJJ transcripts from nine haemophilia A patients and the correlation with phenotype. Hum Genet. 1995;95:531-

538. . 

14.. Pieneman WC, Deutz-Teriouw PP, Reitsma PH, Briet E. Screening for mutations in haemophilia A 

patientss by multiplex PCR-SSCP, Southern blotting and RNA analysis: the detection of a genetic abnormality in 

thee factor VHI gene in 30 out of 35 patients. Br J Haematol. 1995;90:442-449. 

15.. Tavassoli K, Eigel A, Pollmann H, Horst J. Mutational analysis of ectopic factor VDI transcripts from 

hemophiliaa A patients: identification of cryptic splice site, exon skipping and novel point mutations. Hum Genet. 

1997;100:508-511. . 

16.. Bi L, Lawler AM, Antonarakis SE, High KA, Gearhart JD, Kazazian HH, Jr. Targeted disruption of the 

mousee factor VJH gene produces a model of haemophilia A [letter]. Nat Genet. 1995;10:119-121 

17.. Bi L, Sarkar R, Naas T, Lawler AM, Pain J, Shumaker SL, Bedian V, Kazazian HH, Jr. Further 

characterizationn of factor VUI-deficient mice created by gene targeting: RNA and protein studies. Blood. 

1996;88:3446-3450 0 
18.. Orlic D. Adult stem cells: can they ^undifferentiate? Blood. 2003;102:4249-a-4250 
19.. Orkin SH. Diversification of haematopoietic stem cells to specific lineages. Nat Rev Genet. 2000; 1:57-64. 

20.. Wagers AJ, Sherwood RI, Christensen JL, Weissman IL. Littl e evidence for developmental plasticity of 

adultt hematopoietic stem cells. Science. 2002;297:2256-2259. 

21.. Awaya N, Rupert K, Bryant E, Torok-Storb B. Failure of adult marrow-derived stem cells to generate 

marroww stroma after successful hematopoietic stem cell transplantation. Exp Hematol. 2002;30:937-942. 

22.. Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO, Pfeffer K, Lois C, Morrison SJ, 

132 2 



Hematopoieticc stem cell derived FVIII 

AIvarez-Buyllaa A. Fusion of bone-marrow-derived cells with Purkinje neurons, cardiomyocytes and hepatocytes. 

Nature.. 2003;425:968-973. 

23.. Ho AD, Punzel M. Hematopoietic stem cells: can old cells learn new tricks? J Leukoc Biol. 2003;73:547-

555. . 

24.. Terai S, Sakaida I, Yamamoto N, Omori K, Watanabe T, Ohata S, Katada T, Miyamoto K, Shinoda K, 

Nishinaa H, Okita K. An in vivo model for monitoring trans-differentiation of bone marrow cells into functional 

hepatocytes.. J Biochem (Tokyo). 2003;134:551-558. 

25.. Yarovoi HV, Kufrin D, Eslin DE, Thornton MA, Haberichter SL, Shi Q, Zhu H, Camire R, Fakharzadeh 

SS,, Kowalska MA, Wilcox DA, Sachais BS, Montgomery RR, Poncz M. Factor VIÜ ectopically expressed in 

platelets:: efficacy in hemophilia A treatment. Blood. 2003;102:4006-4013. 

26.. Alison MR, Poulsom R, Jeffery R, Dhillon AP, Quaglia A, Jacob J, Novelli M, Prentice G, Williamson J, 

Wrightt NA. Hepatocytes from non-hepatic adult stem cells. Nature. 2000;406:257. 

27.. Lagasse E, Connors H, Al-Dhalimy M, Reitsma M, Dohse M, Osborne L, Wang X, Finegold M, 

Weissmann IL, Grompe M. Purified hematopoietic stem cells can differentiate into hepatocytes in vivo. Nat Med. 

2000;6:1229-1234. . 

28.. Abkowitz JL. Can human hematopoietic stem cells become skin, gut, or liver cells? N Engl J Med. 

2002;346:770-772. . 

29.. Korbling M, Katz RL, Khanna A, Ruifrok AC, Rondon G, Albitar M, Champlin RE, Estrov Z, 

Hepatocytess and epithelial cells of donor origin in recipients of peripheral-blood stem cells. N Engl J Med. 

2002;346:738-746. . 

30.. Orlic D. Adult bone marrow stem cells regenerate myocardium in ischemic heart disease. Ann N Y Acad 

Sci.. 2003;996:152-157. 

31.. Jacquemin M, De Maeyer M, D'Oiron R, Lavend'Homme R, Peerlinck K, Saint-Remy J-M. Molecular 

mechanismss of mild and moderate hemophilia A. J Thromb Haemost. 2003; 1:456-463 

32.. Sarkar R, Xiao W, Kazazian HH, Jr. A single adeno-associated virus (AAV)-murine factor VIJJ vector 

partiallyy corrects the hemophilia A phenotype. J Thromb Haemost. 2003; 1:220-226. 

133 3 




