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Editorials, Comments and News

The future of hemophilia treatment

The future of treatment in hemophilia is one of
promises and expectations. It can be approached
by tackling the present situations and challenges,

as well as addressing current debatable issues. Hopes
lie with the prospects of gene transfer and replace-
ment therapy, the latter providing a possibility to
improve currently available products and so dramati-
cally change the lives of hemophilia patients. 

The present as a prologue
Recombinant factors are efficacious and safe as both

prophylactic and therapeutic agents, with little com-
plications or problems associated with their use.
However, in countries which have converted complete-
ly to recombinant products, measures must be taken to
avoid shortages. Improvements have also been made
with plasma-derived factors, becoming more effica-
cious and safer. Conversely, the costs of plasma-
derived factors have increased, taking into account the
additional tests and processes to increase the safety of
these products. This poses difficulties for developing
countries, which are already under-resourced. Despite
the era of modern technology, only 10% of factor VIII
(FVIII) is obtained from 1L of plasma. Attempts to
increase this low yield have been made but efforts
have not been greatly focused.

Continuous surveillance of treatment safety is
mandatory and has proved beneficial. In collaboration
with 140 aemophilia treatment centers, the Centers
for Disease Control and Prevention carried out a mon-
itoring process of 1,149 seroconversions for hepatitis
viruses, identified among patients with bleeding disor-
ders, from May 1998 until June 2002.1 None of these
cases were attributable to blood-borne products, indi-
cating the safety of the processes used in preparing
the factors. 

Immune tolerance has dramatically changed the
treatment paradigm of hemophiliac patients who have
developed inhibitors. Immune tolerance may effective-
ly eliminate inhibitors in up to 70% of patients.2
However, the issues of which dosages are better and
which concentrates are more effective still remain
unresolved, with variations existing between countries
making it difficult to compare practices and to estab-
lish conventional procedures. The ongoing Immune
Tolerance Induction Study may answer some of these
questions.3 This study compares the efficacy, morbidity
and cost effectiveness of low versus high-dose
immune tolerance in hemophilia A patients.

Possibilities still exist to improve the treatment of
patients with inhibitors, through regular prophylaxis,

FVIII inhibitor bypassing activity (Feiba VH®; Baxter
AG, Austria) and activated recombinant coagulation
factor VII (rFVIIa; NovoSeven®, Novo Nordisk A/S,
Bagsvaerd, Denmark). Current ongoing trials show
encouraging preliminary data and along with further
trials which need to be conducted, good prospects
exist to improve the treatment of patients with
inhibitors or even to prevent them. 

The remaining issues to be tackled include finding
explanations for the anaphylactic reactions that devel-
op in some hemophilia B patients. Current theories
include the activation of the complement system but
no evidence exists to support this. These patients are
rare and hence definitive data difficult to obtain.
Despite the risk of new blood-borne infections from
viruses such as West Nile Virus and SARS, the success-
ful viral inactivation process through which blood
products are refined, indicates that this is not an issue. 

The publication of the first transfusion-transmitted
prion disease raises concern.4 However, the fractiona-
tion procedures to obtain plasma-derived products
have shown high levels of safety and should therefore
be able to clear prions that enter the plasma pool.

Gene transfer
More than a decade ago, it was predicted that gene

transfer therapy would play a large role in hemophilia
therapy, even making hemophilia the first genetic dis-
ease to be cured in the millennium. On the basis of
animal studies, promising data were obtained, howev-
er results proved better and more efficient compared
with data from human studies, with respect to effica-
cy of transfer and duration of gene expression. 

Gene transfer trials in hemophilia A and B patients
(Table 1) have focused on various methods of gene
transfer with a range of vectors. Despite the different
approaches, most of these trials have either been ter-
minated or are on hold due to preliminary unsuccess-
ful results. The initial results were encouraging with
respect to measurable levels of FVIII and factor IX (FIX)
in the circulation. However, expression levels of the
transgene were only transient and not sustained, and
not sufficient to correct the phenotype to provide con-
siderable benefit. The aim of gene transfer would be to
transform severe hemophiliacs to moderate-mild dis-
ease status, requiring the occasional administration of
recombinant products when needed. This is far from
being achieved.

Reasons for current problems include poor and tran-
sient expression of the transgene and the need for
multiple dose transfers. Repeated dosing is required to
sustain levels of the transgene and may not be accept-
able to the patient — single dose transfer is still a
remote target. However, repeated gene transfer may
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not be an option due to safety issues. Two cases of T-
cell leukemia were observed after insertional mutage-
nesis in two children with severe combined immunod-
eficiencies.5 This occurred during a trial of gene thera-
py based upon a Maloney retroviral vector. This has not
been seen in hemophilia patients but raises concern
over retroviral vectors. According to molecular biolo-
gists, this problem can be circumvented.

Transient positive vector DNA was found in semen
samples of hemophilia A and B patients in the Chiron
and Avigen trials.6,7 Germinal cells were not transfect-
ed, but these findings raise concerns over whether
mature sperm are affected and the possibility of a sus-
tained integration of vector DNA. 

Other concerns have been raised with side-effects
related to the host-immune reaction to the vector,
especially adenoviruses. Abnormalities of transami-
nases, thrombocytopenia and inflammatory symptoms
were observed in a hemophilia A patient in the
Genstar trial, although these were reversible.8 The high
vector dose in the Avigen 2 trial may have resulted in
the elevated transaminase levels in a patient with
haemophilia B.9 At present, hemophilia is a disease
with good available treatment options. Therefore,
strong considerations should be made before the use
of gene transfer in patients with hemophilia, especial-
ly with respect to the potential associated risks. 

The future of gene transfer therapy may yet show
improvement. Progresses in plasmidology and vec-
torology have shown promising results. However, for
greater advances to be made, a more enhanced under-
standing of tissue and vector-specific adaptive and
innate immune responses are required, with interven-
tion to modulate such responses if needed.

The future of replacement therapy
This provides the most promising alternative to gene

therapy and may be achieved by improving recombi-
nant products through the engineering of coagulation
factors and the use of transgenic bioreactors. Current
restrictions especially for recombinant FVIII include
limited expression of this protein in mammalian cells,
and the high cost associated with their production,

purification and formulation. A high-efficiency pro-
duction or expression of the recombinant factors
would not only increase product availability, but also
hopefully reduce the cost of the factor. Oral delivery of
recombinant factors is a possibility and would be more
acceptable to the patient, however, a large bulk of
material would be required which may not be realistic. 

The theoretical possibilities for the future of recom-
binant factors include increasing their expression,
intracellular transport and secretion. Although
increased expression has been achieved, this does not
translate to an increase in secretion. Increase in acti-
vation of recombinant factors and reducing inactiva-
tion by physiological mechanisms, such as activated
protein C and thrombin, provide promising targets.10

Prolongation of FVIII and FIX half-lives could result in
longer intervals between prophylactic treatments, and
once again questions the need for gene transfer ther-
apy. A product with decreasing immunogenicity and
antigenicity is highly desirable. Molecular engineering
can attempt to achieve all these goals. 

PEGylation of molecules may improve the half-life
of factors. Prolonged half-life may also be achieved by
disrupting the receptors involved in the clearance of
FVIII and FIX by genetic alteration/mutations of the
proteins. Improved mutants may be more useful in
gene transfer, especially those which interact with the
two main clearance receptors, lipoprotein receptor-
related protein, and heparan sulfate proteoglycan.11,12

However, mutant molecules may be more immuno-
genic and surveillance is strongly recommended. 

The use of bioreactors to produce recombinant fac-
tors may play a promising future role in the treatment
of hemophilia. Transgenic pigs are able to produce
milk containing FVIII and FIX, therefore providing an
additional source of coagulation factors besides
human donors.13,14 The milk produced, as for human
plasma, requires fractionation. Few data have been
published on transgenic pigs, however, early reports
show great potential of these bioreactors. Factor IX
protein can be produced in high concentrations (100-
1,000 U/mL) with specific activity (250-350 U/mg) and
with good yields (> 75%).15 More importantly, FIX is

Table 1. Gene transfer trials in hemophilia initiated from 1998 onwards.

Trial Vector Method of gene transfer Status to date

Transkaryotic Plasmid DNA Ex vivo, autologous fibroblasts On hold

Avigen 1 Adeno-associated virus In vivo, intramuscular Terminated

Chiron Replication-deficient retrovirus In vivo, intravenous Terminated

Avigen 2 Adeno-associated, liver driven virus In vivo, hepatic artery infusion Terminated

Genstar Gutted, liver-driven adenovirus In vivo, intravenous Terminated
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produced with proper post-translational modifications
that are required for suitable recovery and clearance
of the protein.

The advantages of pig bioreactors include a similar
biochemistry to humans, with the protein produced
being comparable to that produced by humans.
Support is provided by a history of FDA approved prod-
ucts from transgenic bioreactors, with safety substan-
tiated by the pathophysiology of the pigs which are
resistant to bovine encephalopathies. Each pig can
produce up to 3 liters of milk per day for 100 days a
year, hence providing excellent yields. The productivi-
ty of the pigs themselves is also fairly substantial, with
one pig having the ability to produce 21 offspring per
year. Subsequently, it is easy to scale-up with minimal
capital investment. 

Preliminary data of the recombinant milk FIX show
efficacy even when administered orally. Animal stud-
ies demonstrated that a single feed of FIX-containing
pig milk was able to normalize the clotting time in
haemophilia B mice for up to two days.16 Additionally,
administration of the protein induced immune toler-
ance; despite infusion with a heterologous factor,
inhibitor development was not seen. These animal
studies demonstrate the successful oral administration
of recombinant factors and hence provide great
potential for future treatment of hemophilia.

Conclusions
Despite the advances in haemophilia treatment and

the future potentials on the horizon, 80% of hemo-
philiacs around the world do not receive any treat-
ment at all. The World Federation of Haemophilia is
attempting to tackle this problem, but face an enor-
mous and complex challenge. Hope exists to improve
the future of hemophilia treatment by improving the
safety and efficacy of current recombinant factors,
with focus on immune tolerance therapy to treat and
prevent the development of inhibitors. Gene transfer
therapy still provides the greatest potential for sus-
tained effect and cure. However, safety and efficacy of
the process still requires extensive research.
Generation of further recombinant products through
transgenic bioreactors have progressed farthest in the
treatment of hemophilia, providing a new source of
recombinant factors which may hopefully extend to
benefit the lives of all haemophilia patients.

Pier Mannuccio Mannucci,
A. Bianchi Bonomi 

Hemophilia and Thrombosis Center,
Department of Internal Medicine,

via Pace 9, 20122 Milan, Italy
E-mail: pmmannucci@libero.it 

References

1. Centers for Disease Control and Prevention. Blood safety monitor-
ing among persons with bleeding disorders--United States, May
1998-June 2002. JAMA 2003;289:541-3.

2. DiMichele DM, Kroner BL; North American Immune Tolerance
Study Group. The North American Immune Tolerance Registry:
practices, outcomes, outcome predictors. Thromb Haemost 2002;
87:52-7.

3. www.itistudy.com. Accessed 05 May 2004.
4. Llewelyn CA, Hewitt PE, Knight RS, Amar K, Cousens S, Mackenzie

J, et al. Possible transmission of variant Creutzfeldt-Jakob disease
by blood transfusion. Lancet 2004;363:417-21.

5. Hacein-Bey-Abina S, Von Kalle C, Schmidt M, McCormack MP,
Wulffraat N, Leboulch P, et al. LMO2-associated clonal T cell pro-
liferation in two patients after gene therapy for SCID-X1. Science
2003;302:415-9.

6. Powell JS, Ragni MV, White GC 2nd, Lusher JM, Hillman-Wiseman
C, Moon TE, et al. Phase 1 trial of FVIII gene transfer for severe
haemophilia A using a retroviral construct administered by
peripheral intravenous infusion. Blood 2003;102:2038-45.

7. Couto LB, Parker A, Gordon J. Non-Clinical AAV Safety Studies in
Rodents and Nonhuman Primates. 6th Gene Therapy Workshop.
The Salk Institute For Biological Studies. La Jolla, California. April
25, 2003.

8. Mannucci PM. Haemophilia: treatment options in the twenty-first
century. J Thromb Haemost 2003;1:1349-55.

9. Pierce G. Host and Vector Interactions. 6th Gene Therapy
Workshop. The Salk Institute For Biological Studies. La Jolla,
California. April 25, 2003.

10. Saenko EL, Ananyeva NM, Shima M, Hauser CA, Pipe SW. The
future of recombinant coagulation factors. J Thromb Haemost
2003;1:922-30.

11. Schwarz P, Lenting P, Binder B, Mihaly J, Denis C, Dorner F, et al.
Involvement of low-density lipoprotein receptor-related protein
(LRP) in the clearance of factor VIII in von Willebrand factor-defi-
cient mice. Blood 2000;95:1703-8.

12. Sarafanov AG, Ananyeva NM, Shima M, Saenko EL. Cell surface
heparan sulfate proteoglycans participate in factor VIII catabolism
mediated by low density lipoprotein receptor-related protein. J
Biol Chem 2001;276:11970-9.

13. Paleyanda RK, Velander WH, Lee TK, Scandella DH, Gwazdauskas
FC, Knight JW, et al. Transgenic pigs produce functional human
factor VIII in milk. Nat Biotechnol 1997;15:971-5.

14. Van Cott KE, Butler SP, Russell CG, Subramanian A, Lubon H,
Gwazdauskas FC, et al. Transgenic pigs as bioreactors: a compari-
son of gamma-carboxylation of glutamic acid in recombinant
human protein C and factor IX by the mammary gland. Genet Anal
1999;15:155-60.

15. Lindsay M, Gil GC, Cadiz A, Velander WH, Zhang C, Van Cott KE.
Purification of recombinant DNA-derived factor IX produced in
transgenic pig milk and fractionation of active and inactive sub-
populations. J Chromatogr A 2004;1026:149-57.

16. Alpan O, Velander WH, Van Cott K, Butler S, High K, Sabatino D.
Overcoming the Immunological Barriers to Curing Haemophilia.
6th Gene Therapy Workshop. The Salk Institute For Biological
Studies. La Jolla, California. April 26, 2003.2002;99:3885-91.

 




