
hile a gene therapy treatment of hemophilia

remains an elusive goal, much progress has been

over the last decade. Several gene delivery sys-

tems, called vectors, have been developed for both fac-

tor VIII (FVIII) and factor IX (FIX) gene delivery.

Additionally, mouse models of hemophilia A and B,

as well as naturally occurring canine hemophilia models,

have significantly improved the preclinical evaluations

of novel gene therapy strategies prior to moving into

the clinic. Ideally, a gene transfer vector should be eas-

ily administered to a person with hemophilia, should

deliver its gene to an appropriate target organ and should

mediate a therapeutic level of clotting factor expres-

sion. The therapy should either mediate life-long expres-

sion of the clotting factor or be easily re-administered

when warranted. Most importantly, the gene therapy

should be safe; that is, toxicity associated with the vec-

tor or clotting factor expression should be minimal or

absent. While no ideal vector system currently exists,

the gene delivery systems in use in preclinical or clin-

ical applications each have inherent advantages and dis-

advantages for hemophilia therapy.
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SPECIAL SECTION GENE THERAPY

Part I of this two-part gene therapy
series will focus on the adaptive immune

responses to adenoviral vectors. 
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Four gene therapy clinical trials for
hemophilia treatment are in progress.
Three utilize disabled viral vectors as
vehicles for clotting factor gene deliv-
ery. The viral vectors are injected
directly into the patient. The fourth trial
employs the patient’s own skin cells,
which are modified outside the body
to express the missing factor and then
implanted back into the patient. These
clinical trials are at an early stage,
phase I, and are designed to assess
safety issues, rather than the effec-
tiveness of the therapy. This review
will focus on the immune conse-
quences of viral vector administration,
which has a bearing on the safety of

the therapy.
Two companies, Avigen and

GeneStar Therapeutics Corporation,
are conducting the clinical trials that uti-
lize viral vectors. To date, Avigen has
treated 10 patients, eight with intra-
muscular delivery and two with hepatic
artery delivery. GenStar has treated one
patient via intravenous delivery. Avigen’s
strategies, designed to treat hemophilia
B, employ a gene transfer vector
derived from adeno-associated virus
(AAV). AAV is a virus that commonly
infects humans and has no known
pathological consequences. The native
virus integrates into, and persists in, the
DNA of the infected cells. GenStar’s strat-
egy, designed to treat hemophilia A, uti-

lizes a vector derived from adenovirus.
Adenoviruses are endemic in the
human population and cause self-lim-
ited “common colds.” Whereas the
viral vectors in the current hemophilia
trials have been derived from AAV and
adenovirus, in both cases, all of the viral
genes have been removed and replaced
by the FIX and FVIII clotting factor
genes, respectively. AAV vectors have
the advantage of achieving sustained
clotting factor expression, while ade-
noviral vectors generally achieve higher
level expression.   

Many gene therapy clinical trials,
including those of Avigen and GenStar,
use vectors derived from viruses
since viruses have been designed by
nature for efficient transfer of foreign

DNA into cells. Thus, viral vectors
currently provide the most

effective means of intro-
ducing genes directly into
patients. However, a dis-
advantage to the use of
viral vectors stems from
the fact that viruses are
normally recognized by
the immune system as for-

eign, and, as such, induce
an immune response. This

immune response can be
directed at the viral particles or

the encoded gene product, in this case,
the clotting factor. 

There are two general types of
immune responses, adaptive and innate.
The adaptive immune response consists
of the development of immunity fol-
lowing an initial exposure to the for-
eign substance, in this case, the viral vec-
tor. In contrast, the innate immune
response is an immediate reaction to the
invading foreign agent, resulting in the
release of specific biological messengers
that induce inflammation and tissue
injury. While the adaptive immune
response has been well studied, espe-
cially with respect to adenoviral vectors,
the innate immune response is not as
well understood and is receiving
increasing attention in gene therapy
research. In general, the immune

response is more pronounced for ade-
noviral vectors than for AAV vectors. 

Adaptive Immunity
The adaptive immune system has two

major weapon systems that are used to

defend against viruses, termed humoral

and cell-mediated immunity. The

humoral immune system uses anti-

bodies to directly attack the invading

virus, while the cell-mediated response

uses T-lymphocytes to recognize and

kill cells that harbor an active virus. With

the first exposure to a virus, the adap-

tive immune response is relatively slow

and limited. However, the immune sys-

tem is capable of remembering the virus

and upon second exposure has a faster,

more robust response termed anamnes-

tic. There are several ways by which the

adaptive immune system can interfere

with adenoviral-vector mediated gene

therapy.  
Injection of an adenoviral vector into

an animal or person results in the gen-
eration of circulating antibodies which
peaks after two to three weeks. For the
most part, these antibodies bind to the
vector particle and neutralize it or facil-
itate its removal from the blood. Thus,
antibodies induced by a first vector injec-
tion serve to block the effectiveness of
a second treatment. Since adenoviral vec-
tors do not mediate life-long clotting
factor expression and multiple vector
administrations may be required, the
generation of anti-vector antibodies pro-
vides a significant hurdle for this vec-
tor system.  Several strategies to
enable repeat administration are cur-
rently being explored using animal mod-
els. Most investigators have used
broad spectrum immunosuppression to
block an antibody response, but the rel-
evance to human therapy remains to
be determined.1,2 A second strategy
involves coating the vector particle with
a polymer such as polyethylene glycol3

to shield it from antibodies. While most
studies to date have been only partially
effective, recent data are encouraging4. 

The issue of circulating anti-

▲

▲



bodies against adenoviral vectors is
further complicated by the fact that ade-
noviruses are endemic in the human
population and most people have pre-
existing antibodies, prior to even the
first vector treatment. It is unlikely that
immunosuppression will enable ther-
apy in these patients. Strategies to
address this issue include coating the
vector and the use of vectors derived
from uncommon adenovirus strains. An
alternative strategy involves removing
antibodies from the blood via an
extracorporeal process called plasma-
pheresis.

The second way in which the adap-
tive immune system can interfere
with therapy is through the cell-medi-
ated response, which would eliminate
the cells harboring the vector, result-
ing in loss of clotting factor expression.
This response is most active against cells
that express immunogenic viral genes
and was problematic for early genera-
tion adenoviral vectors that retained viral
genes.5,6 Improved adenoviral vectors,
deleted of all viral genes, such as the
vector in the GenStar trial, are less likely
to elicit a cell-mediated immune
response.7

The third way in which the adap-
tive immune system can interfere
with gene therapy for hemophilia is
through the generation of an antibody,
or inhibitor, to the expressed clotting
factor. The generation of inhibitors has
been variable in preclinical studies and,
to date, the predisposing factors are
poorly understood. For adenoviral
vectors, two risk factors have been iden-
tified which include vector-
mediated inflammation as
well as vector-medi-
ated expression of
clotting factor in
specialized cells

of the immune system called antigen
presenting cells. Encouragingly, recent
studies in mice demonstrated that vec-
tor-mediated clotting factor expression
may be less immunogenic than protein
administration.8,9,10 To date, no inhibitors
have been observed in the ongoing
hemophilia clinical trials. While these
data are reassuring, clotting factor lev-
els in these trials have been low. It will
be important to carefully assess inhibitor
development as clotting factor expres-
sion is improved. 

In Part II of this series, the authors
will discuss the innate immune
response to adenoviral vectors, as
well as other vector-mediated
toxicities and the immune issues
associated with AAV vectors. 
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