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ABSTRACT Hemophilia B is a bleeding disorder caused
by mutations in the factor IX gene. The disorder is X-linked
recessive with a prevalence of about 1 in 30,000 Caucasian
males. Factor IX is naturally synthesized in the liver and
secreted into blood. Here we report the construction of recom-
binant adenoviral vectors containing the canine factor IX
cDNA that are capable of transducing hepatocytes in mice at
high efficiencies in vivo without partial hepatectomy. The
recombinant viral vector was used to treat hemophilia B dogs
by direct vector infusion into the portal vasculature of deficient
animals. Plasma factor IX concentrations in the treated hemo-
philia B dogs increased from 0 to 300% of the level present in
normal dogs, resulting in complete amelioration of the disease
as demonstrated by normal blood coagulation and hemostatic
measurements. Although plasma factor IX concentration
started to decline after a few days, therapeutic levels of factor
IX persisted for 1-2 months in the treated animals. The results
validate the principle of in vivo hepatic gene delivery to
reconstitute the genetic deficiency in a large animal model and
suggest that gene therapy is achievable when long-acting vec-
tors are developed.

Hemophilia B is an X-linked disorder resulting in a deficiency
of plasma factor IX, which is normally synthesized and
secreted from the liver. The disease affects 1 in 30,000 males
(1). Various human protein replacement therapies have sig-
nificantly improved the clinical outcome of affected individ-
uals, yet there still exists a high degree of morbidity and
mortality in part due to previous contamination with human
immunodeficiency virus and other hepatitis viruses. The
current expense of virus-free factor IX usually limits therapy
to treatment of bleeding episodes once they occur. Due to the
relatively short half-life of factor IX in the circulation,
affected individuals have life-long risks of central nervous
system bleeds, chronic arthritis, and other life-threatening
hemorrhage. Replacement therapy has improved, but has
failed to abrogate, chronic arthropathy, particularly in se-
verely affected patients. A number of cell types in different
organs have been targeted for somatic gene therapy of
hemophilia B, which include fibroblasts, myoblasts, endo-
thelial cells, keratinocytes, and hepatocytes (2-8). We have
pursued the liver as the target organ because hepatocytes
represent the natural site of factor IX synthesis and secretion.
We have previously been able to transduce hepatocytes in
hemophilia B dogs after partial hepatectomy using a retro-
viral vector containing the factor IX cDNA (9). This resulted
in long-term expression of about 0.1% of the normal plasma
factor IX concentration. To attempt to produce greater levels
of recombinant factor IX in animals, we have pursued
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replication-deficient recombinant adenovirus (10-12) as a
gene delivery vector for the treatment of hemophilia B.

METHODS

Canine Factor IX Adenoviral Vectors. The isolation of a
functional canine factor IX cDNA has been described (9).
This cDNA was cloned into a Bluescript vector containing
either the 540-bp phosphoglycerokinase promoter (13) or the
Rous sarcoma virus (RSV) long terminal repeat promoter and
the 280-bp bovine growth hormone polyadenylylation site.
The expression cassette was cloned into a derivative of the
PXCX2 plasmid (14), PXCJL.1 (a gift from Frank Graham),
and cotransfected with the pJM17 plasmid (15) into 293 cells
(16). Recombinant adenoviral plaques were isolated as de-
scribed (15) and analyzed for canine factor IX protein pro-
duction in vitro. The recombinant viral particles were grown
and purified as described (11) except that after double CsCl
banding the virus was extensively dialyzed against 10 mM
Tris/1 mM MgCl,, pH 7.4/10% glycerol. The purified virus
was stored in aliquots at —80°C. The virus titer was deter-
mined by OD measurements and plaque assay and ranged
from 1-3 x 10!! plaque-forming units (pfu) per ml.

Animal Studies. All the animal studies were performed in
accordance with the institutional guidelines at the Baylor
College of Medicine and the University of North Carolina.
Hemophilia B dogs were from the Chapel Hill inbred strain
(17). Direct in vivo adenoviral-mediated gene transfer into
hepatocytes of C57BL/6 mice was as described (10). The
placement of an infusion port-catheter into the splenic vein of
dogs was described (9). Hemostatic coverage was maintained
with multiple infusions of fresh frozen normal dog plasma
given immediately before and for 2-5 days after the operation
(41.4-68.2 units of factor IX per kg). To demonstrate that the
exogenous factor IX had decayed to presurgical levels, the
plasma factor IX concentrations were monitored by bioassay
and whole-blood clotting times (WBCTs) prior to adenoviral
administration (at least 2 weeks). Purified adenovirus was
diluted with about 2 volumes of sterile DMEM-H medium
and given in two infusions via the infusion port; each infusion
lasted about 15-25 min, with a 15-min pause between infu-
sions. The total volume infused was about 35-40 ml.

Hemostatic Parameters After Adenoviral Gene Therapy. The
WBCTs, factor IX bioassay, and nonactivated partial throm-
boplastin time (PTT) were performed as described (18-20). A
modification of the method of Jim (21) was used for the
thrombin clotting time (TCT) test. The ELISA immunoassay
(8) for quantitation of factor IX antigen was performed by
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using a polyclonal rabbit anti-dog factor IX antibody, which
has no cross-reactivity with mouse factor IX. The primary
antibody was diluted 1:200, and the same antibody was con-
jugated to horseradish peroxidase as per the manufacturer’s
specification (Pierce) and used at a 1:25 dilution as the second
antibody. Pooled normal dog plasma was considered to con-
tain 11.5 ug of canine factor IX per ml and was used as a
standard. The sensitivity of this assay was to 1 ng/ml (9). The
secondary bleeding time (22) was carried out as described.

PCR Quantification of Adenoviral DNA in Tissues. One
microgram of DNA was used per 50-ul reaction mixture.
Experimental DNA was diluted by 10-fold serial dilutions from
1 pg to 1 ng. Two pairs of primers were used. The first was in
the RSV promoter (5'-GTAAGGTGGTACGATCGTCGT-
GCCT-3'), and the second was in the canine factor IX cDNA
(5'-TGCAGTTACCACCCATTTTTCAT-3'), giving rise to a
specific 1-kb product. The second pair of primers were in the
RSV promoter (5'-GACTCCTAACCGCGTACA-3’) and the
adenoviral genome (5'-CTCAATCTGTATCTTCATGC-3'),
giving rise to a 280-bp product. Control reactions containing
DNA from 1 to 10° viral particle were run in parallel. After 30
cycles of amplification, 10 ul was applied to a 2% agarose gel.
The intensities of the bands in the linear region were compared
to calculate the number of viral particles per microgram of
genomic DNA. From this, the number of adenoviral genome
copies per diploid cell was estimated.

RESULTS

Recombinant adenoviral (Ad) vectors were constructed that
contain the canine factor IX (CFIX) cDNA under the tran-
scriptional control of the phosphoglycerokinase promoter
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(PGK) or RSV long terminal repeat promoter (Fig. 14); these
vectors are referred to as Ad/PGK-cFIX and Ad/RSV-cFIX,
respectively. The vectors were shown to transduce cells and
produce canine factor IX in cultured fibroblasts prior to their
use in animals (data not shown). We have previously deter-
mined that 10'° recombinant adenoviral particles can be
infused into the portal vein of a mouse, which resulted in
100% hepatocyte transduction without significant pathologic
changes (10). To test the cFIX vectors for their expression by
transduced hepatocytes in vivo, 101 purified viral particles
were infused into the portal vasculature of mice. The animals
were periodically bled and serum factor IX antigen concen-
trations were determined by ELISA (Fig. 1B). The use of the
Ad/RSV-cFIX vector resulted in persistent expression for
2-3 months at a serum level that was 10- to 20-fold greater
than the animals infused with the Ad/PGK-cFIX. Thus the
former vector was used to treat hemophilia B dogs.

To determine whether dog hepatocytes could be trans-
duced with adenoviral vectors in vivo, the Ad/RSV-Bgal
vector (23) was infused into the portal vasculature of normal
dogs via a subcutaneous port with catheter tip placed in the
splenic vein close to its junction with the portal vein (9). After
8 days of viral transduction the animals were sacrificed, and
tissues and hepatocytes were obtained for 5-bromo-4-chloro-
3-indolyl B-p-galactoside (X-gal) staining. The cultured cells
were stained with X-gal within 12 hr of plating. The trans-
duction efficiency was determined by counting the propor-
tion of blue cells, which ranged from about 20% to 50%
between different animals. X-gal-stained histochemical liver
sections showed similar results (data not shown). Routine
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F16. 1. Construction of adenoviral vectors containing the canine factor IX cDNA and direct hepatic gene transfer in mice. (A) The DNA
structure of the Ad/PGK-cFIX and Ad/RSV-cFIX adenoviral vectors. The shaded areas represent viral sequences. PGK, phosphoglycerokinase
promoter; bpA, bovine polyadenylylation signal. (B) Serum canine factor IX antigen concentrations in mice after adenoviral-mediated hepatic
gene transfer. Recombinant adenovirus (1 x 10! pfu) particles were infused into the portal vein of CS7BL/6. Periodic blood samples were
obtained for canine factor IX analysis by ELISA. Each line represents an individual animal. The open circles represent animals infused with
the Ad/PGK-cFIX vector, and the closed circles represent the animals infused with the Ad/RSV-cFIX vector. Control animals infused with
the same quantity of control adenoviral vectors had no detectable serum canine factor IX antigen (not shown).
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histological sections of the liver were normal. Occasional
blue cells were found in the spleen but not in other tissues.

To determine whether the Ad/RSV-cFIX vector would
correct the coagulation defect in animals, the recombinant
vector was injected into the portal vasculature 1 month after
the installation of infusion ports in two factor IX-deficient
dogs from the Chapel Hill inbred strain (17). The missense
mutation found in these animals results in the absence of
detectable factor IX in the plasma (24). Transient pallor
occurred during the infusion, and transient temperature ele-
vation occurred immediately postinfusion. The temperature
elevation was self-limited and resolved within 8-12 hours
after treatment. It is not known if this was the result of the
adenovirus or a copurifying contaminant.

Plasma was obtained periodically for canine factor IX
measurements by immunologic and bioassays. Hemostatic
parameters were monitored by changes in the WBCTs and
PTTs. The factor IX concentrations in dogs 1 and 2 reached
supraphysiologic values during the first 4 days after adeno-
viral vector infusion: dog 2 had 300% of the normal plasma
level on day 1, whereas dog 1 had 250% of the normal plasma
level on day 2 (Fig. 2A). The plasma factor IX levels started
to decline, and by 3 weeks, levels were about 1% of the
average in normal dogs; by two months they were around
0.1% of normal and became undetectable in one of the treated
animals after 100 days. The PTT, a measure of the intrinsic
clotting mechanism, rapidly shortened from 174-196 sec to
47-64 sec by the fifth day (normal range, 42-47 sec) (Fig. 2B).
The WBCTs in the treated animals became normal or near
normal 1-8 days after therapy began (Fig. 2C). Thereafter,
both the PTTs and WBCTs slowly increased, which is
consistent with the gradual decline in plasma factor IX levels.
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Because hemophilia B dogs 1 and 2 had therapeutic factor
IX levels within 24 hr of infusion, a third dog was infused with
the Ad/RSV-cFIX adenoviral vector, and plasma was sam-
pled every 4-6 hr (Fig. 2D). Normal levels of factor IX were
achieved by 18 hr, and the peak concentration was obtained
at 48 hr, before the slow decline started. In this animal, two
additional tests were performed prior to and after treatment,
TCT and the secondary bleeding time. The TCT was mea-
sured to estimate the fibrinogen concentration because of the
transient pallor and febrile reaction the dogs experienced
with adenoviral gene therapy. The TCT is normal in hemo-
philia B dogs; however, it was transiently prolonged after
adenoviral administration. The TCT value at 6 hr was 15.6
sec, with the greatest prolongation of 22.2 sec at 12 hr, and
a return to the normal value of 12.1 sec at 96 hr. These data
suggest the presence of a transient hypofibrinogenemia. For
the secondary bleeding time, the pretreatment value was 14.5
min. On days 1-8 posttreatment, the values were in the range
of 1.25-1.75 min, which is normal. Thus, the recombinant
factor IX was able to correct the hemophilic animal’s re-
sponse to a hemorrhagic challenge.

The Ad/RSV-Bgal studies suggest that after portal vein
infusion the majority of virus results in transduction of liver,
with small amounts of the virus infecting other tissues. To
quantitate this, a similar dose of Ad/RSV-cFIX virus used to
treat the hemophilia B dogs was infused into a female carrier.
The hemophilia B heterozygote had a baseline value of 5200
ng of factor IX per ml of plasma; the factor IX level was raised
to 33,000 ng/ml on the third day. The animal was sacrificed
at this time, and genomic DNA was extracted to determine
the relative distribution of the recombinant adenoviral ge-
nome in tissues by a semiquantitative PCR assay (Table 1).
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Fi1G. 2. Hemostatic measurements after Ad/RSV-cFIX administration to hemophilia B dogs. Three factor IX-deficient animals (dog 1: 9
months old, 14.5 kg; dog 2: 17 months old, 17.3 kg; dog 3: 5.5 months old, 13.9 kg) were infused with Ad/RSV-cFIX (2.4 x 1012 pfu) particles
via a subcutaneous port. (A-C) Dogs 1 and 2. Circles, hemophilia B dog 1; squares, hemophilia B dog 2. Blood sampling was performed
periodically. (4) Plasma factor IX concentrations. Open symbols, factor IX measurements as determined by a biological assay; solid symbols,
factor IX as determined by an immunologic ELISA assay. (B) PTTs. (C) WBCTs. (D) Plasma factor IX concentations for dog 3. The values

obtained on day 0 were collected prior to any experimental procedure.









