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Summary
Background—Large animal models that accurately mimic human hemophilia A (HA) are in great
demand for developing and testing novel therapies to treat HA.

Objectives—To re-establish a line of sheep exhibiting a spontaneous bleeding disorder closely
mimicking severe human HA, fully characterize their clinical presentation, and define the molecular
basis for disease.

Patients/methods—Sequential reproductive manipulations were performed with cryopreserved
semen from a deceased affected ram. The resultant animals were examined for hematologic
parameters, clinical symptoms, and responsiveness to human FVIII (hFVIII). The full coding region
of sheep FVIII mRNA was sequenced to identify the genetic lesion.

Results and conclusions—The combined reproductive technologies yielded 36 carriers and 8
affected animals. The latter had almost non-existent levels of FVIII:C and extremely prolonged aPTT,
with otherwise normal hematologic parameters. These animals exhibited bleeding from the umbilical
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cord, prolonged tail and nail cuticle bleeding time, and multiple episodes of severe spontaneous
bleeding, including hemarthroses, muscle hematomas and hematuria, all of which responded to
hFVIII. Inhibitors of hFVIII were detected in four treated animals, further establishing the preclinical
value of this model. Sequencing identified a premature stop codon and frame-shift in exon 14,
providing a molecular explanation for HA. Given the decades of experience using sheep to study
both normal physiology and a wide array of diseases and the high homology between human and
sheep FVIII, this new model will enable a better understanding of HA and facilitate the development
and testing of novel treatments that can directly translate to HA patients.
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Introduction
Hemophilia A (HA) is an X-linked bleeding disorder caused by a deficiency/abnormality of
coagulation factor VIII (FVIII). HA represents the most common inheritable disorder of
coagulation, with an incidence of 1 in 5000–10000 male births [1]. The hemorrhagic phenotype
of HA depends upon the genetic defect and functional level of circulating FVIII, with < 1 unit
per dL of FVIII considered severe hemophilia [2]. These individuals experience recurrent
hemarthrosis, causing chronic debilitating arthropathy, hematomas of subcutaneous connective
tissue and muscle, and hematuria. Intracranial bleeding accounts for approximately 1/3 of the
hemorrhagic deaths in these patients [3]. Current HA treatment consists of intravenous FVIII
protein infusions to maintain hemostasis. These infusions must be given frequently throughout
life due to the short half-life of FVIII. While this therapy allows many hemophiliacs to live
relatively normal lives, it is far from ideal, due to the need for lifelong infusions, the high cost,
and the formation of FVIII inhibitors in many patients, reducing the efficacy of subsequent
factor infusions and complicating treatment [4]. These shortcomings have generated
tremendous interest in developing novel HA therapies, such as factor concentrates with
prolonged half-life, stem cell transplantation and gene therapy, which could offer longer-lasting
benefit or permanent cure [5–11].

To evaluate the efficacy and safety of new treatments, a number of HA animal models have
been developed, the most widely used of which are the murine models, created by gene
targeting/knockout technology [12]. These models offer the convenience and cost benefits of
a small animal model, but do not accurately recapitulate the human disease, since they often
possess a relatively mild phenotype, frequently only exhibiting bleeding following trauma
[12–15]. As a result, the spontaneous hematomas and hemarthroses seen in patients with severe
HA are not observed in these models. While this facilitates maintenance of these mice, it also
limits their use to studies on the efficacy of treatments for trauma-induced hemorrhage.
Transient hemophilic rabbit models created by infusing plasma containing FVIII inhibitors
have also been of great value for testing the ability of various bypass products to FVIII [16] to
mediate hemostatic correction. In contrast to the murine models, several dog breeds with
naturally occurring congenital coagulopathies exhibit symptoms closely mimicking those of
humans with severe HA. These canine lines have been selectively bred, the molecular nature
of the lesions defined, and their resultant coagulation defects characterized, providing a much
needed, valuable large animal HA model [17–19]. Despite these colonies having been
extremely helpful in evaluating the efficacy and safety of different therapy protocols, several
limitations to this model still exist. As with other large animal models, the costs of production
and maintenance are high, and it has proven difficult to produce adequate numbers of these
animals to meet current experimental demand. In addition, several other characteristics of the
dog make it complicated to directly translate findings in this model to the clinical setting. These
include the need for scale-up to move from dogs to humans, differences in the physical location/
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sequestration of von Willebrand factor (VWF) in dogs and humans, and the robust immune
response to even a single injection of human FVIII (hFVIII), which precludes the testing of
protein or gene-based hFVIII therapeutics in this model [19–22].

In sheep, HA was first reported between 1979 and 1982, in male offspring of a single alpine
white ewe at the Swiss Federal Institute of Technology [23–25]. These animals all died several
hours postpartum due to severe bleeding from the umbilical cord [23–25]. Daughters and
granddaughters of this ewe also gave birth to lambs exhibiting the same pathology. The affected
animals exhibited extensive subcutaneous and intramuscular hematomas and spontaneous
hemarthroses leading to reduced locomotion and symptoms of pain in standing up, restricting
nursing activity. Laboratory tests showed an increase in the activated partial thromboplastin
time (aPTT) and a decrease of FVIII levels to less than 1% of normal (using a modified one-
stage aPTT-based assay). Unfortunately, due to the expense and effort of maintenance, only a
small number of straws of semen were saved prior to this valuable resource passing into
extinction.

Here we report the successful re-establishment of this unique line of HA sheep and
characterization of their coagulation profile. We also describe for the first time the sequence
of normal sheep FVIII mRNA, the HA-inducing molecular lesion, and a PCR-based method
to screen for this mutation.

Because sheep have been successfully used for decades to study both normal physiology and
a wide array of diseases, including those of hematopoiesis [26–29], we anticipate that this large
animal model will not only contribute to a better understanding of HA's physiopathology, but
will also become a useful preclinical resource for developing and testing novel HA treatments
such as stem cell transplantation and gene therapy.

Materials and methods
These studies were approved by the University of Nevada, Reno, IACUC.

Re-establishment of HA sheep
The line of HA sheep was re-established from six straws of cryopreserved semen from a single
male from the original Swiss colony using a variety of reproductive technologies [30–32],
including multiple ovulation embryo transfer (MOET), in vitro fertilization (IVF), and
intracytoplasmic sperm injection (ICSI). Details of these procedures appear in the Supporting
Information.

Clinical parameters of carriers and affected sheep
Shortly after birth and prior to administering hFVIII, blood was collected from all animals into
citrated tubes, spun to obtain platelet-deficient plasma, and sent to the Animal Health
Diagnostic Center (AHDC) at Cornell University, where standard clinical aPTT and
prothrombin time (PT, Quick-test) tests were run. All clotting time tests were performed using
a photo-optical clot detection instrument (Coag-A-Mate XM; bioMerieux, Inc, Durham, NC,
USA) according to the manufacturer's recommendations for use with human plasma. The aPTT
assay utilized Actin-FS reagent (Dade Behring, Marburg, Germany), while the one-stage PT
was performed with rabbit brain thromboplastin reagent containing CaCl2 (Thromboplastin-
LI; Helena Laboratories, Beaumont, TX, USA) [33]. Pooled normal sheep plasma was obtained
from a flock of Suffolk sheep at Cornell University (n = 8) and stored frozen at −50 °C until
use. These controls were then run in parallel with control (n = 4) and experimental sheep
samples from the University of Nevada, Reno (UNR). Plasma samples were also obtained from
these animals at intervals throughout their lives, prior to and following administration of hFVIII
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for each bleeding episode, and levels of FVIII (FVIII:C) coagulant activity were determined
using a modified one-stage aPTT [34] and human FVIII-deficient plasma (George King Bio-
Medical, Inc, Overland Park, KS, USA). Results for FVIII activity were reported as the
percentage of the Cornell pooled sheep plasma as standard (set as 100% FVIII:C activity). To
quantitate the levels of VWF present in the healthy control and affected animals, we used a
double sandwich ELISA to detect sheep VWF antigen, employing methods that have
previously been described in detail [35]. In this assay, both the capture and the sandwich
antibodies were anti-human vWF polyclonal antibodies that cross-react with sheep VWF.

Inhibitor formation in hFVIII-treated animals
To assess formation of inhibitory antibodies to hFVIII, platelet-deficient plasma was collected,
and the levels of inhibitory antibodies were quantified using a standard Bethesda Assay,
measuring the ability of any antibodies present within the plasma of these animals to neutralize
a defined quantity of hFVIII, using platelet-deficient normal human plasma as a source of a
defined quantity of hFVIII. For quantification, we used the definition of one Bethesda unit
(BU) = amount of antibody that neutralizes 50% of the FVIII present in a 1:1 mixture of the
`patient's' plasma and normal human plasma after a 2 h incubation at 37 °C.

Sequencing normal sheep FVIII mRNA
RNA isolation, RT-PCR and cloning of RT-PCR products—Four grams of normal
control sheep spleen were lysed in 40 mL Trizol reagent (Invitrogen, Carlsbad, CA, USA),
minced and homogenized. Following overnight incubation, lysates were centrifuged, and the
manufacturer's protocol (Invitrogen) was followed for the remainder of the RNA extraction:
10 μg of RNA were treated with DNAse (Turbo DNA-free™, Ambion®) according to the
manufacturer's directions; 2 μg of DNA-free RNA were then used for reverse transcription
using the Qiagen LongRange 2Step RT-PCR kit according to the manufacturer's protocol; and
3–5 μL of each resultant product were analyzed on a 1% agarose gel. The TOPO™ XL PCR
Cloning Kit (Invitrogen) was then used to gel purify, clone and amplify these RT-PCR
products. Briefly, following TOPO™ XL gel purification (Invitrogen), isolated DNA was
immediately used in a TOPO™ XL cloning reaction and transformed into One Shot® Top 10
chemically competent E. coli according to the manufacturer's instructions (Invitrogen).
Following overnight growth on FastMedia™ LB Agar-Kan (Fermentas)plates, five to ten
colonies were picked for each RT-PCR product and used for plasmid purification and
sequencing.

Plasmid isolation and sequencing—Plasmids isolated using a Qiagen Miniprep kit were
sequenced by the Nevada Genomics Center (University of Nevada). Initially M13F, M13R and
T7 primers supplied in the XL-TOPO Kit were used to sequence the plasmid inserts. After
initial sequence data were obtained, new primers were designed in order to walk along the
remaining RT-PCR inserts. Only trimmed sequence data were used for subsequent sequence
analysis. Sequences for each region were aligned using the Geneious Basic 3.5.6 program to
determine consensus sequences. The NCBI/BLAST website
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to compile successive sequences into an
overall consensus for FVIII mRNA.

Sequencing hemophilic sheep FVIII mRNA
For RNA isolation, RT-PCR and cloning, RNA was isolated from the spleen of a deceased
hemophilic animal as described above. RT-PCR was performed essentially as for control sheep
with the modification of using 8 μg RNA in the Turbo DNA-free treatment. In addition, because
the reduced RNA quality of the deceased animal precluded amplification of fragments over 2
kb, primers were employed that amplified smaller fragments than those used for the wild-type
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FVIII sequence. Given the smaller size of the target amplicons, Platinum® High Fidelity Taq
and reagents were used (Invitrogen); 3–5 μL of each product were analyzed on an agarose gel,
and subsequently cloned with the Invitrogen TOPO 2.1 cloning kit.

Results
Re-establishment of HA sheep

To restore the line of HA sheep, six straws of frozen semen obtained from an affected Swiss
Alpine White male were subjected to a panel of reproductive manipulations [30–32]. The fact
that this semen had been cryopreserved for 10 years caused concerns as to whether it could in
fact be used to re-establish this line of sheep. The first thawed semen straw was of poor quality,
and the two ewes that were synchronized for use as MOET donors produced only unfertilized
ova. As a result of the poor MOET outcome, we attempted ICSI with oocytes collected from
superstimulated ewes. From 236 oocytes, ICSI produced 189 embryos, which were transferred
surgically to the oviducts of synchronized recipients and produced 17 lambs. The straw of
semen utilized for the second set of experiments was of higher quality. Three ewes were
superstimulated for use as MOET donors, yielding 12 embryos, which, when transferred to
four synchronized recipients, produced nine lambs. Semen was also used to perform IVF with
oocytes from superstimulated ewes, producing 91 embryos that were transferred to 20
recipients. Seven recipients maintained pregnancy, producing 10 lambs. Of the 36 lambs
produced from these two sets of experiments, 14 were unaffected males and 22 were females,
all of which were obligate HA carriers.

To produce hemophiliacs, 20 female carriers were backcrossed using three straws of
cryopreserved semen from the affected male employing either IVF or MOET. Eight MOET
donors yielded 38 embryos, which were then transferred into 21 synchronized recipients, and
produced 16 lambs. IVF was performed with 140 ova, yielding 54 embryos, which, when
transferred into 15 recipients, produced three lambs. Co-transfer of one IVF and one MOET
embryo into a single recipient produced one offspring. Overall, these two reproductive
technologies produced eight hemophiliacs (seven females and one male), six carrier females,
and six unaffected males.

Clinical parameters and symptoms of carriers and affected sheep
Carriers generated by our first round of reproductive manipulations did not exhibit any
symptoms indicative of HA. In contrast, clinical symptoms consistent with HA were evident
from the moment of birth in eight of the offspring of the carriers backcrossed with hemophilic
sperm. All of these animals exhibited prolonged bleeding from the umbilical cord.
Unfortunately, based on other animal models of HA, we were not anticipating such a severe
phenotype, and attempted to tie off the cord in the first two lambs that were born. These animals
died shortly after birth, and postmortem analysis revealed extensive internal bleeding as a result
of birth trauma and continued hemorrhaging from the tied cord. All subsequent animals that
exhibited prolonged umbilical cord bleeding were immediately administered human FVIII
concentrate (hFVIII) (Koāte®-DVI, Talecris Biotherapeutics, Research Triangle Park, NC),
after first drawing blood for the coagulation tests detailed below. Bleeding promptly ceased
upon hFVIII administration in all animals. Due to the ineffectiveness of tying or clamping the
cord, FVIII therapy was continued every 12 h until the umbilical cord dropped. All animals
surviving birth exhibited extremely prolonged bleeding following routine tail clipping and hoof
trimming. Despite the fragile nature of the hemophilic lambs, these procedures are required by
the IACUC for all research sheep to prevent injury and infection. While the bleeding caused
by these procedures is self-limiting in normal sheep, it proved life-threatening in the
hemophiliacs. In addition to exhibiting severe bleeding following these routine procedures, all
surviving sheep also developed clinical symptoms closely mimicking those of human patients
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with severe HA. Each animal had between two and six episodes of severe spontaneous bleeding,
including: hemarthroses of the elbow, shoulder, hip and knee; multiple muscle hematomas,
including one hematoma of the tongue (after attempting oral administration of iron); and two
episodes of hematuria. Figure 1 shows an image of the knees of a normal healthy sheep (A),
the hemarthrosis of the knee that spontaneously occurred in one of these sheep (B) and a
postmortem analysis of the knee capsule of another animal that displayed hemarthrosis and
internal bleeding (low magnification in C, high magnification in D). Most of the bleeding
episodes improved/resolved upon administration of hFVIII. FVIII treatment was also necessary
to stop bleeding resulting from routine ear tagging and tail clipping. Despite administration of
hFVIII, five of these affected animals ultimately perished as a direct result of internal bleeding,
two died from respiratory distress secondary to internal bleeding, and one of a post-transfusion
reaction performed to alleviate severe anemia. Figure 2 depicts the lifespan of each of the
hemophiliacs and the cause of death. A summary of the clinical symptoms during the
hemophiliacs' lives appears in Table 1. Despite the varied lifespan of these animals, all
exhibited prolonged umbilical cord bleeding, bleeding after ear tagging, bleeding after tail
clipping, and hematomas, with the number of hematomas increasing as a function of lifespan.
Because animal 703 exhibited pronounced bleeding following hoof trimming, subsequent
animals were subjected to hoof trimming only after prophylactic treatment and/or by
specialized personnel. All but one animal (aside from the two that died at birth) developed
three to four hemarthroses during their lives, and two of the six animals that lived beyond birth
exhibited hematuria.

Laboratory parameters of carriers and affected sheep
Blood was drawn at intervals from the obligate carriers and sent for a panel of laboratory
coagulation tests. When compared with pooled control sheep plasma (n = 4), carriers exhibited
slightly increased aPTT (36.8 ± 4.3; normal = 31 ± 1.1), and normal PT and platelet number.
Levels of fibrinogen, FIX, VWF activity and VWF:ag were also normal. However, all of these
animals exhibited slightly decreased levels of FVIII:C (83.6 ± 24%; normal = 119 ± 13.3%).
Immediately following birth of the animals from the second round of reproductive
manipulations, all animals that exhibited excessive/prolonged umbilical cord bleeding had
blood drawn prior to the administration of hFVIII. Platelet-deficient plasma was prepared and
shipped to AHDC, where coagulation tests were performed, including aPTT and PT, as well
as tests for levels of platelets, FVIII:C, FIX, fibrinogen and VWF. These tests revealed that
these animals had extremely prolonged aPTT (92 ± 1.1, normal = 30.3) and almost non-existent
levels of FVIII:C, with normal levels of platelets and VWF. Although some residual FVIII:C
activity appeared to be present in these animals, this is most likely due to the exclusive use of
aPTT-based assays for quantitating FVIII:C. In our hands, this assay had a sensitivity of
roughly 2.3%. While FIX and fibrinogen levels were lower than expected for normal adults,
the levels observed in these newborn hemophiliacs were consistent with the documented
reduction in the plasma levels of these factors that occurs during the neonatal period in humans
and in sheep [36–38]. In agreement with this conclusion, the levels of these two critical plasma
factors normalized in all lambs by the end of the neonatal period. Table 2 summarizes the
coagulation parameters of the carriers (Phase 1 animals) and affected newborn hemophiliacs
(Phase 2 animals).

Administration of human factor VIII (hFVIII) to hemophilic sheep
Treatment with hFVIII (Koāte® -DVI, Talecris Biotherapeutics) commenced immediately
following birth of the hemophiliacs to prevent death due to unabated bleeding from the
umbilical cord. This treatment consisted of between two and seven infusions of a total dose of
181–448 units of hFVIII, depending upon the length of time it took for the umbilical cord to
drop off and the animal's birth weight, respectively. This dose was calculated based on the
manufacturer's product literature, aiming to increase FVIII levels to between 25 and 50% of
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normal. In all cases, administration of hFVIII resulted in cessation of bleeding (if present) and
prevented further bleeding from the umbilical cord. After recovering from umbilical cord
bleeding, the hemophilic lambs suffered throughout the remainder of their lifetime from a
variety of bleeding symptoms that are characteristic of HA, as discussed in detail above. Each
of these events required treatment with hFVIII, with the dose being adjusted depending upon
the observed symptom. Specifically, prior to and following tail clipping, hFVIII was given to
increase FVIII levels to 25–50% of normal, while for ear tagging, hFVIII was dosed to achieve
levels of 50% of normal. Each time blood was drawn from these animals, to provide protection,
hFVIII was dosed to increase FVIII levels to 10% of normal. Each observed hemarthrosis was
treated with a dose of hFVIII that would produce FVIII levels of 50% of normal. Hematomas
were treated identically to hemarthroses, with the exception that the hFVIII dosage was
increased to produce 100% correction in cases where multiple consecutive hematomas were
observed (animal # 704). In the two observed cases of hematuria, hFVIII was dosed to increase
FVIII levels to 100% of normal. Table 1 provides the total cumulative dose of hFVIII
administered to each animal throughout its lifetime. As can be seen, the number of events
experienced and, hence, the amount of hFVIII given was a direct function of the length of the
animal's life, because the symptoms appeared at a similar frequency in each of the animals. As
a result, animals that lived longer were likely to exhibit more events requiring treatment with
hFVIII.

Inhibitor formation in hFVIII-treated animals
We next examined whether repeated administration of hFVIII resulted in the formation of
inhibitory antibodies in the hemophilic sheep. Platelet-deficient plasma was collected from all
hemophilic animals at intervals throughout their respective lifetimes and Bethesda assays were
performed at AHDC to identify and quantitate inhibitory antibodies. As shown in Table 1, only
the four animals that lived for longer than 2 months developed inhibitors to hFVIII, and the
levels of these inhibitors varied markedly among these animals. Animal #710 exhibited the
highest levels of inhibitors: 13.2 Bethesda units. This animal was the longest survivor and
received the second highest cumulative dose of hFVIII (13 501 units); animal #703, which
received the highest dose of hFVIII (15 697 U) and survived for 14 months, generated inhibitory
antibodies at a titer of only 0.5 Bethesda units, suggesting that factors others than the time and/
or total hFVIII dose may be responsible for the resultant inhibitor titer. Indeed, at the age of 4
months, animal #703 had received a total of 2001 hFVIII units in 10 treatments, and had no
detectable inhibitory antibodies, whereas at the same age #710 had a titer of 2.6 Bethesda units
upon receiving a cumulative dose of 1544 hFVIII units during 12 treatments. In two of the
remaining animals, the levels of inhibitors were 1.3 Bethesda units after a cumulative dose
during 8 months of 1597 units of hFVIII (#709) and 3 Bethesda units as a result of receiving
a total of 9693 units of hFVIII during 7 months (#704).

Sequencing normal sheep FVIII mRNA
While these prior analyses demonstrated that the hematologic parameters and clinical
presentation of these sheep closely mimic those seen in human severe HA patients, the normal
sheep FVIII mRNA had to be sequenced to characterize the hemophilia-inducing mutation.
We performed reverse transcription (RT) on normal sheep spleen mRNA using oligo-dT to
prime cDNA synthesis from the 3′-polyA tail, and another RT using a primer designed from
the limited public sequence data from part of sheep exon 14. The resultant cDNA products
were cloned and subjected to overlapping sequencing with primers designed from a bovine
exon map we created by aligning the bovine genomic sequence with human exon sequence
data. Multiple rounds of PCR and sequencing were performed, designing primers
(Supplementary Table 2) based on these presumed bovine exon sequences and sequence data
we were obtaining from the sheep mRNA. This approach allowed us to walk along the mRNA
and obtain the complete coding sequence for sheep FVIII (sFVIII).
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The sFVIII coding sequence is 6765 nucleotides, which, based on predictions from ORF Finder
(NCBI) and comparison with published human sequence data, is translated into a 2235 amino
acid (a.a.) protein. The nucleotide sequence has been submitted to GenBank (accession
#GQ200609). BLAST alignment to hFVIII at the a.a. level revealed a high degree of identity
in all regions except the B domain, which in humans is dispensable for clotting activity.
Specifically, the A1 domain (sheep a.a. 1–332) showed 81% identity; A2 (a.a. 371–732) 88%
identity; A3 (a.a. 1593–1922) 87% identity; C1 domain (a.a. 1923–2075) 90% identity; and
C2 (a.a. 2075–2235) 86% identity. In contrast, the B domain (a.a. 733–1551) exhibited only
47% identity. A summary of the degree of identity at the a.a. level of each region in the human
and sheep proteins appears in Table 3, as well as comparisons with published dog, mouse and
pig FVIII sequences.

A subsequent comparison, considering conservative a.a. changes, indicated even higher
homology: A1, 87% positivity; A2, 94%; A3, 93%; C1, 94%; and C2, 93%.Even with this
approach, the B domain still exhibited only 59% conservation between the two species (Table
3). These analyses establish that a high degree of homology exists between hFVIII and sFVIII,
and explain the ability of hFVIII to correct the phenotype of these sheep. Further analysis of
the sheep sequence focusing on regions of the hFVIII protein that are known to serve as antigens
for triggering inhibitory anti-FVIII antibodies [39] revealed a higher degree of identity between
sFVIII and hFVIII than between the canine and hFVIII proteins at three of these six sites.
Specifically, sFVIII showed 91% identity at the A2 inhibitor site (human a.a. 454–508) vs.
81% for the dog; 93% identity at the A3 inhibitor site (human a.a. 1778–1823) vs. 86% for the
dog; and 90% identity at the 2nd C2 inhibitor site (human a.a. 2248–2312) vs. 87% for the dog.
It thus seems reasonable to speculate that this higher degree of identity at these highly
immunogenic sites within the FVIII protein may explain, at least in part, the development of
inhibitors in only some of the sheep receiving hFVIII, and the relatively low titer of these
inhibitors. This is in marked contrast to HA dogs, in which even a single infusion of hFVIII
reliably produces a robust anti-hFVIII response with inhibitors in the range of hundreds of
Bethesda units [40]. Two things, however, suggest caution be used when interpreting the
present studies on inhibitor formation to the xenogeneic hFVIII in sheep. The first of these
comes from studies examining the administration of human FIX (hFIX) to non-hemophilia B
(HB) monkeys, in which the difference of only 11 a.a. between the native monkey FIX and the
exogenously supplied hFIX is sufficient to trigger antibody formation. However, these studies
were further complicated by the fact that these anti-hFIX antibodies then cross-reacted with
the endogenous monkey FIX, thus creating a non-human primate model for acquired HB
[41,42]. The second point comes from recent studies in HB dogs, showing that it is possible
to induce tolerance to hFIX following either protein administration [43] or gene therapy [44]
when treatment commences in the neonatal period. Thus,it is likely that the neonatal approach
could also be used to make HA dogs tolerant of hFVIII and could potentially apply to the HA
sheep.

Sequencing hemophilic sheep FVIII mRNA, characterization of mutation, and development
of a diagnostic PCR-based RFLP for HA in sheep

Having established the sequence of wild-type sFVIII, we next determined the molecular lesion
present in the hemophiliacs. mRNA isolated from the spleen of a deceased hemophiliac was
RT'ed using a panel of primers (Supplementary Table 1) and subjected to multiple rounds of
PCR with primers designed from the wild-type sFVIII sequence (Supplementary Table 2). This
analysis identified an 11 bp region in exon 14 that differed between the wild-type and the
hemophiliac. Importantly, this difference introduced a premature stop codon at base position
3112–4 in exon 14, as is seen in some human HA patients. This mutation also included a single
nucleotide insertion-induced frame shift, creating five additional stop codons within the next
183 bp, precluding protein translation past this point, and providing a molecular explanation
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for the severe phenotype. Figure 3 shows the sequence of the region of the sFVIII gene
harboring the mutation responsible for HA in these sheep.

Once we established the nature of the mutation, we commenced developing a method to identify
both homozygous affected animals and heterozygous carriers. While wild-type animals do not
possess a PacI restriction site in this genomic region, the hemophilia-inducing mutation creates
a single PacI site within this region. Therefore, we designed PCR primers to amplify the 240
bp spanning the mutation. The PCR products were digested with PacI and analyzed by gel
electrophoresis. Figure 4 shows results obtained with a representative normal (control) sheep,
a carrier female and a hemophiliac, and demonstrates this method allows us to unambiguously
establish which sheep are wild-type, heterozygous or homozygous for the HA mutation. This
PCR-based assay will greatly facilitate studies using these sheep to explore gene- and stem
cell-based HA therapies, because it is possible to screen not only newborns, but also fetuses
in utero using a small volume of amniotic fluid, just as is done for prenatal diagnosis of genetic
diseases in humans.

Discussion
Currently, HA treatment consists of administering frequent intravenous infusions of the short-
lived FVIII protein to maintain hemostasis. While current therapeutic products for HA offer
reliable prophylactic and therapeutic efficacy, they do not cure the underlying disease, and
their high cost precludes many hemophiliacs worldwide from receiving regular prophylactic
treatment. This unfortunate reality coupled with the high risk of treatment failure due to
inhibitor formation over time results in a worldwide mortality rate for individuals with severe
HA that is still four to six times that of the healthy male population [45,46], highlighting the
urgent need for novel therapies that allow long-term or even permanent cure of HA.

Here we describe the re-establishment of a line of sheep with a spontaneous bleeding disorder
that accurately recapitulates both the genetics and the clinical symptoms of the severe form of
human HA. Sheep share many important physiological and developmental characteristics with
humans, making them a particularly relevant model in which to study therapies for HA [28,
29]. Sheep are fairly close in size to humans, weighing roughly 8l bs at birth and 150–170 lbs
as adults, which is likely to obviate the need for scale-up to move from experiments in sheep
to human trials. Furthermore, the development of the sheep immune system closely parallels
that of humans [47], making sheep well suited for studying the immunological aspects of HA
therapy and the mechanisms of FVIII inhibitor formation.

Similarly to human patients, this line of sheep exhibited a severe bleeding phenotype with
spontaneous hemarthrosis leading to reduced locomotion, muscular hematomas, and episodes
of hematuria and internal bleeding leading to death. The severity and frequency of the bleeding
episodes were fairly constant between animals. For instance, umbilical cord bleeding at birth
or during the first 12 h of life was a common trait amongst all HA sheep. Although in humans
this occurrence is rare, as no significant trauma is inflicted to the umbilical cord during birth,
in sheep the normal delivery process entails the tearing of the umbilical cord, potentially
contributing to more significant bleeding. Furthermore, the increase in abdominal pressure
caused by the effort of the lamb standing up soon after birth may also play a role in the bleeding
through the umbilical cord in the absence of efficient hemostasis. Tying the umbilical cord
resulted in internal bleeding and death of the two animals in which this procedure was
attempted. The internal bleeding was due possibly to the extensive manipulation of the animals
during the procedure. All of the HA animals had normal levels of platelets and VWF. Levels
of fibrinogen and FIX, while lower than would be expected for adults, were consistent with
the reduced levels of these factors that are routinely observed in humans and sheep during the
neonatal period [36–38]. The PT was slightly elongated, which is normal for this newborn
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period, while the aPTT was extremely prolonged at birth. Despite the severe symptoms
displayed by these animals, the levels of FVIII were 2.3 ± 0.8%. This is likely to be due to the
exclusive use of one-stage aPTT-based assays for quantitating FVIII:C. This assay is
challenging to perform and is often inaccurate at very low levels of FVIII:C [48]. Coupling
this with the lack of experience with the model and the absence of appropriate reagents (such
as hemophilic sheep plasma to serve as diluent) is likely to have led to an artificial elevation
of the measured levels and accounts for the assay, in our hands, only havinga sensitivity of
roughly 2.3%. Replacement therapy with hFVIII resulted in rapid clinical improvement,
demonstrating that there was no association with other inherited deficiencies of plasma proteins
in these animals.

While these animals harbored the same mutation, displayed the same severe symptoms and
were exposed to identical treatments during the first hFVIII exposures, different levels of
inhibitors were found following hFVIII replacement therapy. Also, we were unable to find a
direct correlation between duration of therapy, total hFVIII dose, and inhibitor titer. Of note
is that, because sFVIII protein is not yet available, hFVIII was given to these animals. Thus,
these studies only demonstrate the ability of these animals to form antibodies against hFVIII.
Studies administrating sFVIII will be necessary to prove that the hemophilic animals have the
ability to form antibodies to FVIII of the same species. Once sFVIII protein becomes available,
DNA microsatellite analysis of the animals forming inhibitors may yield clues regarding which
genotypes are more prone to develop inhibitors.

The uniqueness of this model is also derived from the nature of the mutation found in these
animals. Murine models have been generated through knockout/deletion technology, and the
naturally occurring dog colonies exhibit gene inversions [49]. Similarly to mutations seen in
human patients [50], we identified, in this line of animals, a premature stop codon with a frame
shift mutation, making this sheep colony the first large animal model to possess a mutation of
this kind. As such, a hypothetical advantage of this new model is that these animals could be
used to test novel therapies based on read-through compounds, which is not feasible in the dog
or murine models. Because large animals such as sheep allow the performance of long-term
studies, questions such as long-term efficacy and safety of novel treatments can be properly
addressed.

We anticipate that the availability of this animal model that closely parallels normal human
weight and physiology, and in which the severity of the disease clearly resembles that of
humans, will provide researchers in the field with an ideal and invaluable preclinical resource.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Hemarthrosis in HA sheep. Spontaneous hemarthrosis occurred frequently in these animals.
(A) Normal knees; (B) hemarthrosis of the knees; (C) postmortem analysis of the knee capsule
of one animal that displayed hemarthrosis and internal bleeding; (D) close-up of the
postmortem of the knee capsule shown in panel C.
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Fig. 2.
Lifespan and causes of death in hemophilic sheep colony.
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Fig. 3.
Sequence of the region of the sheep FVIII gene harboring the mutation responsible for
hemophilia A in these sheep. The boxed region indicates the frame shift-inducing mutation,
and bold italicized triplets indicate the stop codons introduced by the mutation/frameshift.
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Fig. 4.
Diagnostic PCR RFLP. PCR primers were designed to amplify a 240 bp region of the genome
spanning the area harboring the mutation. Since wild-type animals do not possess a PacI site
in this region of their genome, the mutation present in the hemophiliacs creates a single site
for this restriction enzyme within this region. Therefore, following amplification, PCR
products were subjected to digestion with PacI and analyzed by agarose gel electrophoresis.
The results obtained with a representative normal (control) sheep, a carrier female generated
from our first round of reproductive manipulations, and a hemophiliac generated from the
second round of reproduction, are shown, demonstrating that this method allows us to rapidly
and unequivocally establish whether the sheep are wild-type, heterozygous, or homozygous
for the HA mutation.
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