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administration of the viral vector is feasible and if this leads to
incrementally increased gene expression compared with a single
dose. Mice (n = 8 per group) were treated with either F/HN-
STV-Lux daily for 10 days (10° TU/day in 100 pl) or with PBS
(100 wl) for 5 days followed by S days of F/HN-SIV-Lux (10°

TU/day) or with D-PBS for 9 days followed by 1 day of F/HN-
SIV-Lux (10° TU/day); Lux expression was quantified 28 days
after the last dose. Gene expression was significantly correlated
(Pearson r* = 0.61; P > 0.0001) with the number of F/HN-SIV-
Lux doses given (Figure 3A) and indicated that daily repeat
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administration is feasible and significantly increases transduction

efficiency.

Monthly Repeat Administration to the Lung Is Feasible

Although a single dose of F/HN-SIV generates persistent gene
expression for approximately 2 years in mice (lifetime of the
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Horizontal bars represent the group me-
dian. (C) Bioluminescence in vivo signal
in mouse nose after intraperitoneal (IP)
or intranasal (IN) administration of lucif-
erin. Representative images of two of
five mice are shown. Lux expression af-
ter slow perfusion of the F/HN-SIV-Lux
has been published previously (11).

animal) a single dose is unlikely sufficient to achieve clinical ben-
efit for the lifetime of a patient with CF. Therefore, a crucial ques-
tion is whether the vector can produce gene expression on repeated
administration to the lung. As shown previously, daily administra-
tion was feasible, but this timeframe is unlikely to be sufficient for
the development of effective immune responses to the viral vector.
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Figure 3. Daily and monthly repeat administration to the lung is feasi-
ble. (A) Daily readministration. Mice (n = 8 per group) were treated
with either F/HN simian immunodeficiency virus (SIV) luciferase (Lux)
for 10 days (10° TU/day) or with D phosphate buffered saline (PBS) for
5 days followed by 5 days of F/HN-SIV-Lux (10° TU/day) or with D-PBS
for 9 days followed by 1 day of F/HN-SIV-Lux (105 TU). Lux expression
was analyzed 28 days after F/HN-SIV-Lux administration. (B) Monthly
readministration. Mice were either treated with one dose of F/HN-SIV-
Lux (single-dose group) or two doses of F/HN-SIV-GFP (Day 0, Day 28),
followed by F/HN-SIV-Lux on Day 56 (repeat-dose group). All mice receive
107 TU/dose (n = 20 per group) and gene expression was analyzed 28
days after F/HN-SIV-Lux administration. Each dot represents one animal.
Horizontal bars represent the group median. Dotted line represents nega-
tive control values, ***P < 0.0001 when compared with 5 and 10 doses,
**P < 0.01 when compared with 10 doses. RLU = relative light units.

We therefore conducted repeat administration experiments at
monthly dosing intervals, a period we have shown to be sufficient
for the development of an immune response to other viral vectors
(5, 17). Mice were either treated with one dose of F/HN-SIV-Lux
(single-dose group) or two doses of F/HN-SIV-GFP (Day 0, Day
28), followed by F/HN-SIV-Lux on Day 56 (repeat-dose group).
All mice received 107 TU in 100 pl per dose (n = 20 per group)
and gene expression was analyzed 28 days after F/HN-SIV-Lux
administration. All mice received only one dose of vector carrying
a luciferase reporter gene to avoid interference of antiluciferase
antibodies. As shown in Figure 3B luciferase expression levels after
one and three doses of the viral vector were identical and at this
vector titer 4 log orders above background levels (P < 0.01).

No Evidence of Chronic Toxicity Was Seen during a Two-Year
Follow-up Period

Chronic toxicity caused by insertional mutagenesis is a potential
concern with this vector. Here, we compared 24-months survival
of mice treated with F/HN-SIV-Lux (10’ TU/mouse, n = 99 at
start of the experiment) or D-PBS (n = 48 at start of the ex-
periment). Mortality (Figure 4A) and weight (Table 1) in both
groups was similar. We also assessed the lungs of D-PBS- or F/
HN-SIV-Lux- (10" TU/mouse, n = 12 per group) treated mice
histologically 24 months after nasal sniffing; there were no dif-
ferences in any of the key histologic markers (Figures 4B—4D).
Eleven D-PBS and seven F/HN-SIV-treated mice were culled
because they showed signs of illness or were found dead during
the study. Histologic examination revealed a range of pathology
commonly found in aging C57BL/6N mice equally distributed
between the two groups (Table 2).

F/HN-SIV Transduction of Human Ex Vivo Models
Is Feasible

F/HN-SIV achieves persistent gene expression in differentiated
human ALI cultures. To assess the efficiency of the viral vector
in relevant human tissues we transduced human ALIs with F/
HN-SIV-Lux at multiplicity of infection (MOI) 25 or 250 (n = 5
per group), with D-PBS control (n = 3), or with GL67A, the most
efficient nonviral gene transfer agent for airway epithelium. The
latter was complexed with a eukaryotic expression plasmid express-
ing luciferase (10 pg pCIKLux per ALI equivalent to 3 X 10'2
plasmids and an approximate MOI of 7 X 10%) (n = 3) and
luciferase expression followed using BLI for 3 months (repre-
sentative images are shown in Figure 5A). F/HN-SIV-mediated
expression was dose-related and persisted for at least 3 months
without the loss of activity. In contrast, transfection with GLG67A/
pCIKLux was only barely detectable at an early time-point (Day 2)
after transfection (Figure 5B). Lipid-mediated gene transfer was
associated with cell damage as indicated by the appearance of
small holes in the ALISs; this was not seen with exposure of the
AlLIs to the lentiviral vector (data not shown).

F/HN-SIV transduces primary human pulmonary cells. We
assessed if F/HN-SIV transduces primary human airway epithe-
lial cells obtained from nasal brushings or human lung slices gen-
erated from lung resection tissue (Figure 6A). Nasal brushings
were transduced with F/HN-SIV-Lux at an MOI of 25 and 250
or treated with D-PBS (n = 6 per group) and luciferase expres-
sion was quantified 24 hours after transduction (cell viability
precludes longer time scales). Luciferase expression was sig-
nificantly (P < 0.005) increased compared with PBS control
subjects (Figure 6B). These results were confirmed in an inde-
pendent experiment (MOI 25, 9.7 X 10° = 0.9 X 10% MOI 250,
1.5 X 107 = 1.6 X 10% negative control subjects, 2,762 * 241
RLU/mg protein, n = 4 per group)

F/HN-SIV achieves persistent gene expression in human and
sheep lung slices. Precision-cut human lung slices were transduced
with F/HN-SIV-Lux (2 X 107 TU/slice), or remained untrans-
duced, and luciferase expression quantified for 14 days after trans-
duction. Assessment of later time-points is currently not feasible
because of limited tissue viability (Figure 6C). Two independent
experiments were performed (see open and closed symbols in the
figure) but data were pooled to allow for robust statistical analysis.
Significant (P < 0.001) and stable gene expression was detectable
for at least 14 days (P < 0.05) after gene transfer.

We also repeated these experiments in sheep lung slices (two
independent experiments), which generally survive longer than
human lung slices when cultured (unpublished data). Significant (P <
0.001 to P < 0.05) and stable luciferase expression was de-
tectable at all time-points for at least 26 days after transduction
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(Figure 6D). These results indicate that F/HHN-SIV is able to
transduce primary human and sheep pulmonary cells and pro-
vides persistent expression.

DISCUSSION

The efforts of one of our team to improve pulmonary gene trans-
fer and enable gene therapy for the treatment of lung diseases,
such as CF, have led to the development of a lentiviral vector
pseudotyped with the SeV envelope proteins F and HN (12).
Moving novel therapies to the clinic requires that relevant ev-
idence for safety and efficacy is gathered in appropriate models.
Here, we begin to place this vector onto a translational pathway
to the clinic and provide a body of supportive evidence for F/
HN-pseudotyped SIV- as a potential gene transfer agent for CF.
We show that (1) a single dose produces lung expression for the
life-time of the mouse (~2 yr); (2) only brief contact time (sec-
onds) is needed to achieve transduction; (3) repeated daily ad-
ministration leads to a dose-related increase in gene expression;
(4) repeated monthly administration to mouse lower airways is
feasible without loss of gene expression; (5) there is no evidence
of chronic toxicity during a 2-year study period; and (6) F/HN-
SIV transduction generates persistent gene expression in human
differentiated airway cultures and freshly obtained human lung

slices and transduces freshly obtained primary human airway
epithelial cells.

At least two previous studies have shown that lentiviral vector—
mediated transduction of mouse lung leads to persistent (15
and 24 mo) gene expression in the murine lower airways (18,
19). However, both studies used a VSV-G-pseudotyped lenti-
viral vector, which almost exclusively transduces alveolar mac-
rophages, rather than lung epithelial cells. In addition to the
airway epithelium, the target for CF gene therapy, cells in the
peripheral lung (a mixture of pneumocytes and macrophages)
are transduced after bolus administration of the viral vector
by nasal sniffing, which may lead to pooling of liquid in the

TABLE 1. MOUSE WEIGHTS 6, 15, AND 24 MONTHS AFTER LUNG
TRANSDUCTION WITH F/HN-SIV-LUX OR PBS ADMINISTRATION

Months After Treatment PBS-treated Mice 8 g SWV-treated Mice 8 g

6 24.9 (0.5) n = 48 25.4(0.3)n = 71
15 30.7 (0.7) n = 47 31.4 (0.8) n = 35
24 30.1 (1.4) n = 36 201 (1. n=12

Definition of abbreviations: LUX = luciferase; PBS = phosphate-buffered saline;
SIV = simian immunodeficiency virus.

Mean weights (+ SEM) are shown. There were no differences between PBS-
and SIV-treated mice.
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TABLE 2. CAUSE OF MORTALITY OF PBS- AND F/HN-SIV-TREATED
MICE OVER A 24-MONTH PERIOD

Treatment Death (mo after treatment) Diagnosis

PBS 15 Found dead

PBS 18 Lymphoma

PBS 19 Lymphoma

PBS 20 Lymphoma

PBS 20 Inconclusive

PBS 21 No pathology found

PBS 21 Lymphoma

PBS 23 No pathology found

PBS 23 Found dead

PBS 23 Lymphoma

PBS 24 Found dead

Siv 3 Peritonitis

Siv 13 Found dead

Siv 17 Found dead

SV 19 Pancreatic tumor

Siv 21 Multiorgan inflammation

Siv 24 Found dead

Siv 24 Multifocal lymphocytic
inflammation

Definition of abbreviations: PBS = phosphate-buffered saline; SIV = simian im-
munodeficiency virus.

peripheral lung. To determine transduction efficiency of airway
epithelium more accurately the viral vector needs to be admin-
istered by nebulization. Further work is now warranted to de-
termine whether F/FHIN-SIV is stable in clinically approved
nebulizers and that virus production can be scaled up to the extent
required for clinical studies. We are currently assessing if F/HN-
SIV is stable in clinically approved nebulizers and preliminary
results indicate that infectivity after nebulization is retained (data
not shown); and scaling up vector production to allow us to move
into in vivo nebulization experiments in the near future.
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Although expression levels in the lung are completely stable
over the 2-year study period, those in the nasal epithelium de-
clined by approximately 60%. The latter is consistent with our
previous data (11) and may relate to different cell types being
transduced in the lung (airway epithelium and alveolar cells)
and nose (mainly ciliated airway epithelial cells) (11) and dif-
ferent turnover rates of these cells at these two sites. Although,
we do not have information about turnover of nasal airway
epithelium, Rawlins and Hogan (13) have shown that the half-
life of ciliated airway epithelial cells in the mouse trachea and
lung differs (trachea, average half-life 6 mo; lung, average half-
life 17 mo).

We have previously shown that prolongation of contact time
between nonviral gene transfer agents and the airway epithelium
significantly increases gene expression (20). In our previous
study, we therefore slowly perfused F/HN-SIV (1.3 pl/min) onto
the mouse nasal epithelium to maximize transduction (11).
Transduction efficiency in the nasal epithelium after adminis-
tration of a bolus of fluid that is rapidly (seconds) sniffed into
the lung led to similar levels of photon emission. This implies
that brief contact time between F/HN-SIV and the target cell
may be sufficient for efficient vector uptake into the cells, which
is an important factor for clinical translation. F/HN-SIV there-
fore mimics SeV (2) from which the F and HN envelope pro-
teins were derived.

We and others have previously shown that repeated admin-
istration of lentiviral vectors to the mouse nasal epithelium is fea-
sible (10, 11). To move our translational research a step closer
to clinical relevance we now assessed repeat administration of
the vector in the lung. Two types of repeat administration ex-
periments were performed: daily and monthly. The former was
assessed because it is conceivable that the total volume required
for delivery of a specific vector titer to the human lung may be
too large for a single dose and administration may have to be
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Figure 5. Persistent gene expression in differentiated air—
liquid interface (ALl) cultures. Differentiated human ALl
cultures were transduced with F/HN simian immunodefi-
ciency virus (SIV) luciferase (Lux) at multiplicity of infec-
tion (MOI) 25 or 250 (n = 5 per group), transfected with
GL67A complexed to a eukaryotic expression plasmid
expressing Lux (10 pg pClKLux per ALl equivalent to
3 X 10'? plasmids and an approximate MOI of 7 X 10%)
(n = 3) or treated with phosphate-buffered saline (PBS)
(negative control, n = 3). Lux expression was followed
using bioluminescence imaging for 3 months. (A) Repre-
sentative images are shown. (B) Quantification of Lux ex-
pression over 3 months.
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Figure 6. F/HN simian immunodeficiency virus (SIV) transduces pri-
mary human pulmonary cells. (4) Microscopic section showing primary
human airway epithelial cells obtained from nasal brushings (left, GC =
goblet cell, CC = ciliated airway epithelial cell) or human lung slices
(right, AW = airway, P = parenchyma). (B) Nasal brushings were trans-
duced with F/HN-SIV-luciferase (Lux) at a multiplicity of infection (MOI)
of 25 and 250 or treated with phosphate-buffered saline (PBS) (nega-
tive control) and Lux expression was quantified 24 hours after trans-
duction. Each dot represents one sample. Horizontal bars represent the
group median. ***P < 0.005 when compared with negative controls.
(C) Human lung slices were transfected with F/HN-SIV-Lux (2 X 107
TU/slice) or remained untransfected (negative control) and Lux expres-
sion quantified 2, 7, and 14 days after transduction. Two independent
experiments were performed (open and closed symbols). (D) Sheep
lung slices were transfected with F/HN-SIV-Lux (2 X 107 TU/slice) or
remained untransfected (negative control) and Lux expression quanti-
fied up to 26 days after transduction. Two independent experiments
were performed (open and closed symbols). Each dot represents one
animal. Horizontal bars represent the group median. *P < 0.05, **P <
0.01, ***P < 0.005 when compared with negative control. RLU =
relative light units.

split into several doses to accommodate the volume. Here, we
show that daily repeat administration is feasible and leads to
a dose-related increase in gene expression. Although important,
we have not yet addressed the question if “split-dose” delivery
of a specific vector titer (e.g., 10 doses of 107 TU) offers advan-
tages over “single-dose” delivery of the same vector titer (e.g.,
one dose of 10° TU), which may also be a relevant translational
research question. Although efficient daily-repeat administra-
tion is encouraging, this time-frame is generally not considered
to be sufficient to induce robust immune responses to the viral
vector. To confirm that long-term F/HN-SIV repeat administra-
tion to the lower airways is feasible viral vector was adminis-
tered monthly over a 3-month period. This dosing interval may
be of clinical relevance and is also an accepted timeframe for
the induction of robust immune responses. Uniquely for a viral
vector (in our hands), luciferase expression levels after one and
three doses were identical and more than 4 log orders higher
than in untransduced control mice.

Another important consideration for translational develop-
ment of a gene transfer agent is safety. The occurrence of leukemia
and myelodysplasia in some patients with primary immunodefi-
ciencies after treatment with -y retroviral vector-transduced bone
marrow (21) raises concerns about the safety of integrating viral
vectors. The risk of insertional mutagenesis in slowly turning over
differentiated lung epithelium is unknown, but is likely to be
lower than in rapidly dividing bone marrow cells. In addition,
the improved design of self-inactivating lentiviral vectors has im-
proved safety (21). Here we compared survival, weight, and lung
histology during a 24-month study period and did not see any
differences between F/HN-SIV- and PBS-treated mice. We in-
cluded only female mice in the study because they can be more
readily housed together for prolonged periods of time. It is un-
likely that the toxicology profile in male mice would be signifi-
cantly different. However, before progression into clinical trial a
good laboratory practice (GLP)-toxicology study, including male
and female animals and dose-ranging, has to be performed. De-
spite the encouraging toxicology profile of our current vector
configuration we plan to assess further modifications before final
vector selection for clinical trials, including the use of mammalian
promoters and ubiquitous chromatin opening elements. The for-
mer have been shown to reduce the risk of insertional muta-
genesis compared with strong viral promoters (22), whereas the
latter may reduce gene silencing (22). The ability to administer
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this vector repeatedly and efficiently also opens the possibility
of using nonintegrating lentiviral vectors (23), which may fur-
ther reduce the genotoxic risk.

As part of our translational pathway we next determined whether
F/HN-SIV is able to transduce human tissues. We have previously
shown that F/HN-SIV can transduce fully differentiated human ALI
cultures when analyzed 5 days after transduction (11). These cul-
tures mimic human airway epithelium and are difficult to transfect
(24). Here, we have extended these studies and show that F/FIN-
SIV-mediated expression in ALIs is stable; persists for at least 3
months (the length of the experiment); and is higher than GL67A-
mediated expression, which in our hands is currently the most
efficient nonviral vector. Preliminary experiments indicated that
in contrast to lipid-mediated gene transfer, F/HN-SIV does not
seem to damage the ALI cultures, but more extensive studies are
required to determine acute toxicity in vitro and in vivo.

To further evaluate the viral vector in even more relevant tis-
sues we assessed freshly obtained human primary airway cells
and showed that F/HN-SIV-Lux transduction leads to significant
levels of Iuciferase expression. We performed only short-term
(24 h) experiments to avoid potential cell division, which would
have affected interpretation of the results. Collection of primary
cells by nasal brushings exposes the basolateral membrane of
these cells and we cannot exclude the possibility that the vector
may have entered the cells by this route. However, experiments
performed in mice in vivo and in ALI cultures clearly show that
F/HN-SIV can transduce airway epithelial cells when applied to
the apical membrane without the need to coadminister agents to
open tight junctions. There was no difference in gene expression
when cells were transduced with an MOI of 25 or 250. In future
experiments the MOI will be further reduced to determine the
minimum MOI for efficient transduction.

We also assessed F/HN-SIV in precision-cut human lung sli-
ces. Expression in both experiments was stable and persisted
for at least 14 days, after which the experiment was terminated
because of reduced tissue viability. Although we have not deter-
mined which cells express the recombinant protein these studies
show that persistent SIV-mediated transduction into human pul-
monary cells is feasible and is not prevented by viral restriction
factors. We also transduced ovine lung slices, which are generally
more resilient when cultured (Nikki Newman, personal commu-
nication); stable luciferase expression was detectable for at least
26 days. These data support the future use of these models in the
clinical development of this vector.

SeV shares high sequence homology with human parainfluenza
virus and preexisting immunity may be a factor. Interestingly, Slo-
bod and coworkers (25) assessed SeV-vaccination against human
parainfluenza virus and reported evidence of immunogenicity in
three of nine vaccinees despite preexisting, cross-reactive immu-
nity presumably induced by previous exposure to human para-
influenza virus-1. Although this initial study is encouraging, the
effects of preexisting humoral immunity on virus transduction
efficiency is something we will address as a high priority.

Gene transfer to the airway epithelium is more difficult than
originally anticipated. Until now viral gene transfer agents have
not been useful for the treatment of chronic lung disease, such
as CF, because of immunogenicity, which prevents successful
repeat administration. Lentivirus-based vectors are a notable ex-
ception. Moving novel therapies to the clinic requires that rele-
vant evidence for safety and efficacy is gathered in appropriate
models. Here, we begin to place this vector onto a translational
pathway to the clinic and provide a body of supportive evidence
for F/HN-pseudotyped SIV as a potential gene transfer agent for
CF including (1) lifetime gene expression and efficient repeat
administration in mouse lung, (2) lack of chronic toxicity, and
(3) persistent gene expression in human ex vivo models.

The data presented here support F/HN-SIV as a promising
vector for pulmonary gene therapy, with potential for many dis-
eases including CF. We are currently undertaking the next crit-
ical steps (vector optimization and virus production) in this
developmental process toward clinical evaluation and are im-
proving vector optimization and viral production methods to
support progression into early phase trials.

Author disclosures are available with the text of this article at www.atsjournals.org.
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causative mutation in a patient with mild haemophilia A

H. INABA,* T. KOYAMA,t K. SHINOZAWA,f K. AMANO*} and K. FUKUTAKE*{
*Department of Laboratory Medicine, Tokyo Medical University, Tokyo, Japan; tLaboratory Molecular Genetics of
Hematology, Graduate School of Health Care Sciences, Tokyo Medical and Dental University, Tokyo, Japan; and
tDepartment of Molecular Genetics of Coagulation Disorders, Tokyo Medical University, Tokyo, Japan

Summary. Haemophilia A is caused by various genetic
mutations in the factor VIII gene (F8). However, after
conventional analysis, no candidate mutation could be
identified in the F8 of about 2% of haemophilia A
patients. The F8 of a patient with mild congenital
haemophilia A, in whom no candidate mutation was
found in the exons or their flanking regions, was
analysed in detail to identify the patient’s aetiological
genetic abnormality. We also characterized anti-FVIII
antibody (inhibitor) development in this patient.
Genomic DNA analysis revealed an adenine to guanine
transition deep inside intron 10 (c.1478 + 325A>G) of
F8 as a causative mutation. Analysis of the transcripts
demonstrated that the majority of the patient’s
transcript was abnormal, with 226 bp of the intronic
sequence inserted between exon 10 and 11. However,
the analysis also indicated the existence of a small

amount of normal transcript. Semi-quantification of
ectopic F8 mRNA showed that about one-tenth of the
normal mRNA level was present in the patient. After
the use of a recombinant FVIII concentrate, the
presence of an inhibitor was confirmed. The inhibitor
was characterized as oligoclonal immunoglobulin IgG4
directed against both the A2 domain and light chain of
the FVIII molecule with type I reaction kinetics of
inhibition of FVIII activity. When no mutations are
found by conventional analysis, deep intronic
nucleotide substitutions may be responsible for mild
haemophilia. The inhibitor development mechanism of
the patient producing some normal FVIII was thought
to be of interest.

Keywords: factor VIII, haemophilia A, inhibitor, intron,
mutation

Introduction

Haemophilia A (MIM + 306700) is an X-linked
bleeding disorder caused by a genetic defect in the
coagulation factor VIII gene (F8). The F8 is located
on the most distal band of chromosome X (Xq28) and
spans 186 Kb [1]. This large gene consists of 26 exons
encoding 2351 amino acids [2]. Since the cloning of
F8 in 1984, there has been a robust effort to identify
the mutation within F8 responsible for haemophilia.
Nowadays, more than 900 unique mutations have
been identified and registered in a worldwide mutation
database, HADB (http://hadb.org.uk, also known as
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HAMSTeRS, The Haemophilia A Mutation, Structure,
Test and Resource Site). Various types of genetic
mutation which cause haemophilia A have been
detected in F8. However, in approximately 2% of
haemophilia A patients, no genetic mutation can be
found in F8, even after nucleotide sequencing includ-
ing the 5-untranslated region, the entire coding
region, exon/intron boundaries and the 3™-untranslated
region [3,4]. In these cases, the possibility that some
causative mutations might be located in a further
unanalysed region of F8 is still suspected. For exam-
ple, although it occupies a large part of the gene, it is
difficult to examine deep inside intron in detail, which
leaves this relatively unanalysed region as a strong
candidate for undetected mutations.

The most serious complication of factor VIII (FVIII)
replacement therapy in haemophilia A is the develop-
ment of alloantibodies against transfused FVIIL. This
markedly attenuates the effectiveness of FVIII replace-
ment therapy. In general, the incidence of inhibitor

© 2012 Blackwell Publishing Ltd
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development in patients with haemophilia A is esti-
mated to be 20-30% [5~7]. Severe patients who carry
null mutations (e.g. intron 22 inversion, large deletion
and nonsense mutation) are usually at high risk of
inhibitor development [8,9], because their mutations
do not produce endogenous FVIII protein. Conversely,
mild/moderate patients who carry less severe genetic
defects (e.g. missense mutation) are usually at low risk
of inhibitor development, because they can produce
some endogenous FVIII protein. However, the endoge-
nous FVIII molecule is an abnormal FVII mutant and
is recognized as “self” in the patients. Therefore,
inhibitor development in mild/moderate patient is
observed when a transfused normal FVIII is recog-
nized as “non-self”. The incidence of inhibitor devel-
opment is influenced not only by the genetic
abnormality of the patient but also by hereditary
background and environmental factors [9].

In this article, we describe a patient with mild
haemophilia A who developed a high titre inhibitor.
Our genetic analysis revealed that the patient carried a
novel adenine to guanine transition deep inside intron
10 of the F8 as a candidate causative mutation.
Furthermore, mRNA analysis revealed that a FVIII
protein produced by the patient might be normal. The
development of inhibitor in this inherently mild
patient is of interest.

Materials and methods

Patient

A 71-year-old man with a history of stomach cancer
was diagnosed as suffering from mild haemophilia A
(FVIII activity 10%) before a surgical operation at the
age of 60. Although, he described some indications of
haemostasis difficulty, for example in tooth extrac-
tions etc. during childhood, the patient had no history
of haemorrhage that required treatment. There were
no cases of haemophilia amongst the patient’s rela-
tives. Three months after the first infusion of recombi-
nant FVII (Kogenate; Bayer), about 20 exposure
days, anti-FVIII antibody was detected for the first
time. The study was approved by the Ethics Commit-
tee of Tokyo Medical University and written informed
consent was obtained from the patient. The studies
were carried out in accordance with the principles of
the Declaration of Helsinki.

Genomic DNA and total RNA preparation

Genomic DNA was extracted from peripheral blood
cells using the EZ1 DNA Blood 350 pL Kit (Qiagen,
Hilden, Germany) on a BioRobot EZ1 workstation
(Qiagen). Total RNA was isolated from peripheral
blood cells using a QIAamp® RNA Blood Mini Kit
(Qiagen) or PAXgene® Blood RNA Kit (Qiagen). Both

© 2012 Blackwell Publishing Ltd

preparations were performed following the manufac-
turer’s instructions.

F8 amplification and sequencing

The F8 entire coding regions, exon/intron boundaries,
and the 5’ and 3'-untranslated region, were amplified
by PCR with 36 sets of primers. We designed most of
the PCR primers used in this study, although some
were as described previously [4]. The M13 consensus
sequence was added to the 5" end of all primers for
direct sequencing. The amplified PCR products were
electrophoresed on a 3% agarose gel and were
extracted using QIAquick Gel Extraction Kit (Qiagen).
The purified PCR products were directly sequenced
using the M13 consensus sequence as primer. Cycle
sequencing was performed using the BigDye Termina-
tor kit. Unincorporated BigDye Terminators and
unused primers were removed using the Big Dye
XTerminator Purification Kit (Applied Biosystems,
Foster City, CA, USA) following the manufacturer’s
instructions. Sequencing was performed on a 48-capil-
lary 3730 DNA Analyzer (Applied Biosystems).

Factor VIII gene mRNA analysis

To analyse the splicing of F8, nested amplification for
F8 ¢DNA was performed using a Qiagen OneStep
RT-PCR Kit (Qiagen) and with primers that were
reported by El-Maarri et al. [10]. Ectopic F§ mRNA
level was relatively quantified by a real-time PCR
technique. Briefly, reverse transcription was performed
using a commercially available kit (High Capacity
c¢DNA Reverse Transcription Kit; Applied Biosystems)
according to the manufacturer’s instructions. The F8
cDNA was then amplified and analysed by commer-
cially available TagMan gene expression assays
(Hs00240767_m1, Hs01109547_m1; Applied Biosys-
tems). Relative quantification of F8 mRNA expression
was performed using the comparative Ct method. The
E8 expression level was normalized with endogenous
control B-actin  (Hs99999903_m1, Applied Biosys-
tems). Total RNA from caucasian male liver (First-
Choice® Total RNA) was used as a reference. All
amplifications were carried out at least in triplicate.

Coagulation test

We measured FVII activity (FVILC) level using a
one-stage clotting assay with the use of commercial
aPTT reagents (HemosILTM APTT-SP reagent; Instru-
mentation Laboratory), FVIII-deficient plasma (George
King Bio-Medical, Overland Park, KS, USA) and an
ACL-9000 automatic coagulation analyser (Instrumen-
tation Laboratory, Bedford, MA, USA). Anti-FVIII
antibody (inhibitor) level was measured by the Beth-
esda method [11].

Haemophilia (2013), 19, 100-105
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Characterization of IgG subclass

Recombinant factor VII (rFVIII) was used as an anti-
gen and coated onto microtitre plate wells. The
patient’s plasma was reacted with coated rFVIII and
subsequently IgG subclass was detected using a Human
IgG Subclass Screening Kit (Cygnus Technologies,
Southport, NC, USA).

Western blotting analysis

Polyacrylamide gel electrophoresis with sodium dode-
cyl sulphate was performed with polyacrylamide gra-
dient gels (2%—-15%) (Multigel 2/15; Daiichi Pure
Chemicals, Tokyo, Japan). The rFVIII non-treated, or
treated with a-thrombin, was loaded onto gels under
non-reducing conditions and then transferred onto
PVDF membrane. The IgG in the patient’s plasma was
reacted with rFVIII and subsequently detected by HRP
labelled anti-human IgG (Biosource, Camarillo, CA,
USA). Immunoreactions were visualized with a Konica
Immunostain HRP-1000 kit (Konica Corporation,
Tokyo, Japan).

Results

Identification of candidate mutation

Nucleotide sequencing of entire coding regions, exon/
intron boundaries and the 5 and 3'-untranslated
region of F8 was performed. However, no genetic
abnormality recognized as causative of haemophilia A
was detected. The only nucleotide substitution, an
adenine to guanine transition, was unexpectedly
detected 325 bp downstream from the 3’ end of exon
10 (c.1478 + 325A>G) (Fig. 1). This transition was
not found in F8 of 103 Japanese males and has not
been registered in any database as a mutation or a
polymorphism. These results strongly suggest that the
transition is very rare and may be involved in FVIII
deficiency in this patient.

mRNA analysis

Analysis of the nucleotide sequence of the substitution
by splicing site prediction software predicted (with
high score, data not shown) the formation of a new
donor splice site. To confirm the influence of the tran-
sition on the patient’s mRNA splicing, we analysed
ectopic F8 transcripts using nested RT-PCR.

After the amplification of exon 8~14 by RT-PCR,
Exon 8-11 was amplified using nested primers. The
products obtained from 10 independently performed
nested PCR using the mRNA prepared by single
extraction are shown in Fig. 2. Although the products
amplified from each reaction tube were different, over-
all, three different size RT-PCR products were observed

Haemopbhilia (2013), 19, 100-105
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Fig. 1. Adenine to guanine transition in intron 10 of F8. The adenine to
guanine transition was detected 325 bp downstream from the 3' end of
exon 10 (c.1478 + 325A>G).

Abnormal transcript 1

Normal transcript
Abnormal transcript 2

Abnormal splicing !
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Fig. 2. F8 mRNA splicing in the patient. The transcript of the patient was
analysed by nested RT-PCR. After the amplification of exon 8-14 by RT-
PCR, exon 8-11 was then amplified by using nested primers. Two abnor-
mal sized transcripts (abnormal transcript 1 and 2), were detected by 10
independently performed nested PCR from the patient’s mRNA prepared
by single extraction. Nucleotide sequencing of the abnormal transcript 1
revealed that a 226 bp nucleotide sequence, a part of intron 10, recognized
as exon, was inserted between exon 10 and 11 in the mRNA. Nucleotide
sequencing revealed that the abnormal transcript 2 was synthesized by exon
10 skipping. The majority of the patient’s transcript was abnormal, how-
ever, the existence of a small amount of normal transcript was confirmed.

as the products. Nucleotide sequencing of the largest
RT-PCR product, detected in seven of 10 reactions,
revealed that a 226 bp nucleotide sequence, a part of
the intron 10 region, recognized as exon, was inserted
between exon 10 and 11 in the mRNA. The nucleotide
sequence showed that the middle and small sized

© 2012 Blackwell Publishing Ltd
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RT-PCR products corresponded to the normal and
exon 10-skipping transcripts respectively. These results
suggest that the majority of the patient’s transcript was
abnormal. However, these results also indicated the
existence of a small amount of normal transcript.

As the inserted sequence was thought to lead to a
frameshift and to generate a premature termination
codon in the inserted sequence, it was predicted that
degradation of the abnormal mRNA by the mRNA
surveillance system (Nonsense-mediated mRNA decay)
would occur [12,13]. To estimate the F8 mRNA
expression level, relative quantification analysis using
real-time PCR was performed. Two different regions,
upstream (exon 1-2) and downstream (exon 20-21)
of the transition, were used for amplification. The
patient’s ectopic F§ mRNA level was about 1/10 that
of the normal Japanese male subjects used as normal
controls (Fig. 3). This phenomenon was similar both
upstream and downstream of the mutation. These
findings suggested that the transition in intron 10
might lead to haemophilia aetiology by decreasing the
amount of normal F8 mRNA.

Characterization of an anti-FVIII antibody

We characterized the anti-FVIII antibody (inhibitor)
that developed in the patient. The inhibitor showed
high titre (53.2 BUs; Bethesda Units) and a type I
inhibition kinetic pattern (data not shown). The pre-
dominant IgG subclass was IgG4, with IgGl present
as a minority (data not shown). The epitopes of the
inhibitor were both the A2 domain and the light chain
(A3-C1-C2 domain) of FVII (Fig. 4).

Analysis of the genetic risk factors for inhibitor
development

The haplotypes of the immune response factor related
to risk of inhibitor development were analysed
(Table 1). Low risk was suggested in IL10 and TNFo

0.002

w E12

= E20-21

Betopic F8§ mRNA
(arbitrary units)

9 Patient

Fig. 3. Ectopic F§ mRNA quantification. F§ mRNA levels were relatively
quantified by using two different regions, upstream of the transition (exon
1-2) and downstream of the transition (exon 20-21). The result was nor-
malized with endogenous control B-actin and expressed relative to the F8
level of a male Caucasian liver which was given an arbitrary value of 1.
1-9; Normal Japanese males control.
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Fig. 4. Inhibitor epitope analysis. The inhibitor recognizes both the A2
domain (44 kDa) and the light chain (A3-C1-C2 domain; 83 kDa) of FVIIL

analysis and high risk was suggested in CTLA-4 analy-
sis. These results suggest that the patient would not be
at an especially high risk of inhibitor development.

Discussion

We identified an adenine to guanine transition from
deep inside intron 10 of F8 as a putative cause of mild
haemophilia A. The transition, located at 325 bp
downstream of exon 10, was found serendipitously
because the primer we designed for the amplification
of exon 10 was positioned very deep inside intron 10.
We usually use the primer which we designed origi-
nally for the F8 analysis. It was difficult to design the
primer pair that amplifies exon 10 in our examination.
Therefore, as a result of careful selection, the primer
positions were decided at deep inside of the intron.

The genetic abnormalities which cause haemophilia
A are usually detected in F8. However, in about 2%
of Haemophilia A patients, no genetic abnormality
can be found, even after complete sequencing of F8
including the promoter and the 3-UTR regions.
Because F8 is very large, 186 kb long, the range which
can usually be analysed is restricted to the coding
region including flanking splice sites and is less than
one-tenth of the entire F8 gene. The remainder
regions, representing almost all of the intronic
sequences, are unanalysed. Therefore, in cases where a
gene abnormality has not been detected there is the
possibility that some abnormalities are hidden in the
intronic regions which remain unanalysed.

The F8 gene is mainly expressed in sinusoidal
endothelial cells and Kupffer cells in the liver [14]. How-
ever, trace amount levels of F8 mRNA, ectopic mRNA,
exist in blood cells and can be analysed by RT-PCR
amplification [10,15,16]. The analysis of the ectopic

Haemophilia (2013), 19, 100105
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Table 1. Genortypic risk factors for inhibitor development of the patient.
The immune response factors related to the risk of inhibitor development
were analysed. Low risk was suggested by IL.10 and TNFu analysis and high
risk was suggested by CTLA-4 analysis.

TNFa
Hap 1 or 3 and -308G/G genotype
(High risk: Hap 2 or 3 and -308G/G genotype)
CTLA-4
-318 C/C
(Low risk: -318 T allele)
1L10
None with allele 134 (138/140)
(High risk: Allele 134 posirive)

mRNA obtained from blood is available to observe the
state of splicing, and this analysis is widely used to screen
for genetic abnormalities. If the mutation exists deep
inside the intron, it will give some influence on the tran-
script. Therefore, examination of the mRNA is very
effective to detect unknown genetic mutations or rear-
rangements. Furthermore, the analysis of ectopic mRNA
is also effective to examine the influence that detected
gene abnormalities exert on the splice. In fact, the muta-
tion that we found was confirmed to cause the splice
abnormality by analysing ectopic mRNA. Although pre-
dictive software analysis [17] suggested that this
patient’s mutation may cause splicing abnormalities,
there was no further evidence to prove this.

We analysed ectopic mRNA by using the method
that had been reported by El-Maarri et al. [10]. This
method utilizes the nested PCR technique and is
suitable for detection of small amounts of mRNA. At
first, the F8 is divided into four regions, exon 1-8,
8-14, 14-21 and 19-26, and is amplified. Then, each
of the first amplification products are further divided
into two regions and amplified again. In the present
study, because the position of the mutation was identi-
fied within intron 10, exon 8-14 was amplified first,
then exon 8-11 was amplified. However, consistent
amplicons were not obtained from every reaction of
the second amplification. We have re-evaluated the
preparation of mRNA and the amplification of cDNA
to elucidate why the same amplicon was not provided
every time. However, we could not resolve the issue.
This may reflect the low abundance of such a variant.
Therefore, we evaluated the patient’s mRNA by the
result of 10 independently performed reactions.
Although the method mentioned above is an excellent
method for analysing ectopic F8 mRNA, in the case
of some splice variants it is suggested that careful
evaluation and selection of analyses are necessary.

Originally, the patient was identified as having very
mild congenital haemophilia A. The patient had no his-
tory of haemorrhage that required treatment until the
detection of low FVIII activity level at the age of 60,
although he had showed some difficulty of haemostasis,
for example in tooth extractions etc. during childhood.
The fact that there is agreement between both the FVIII

Haemophilia (2013), 19, 100-105

levels at a preoperative examination and the F§ mRNA
levels described in the present study supported the classi-
fication of the patient as having mild congenital haemo-
philia. However, at the present time, the patient has
fallen into a very severe state due to development of anti-
FVII antibody. The inhibitor development process of
the patient was typical, and took less than 20 exposure
days from the first FVIII concentrate injection [18].
Generally, inhibitor development in congenital haemo-
philia is more frequently observed in the severe patients
null mutations [8]. It is comparatively rare that a patient
with mild haemophilia A should develop the inhibitor.
Inhibitor development in mild haemophilia A is typically
observed in patients with molecular abnormalities
because endogenous abnormal mutant FVIII, a cross-
reacting material (CRM), is recognized as “self” and
exogenously infused normal FVIII molecule is recognized
as “non-self”. The developed antibody is often seen to
cross-react with not only “non-self” but also “self”.

This patient was diagnosed with congenital mild
haemophilia A and has CRM as previously stated.
However, analysis of the mRNA might suggest that
this patient’s CRM would be normal FVIII, produced
by the normal mRNA which avoided abnormal splic-
ing. Therefore, this is an interesting case because the
inhibitor in this patient raises the possibility that the
nature and developing mechanism are different from
the inhibitor usually developed in congenital mild
haemophilia A. The inhibitor showed a type I inhibi-
tion kinetic pattern [19], predominantly IgG4 subclass
[20], and multi-clonal epitopes (A2 domain and the
light chain of FVIII). These characteristics were most
typical of an alloantibody developed in congenital
haemophilia. Moreover, we investigated the genetic
risk factors in consideration of the possibility that the
patient’s antibody developed as an autoantibody. The
results of the haplotype analysis of the immune
response factors suggested that the patient was not at
an especially high risk of inhibitor development
[21-24]. However, on the other hand, the fact that the
patient is aged and had a solid tumour (stomach can-
cer) may have created a higher risk of an autoantibody
development. Therefore, we cannot deny the possibil-
ity that the patient’s haemophilia is acquired.

The novel factor VIII mutation identified here
provides potential insight into the genetic contribution
to haemophilia A pathogenesis and inhibitor develop-
ment. Although the FVIII antibody developed in this
patient is interesting, further analysis and knowledge
are necessary to judge whether the inhibitor is an
alloantibody or an autoantibody.
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Arthroscopic synovectomy of the elbow covered with
rFVIIa in a haemophilia B juvenile with inhibitor
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We report a successful case of arthroscopic synovectomy for both
elbows in a haemophilia B juvenile with inhibitor covered with acti-
vated recombinant factor VII (rFVIIa).

An inhibitor haemophilia B juvenile (16 years, 50 kg of body
weight) was suffering from intra-articular bleeding once or twice a
month for years with unbearable pain in both elbows, which was
followed by upper limbs dysfunction. In 2008, his right elbow
showed mild contracture resulting in some limitation of daily activ-
ity. His left elbow showed better range of motion, however, it was
strictly limited for several days after haemarthrosis resulting in more
severe limitation of activity than the right (see Table 1). The left
elbow was attacked more frequently than the right in those days.
Radiographs showed signs of moderate degenerative arthritis includ-
ing epiphysis enlargement of the radial head (Arnold-Hilgartener
stage IV [1]) on the right elbow and slight erosion in the articular
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surface on the left elbow (Arnold-Hilgartener stage III). MRI showed
hypertrophy of synovium with pooling of joint effusion (Fig. 1).

He had been diagnosed as haemophilia B because of intracranial
haemorrhage in new born and high responded inhibitor of factor IX
developed when he was 1-year old. After that intra-articular bleeding
occurred in his several joints including both elbows. Replacement
therapy by rFVIIa improved his joints’ disorders, although some tar-
get joints still existed. Before surgery, activated partial thrombo-
plastin time (APTT) was prolonged to 123.0 s and factor IX
inhibitor was 68 BU mL™". Preoperative rFVIla trial revealed effec-
tive shortening of the prothrombin time [PT-INR was 1.15 before
and was kept from 0.66 to 0.68 for 2 h after intravenous injection
of 6.0 mg (120.0 pg kg™?) of rFVIla].

We had planned arthroscopic synovectomy on his left elbow at
first. On the day of the operation, pre- and intraoperative bolus infu-
sion of 6.0 mg of rFVIla was administered every 2 h. Congestive
hypertrophic synovium was successfully removed by arthroscopy.
Bolus infusion dose of 6.0 mg was administered at 2-12 h interval
from the operative day O to day 8. Careful assistive motion exercise
was started on postoperative day 3. He was also instructed to move
his elbow with protection by the hinge brace for 3 months. His elbow
showed gradual functional improvement without any clear sign of
periarticular bleeding. At postoperative 24 months, the left elbow
showed painless good function of 135° of flexion with 20° of

© 2012 Blackwell Publishing Ltd
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Table 1. Clinical and radiographic status of the patient’s both elbows before and after the operation. Preoperative and postoperative status of the patient’s

both elbows.

Range of motion (degrees)

Intra-articular bleeding Radiography
Number of episodes Pain Flexion Extension  Pronation  Supination  Arnold-Hilgartener stage
L) Elbow  Preop. 10-15/Years Moderate  130/110*  —20/-25* 80 90 i
Postop. (36 months) None None -20 80 80 il
R) Elbow  Preop. Several times/Year Mild -30 45 60 v
Postop. (12 months)  None None -30 60 70 v

*Preoperative range of motion of left elbow was reduced in several days after intra-articular bleeding.

Fig. 1. Preoperative AP radiogram and MRI T2-weighted sagital images
of the left clbow show erosive change on the articular surface, hypertrophy
of synovium and correction of joint effusion.

Fig. 2. AP radiogram and MRI T2-weighted sagital images of the left
elbow obtained 2 years after the arthroscopic synovectomy show good con-
gruity of the joint with remodelling of subchondral bone. No synovitis
exists.

© 2012 Blackwell Publishing Ltd

Fig. 3. Radiograms of the degenerative arthritic right elbow before the
operation.

extension loss. The radiographs showed improvement of the subchon-
dral erosion (Arnold-Hilgartener stage II) and MRI showed reduction
in joint effusion (Fig. 2), however, the right elbow dysfunction
slightly progressed with a few episodes of haemarthrosis (Fig. 3).

Arthroscopic synovectomy of the right elbow with shaving of the
deformed radial head was performed under the same protocol.
Postoperative bleeding was controlled successfully and the motion
exercise advanced withour complication. He regained good right
elbow function quickly after the procedure (see Table 1). Now it is
3 years for his left elbow and 1 year for his right elbow after each
of the operation. He can do all activities of daily living without any
episode of intra-articular bleeding. Good remodelling of the articular
congruity without progression of degeneration was observed in post-
operative radiograms (Fig. 4).

Discussion

Elbow is a key joint of the upper limb function and limitation of
elbow motion is critical if flexion is limited under 130°, extension
under —30° (flexion contracture) and prono-supination under 50°
[2]. It is often involved as a target joint in haemophilia and repeat-
ing intra-articular bleeding results in an arthritic elbow, which limits
the patients’ daily activity [3]. Synovectomy for haemophilic
arthropathy is effective to reduce pain and frequency of bleeding,
but conventional open surgery was so invasive that postoperative
joint contracture might cause deteriorative effect for function.
Especially in an inhibitor patient, surgical intervention was still
challenging.

Arthroscopy was developed in 1940s and has been applied as a
tool of less-invasive surgery for haemophilic arthropathy in compar-
atively large joints such as the knee [4]. This procedure may

Haemophilia (2012), 18, €399-e425
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Fig. 4. Radiograms obrained postoperative 12 months. Better congruity
was obtained after arthroscopic shaving of the radial head.

improve the stage of haemophilic arthropathy especially in young
patients who have the potential of osteochondral remodelling [5],
however, it is not popular for the elbow because of technical diffi-
culty; the joint cavity is small and close to the major neurovascular
structures. But technical development enabled arthroscopic elbow

References
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surgery possible and popular [6]. In medication, development of
bypassing agents, such as activated prothrombin complex concen-
trate (aPCC), and activated recombinant factor VII (rFVIIa) made it
possible to apply surgery for an inhibitor patient of haemophilia
[7,8].

Our patient was a juvenile with high responded inhibitor and
just lost his elbow function because of early or moderate stage of
haemophilic arthropathy. Arthroscopic elbow synovectomy w/o
radial head shaving was successfully performed by covering with
rFVIla, which resulted in not only good control of articular bleed-
ing but also functional improvement. Radiographic improvements
in his left elbow suggest the effectiveness of this approach, espe-
cially for young less-progressive haemophilic arthropathy. Even in
more degenerative right elbow, functional improvement was
achieved after shaving of the radial head. In the past, arthroscopy
was not popular for the elbow because the joint cavity is small and
close to major neurovascular structures. Technical developments
have recently enabled more successful arthroscopies of the elbow.
Haemophilic - arthropathy may be improved especially in young
patients with the potential of osteochondral remodelling. Use of
tVIla enabled us to perform two such procedures in a patient with
an inhibitor to factor IX.
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The main problem facing the replacement therapy of severe
haemophilia A patients is the development of factor VIII (FVIII)
inhibitors, which occur in 10-30% of them. Type of the therapeutic
treatment, age of its onset and the frequency of its administration
clearly influence inhibitors formation. But the type of FVII gene
mutation they have, and variables of their immune system also play
a role. In this article, we approached the investigation of these
variables by considering 15 polymorphisms related to five systems:
(i) HLA-G, the non-classical class 1 human leucocyte antigen; (ii)
PTN22, a tyrosine phosphatase that negatively regulates stimulatory
signalling cascades; (iii) IL4 and IL10, interleukins 4 and 10, soluble

© 2012 Blackwell Publishing Ltd
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