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Heterogeneity of the Factor IX Locus in Nine Hemophilia B Inhibitor Patients

R. James Matthews,* Don S. Anson,? lan R. Peake,* and Arthur L. Bloom*
*Department of Hematology, University of Wales College of Medicine, Heath Park, Cardiff, Wales; and

Sir William Dunn School of Pathology, Oxford, United Kingdom

Abstract

DNA from nine hemophilia B patients who produce anti-factor
IX inhibitors (antibodies), including two brothers, was analyzed
by the Southern blotting method and hybridization with factor
IX cDNA, intragenomic, and 3'-flanking probes. Two inhibitor
patients were shown to have total deletions of the factor IX gene.
Two other inhibitor patients, the brothers, were shown to have
a presumably identical complex rearrangement of the factor IX
gene involving two separate deletions. The first deletion is of
~ 5.0 kb and removes exon e. The second deletion is between
9 and 29 kb and removes exons g and h but leaves exon f intact.
An abnormal Taq I fragment at one end of the deletion junctions
acted as a marker for the inheritence of hemophilia B in the
patients’ family. Five other inhibitor patients have a structurally
intact factor IX gene as detected by this method. Our studies
indicate that whereas large structural factor IX gene defects pre-
dispose hemophilia B patients to developing an anti-factor IX
inhibitor, the development of an inhibitor can be associated with
other defects of the factor IX gene.

Introduction

Hemophilia B is an X-linked heterogeneous bleeding disorder in
which normal intrinsic clotting factor IX is absent, deficient, or
has been replaced by a functionally abnormal factor IX protein.
The disorder affects ~ 1 in 30,000 newborn males in the United
Kingdom. Hemophilia B patients receive replacement therapy
with factor IX concentrated from pooled normal plasmas. The
development of specific anti-factor IX inhibitors (antibodies)
occurs in ~ 1% of hemophilia B patients as a consequence of
this treatment. Those patients who do not produce any im-
munologically recognizable factor IX protein are thought to be
at most risk of developing an inhibitor to factor IX.

Cloning and sequencing of the factor IX gene (1-5) has made
possible the investigation of the factor IX genes of hemophilia
B patients. We have also used probes originating from flanking
sequences ~ 25, 40, and 80 kb 3’ to the factor IX gene that have
been isolated by gene walking experiments (D. S. Anson and
G. G. Brownlee, personal communication). Previous studies have
indicated that the majority of noninhibitor patients possess no
large structural alterations in the factor IX gene (6-12) although
Chen (13) has reported one noninhibitor patient, Hemophilia
B (Seattle 1), with a partial deletion of 10 kb including exons e
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and f. Studies by Giannelli (6), Bernardi (8), and Hassan (14)
have indicated that most inhibitor patients however, do have
some kind of deletion of the factor IX gene. The first inhibitor
patient we studied, Hemophilia B (Jersey 1), also had a deletion
of the factor IX gene (15). We now report more information on
the extent of the deletion in this patient and also results obtained
with a further eight hemophilia B inhibitor patients, including
two brothers.

Methods

Materials. Triton X-100, phenol, and sodium dodecyl sulfate (SDS) were
obtained from BDH Chemicals Ltd., Poole, England. Salmon sperm
DNA, polyvinyl-pyrrolidone, Ficoll-400, and dextran sulphate were pur-
chased from Sigma Chemical Co., Poole, England. Agarose, low-melting-
point agarose, and large fragment DNA polymerase I were from BRL
Gibco Ltd., Paisley, Scotland. .

Hybond-N membrane was purchased from Amersham International,
Amersham, England. Proteinase K and bovine serum albumin (BSA)
(fraction V) were obtained from BCL, Lewes, England. Restriction en-
donucleases were purchased from BCL and Anglian Biotechnology Ltd.,
Colchester, England. Hexadeoxyribonucleotides were from Pharmacia
Ltd., Milton Keynes, England, and 32PdCTP was purchased from Du
Pont (U.K.) Ltd., Stevenage, England. Kodak Ortho G X-ray film and
Kodak X-Omatic cassettes were obtained from Kodak Ltd., Hemel
Hempstead, England.

Patients. Peripheral blood samples were collected on nine hemophilia
B inhibitor patients and their family members from Hemophilia Centres
in the United Kingdom, United States, France, Japan, Holland, Sweden,
and Eire. We have called them Hemophilia B (Jersey 1), (15), (Boston
1), (Chicago 1), (Paris 1), (Nara 1), (Bilthoven 1), (Malmo 1), and (Dublin
1). None of the inhibitor patients showed measurable factor IX antigen
in their plasma, as measured by immunoelectrophoresis and enzyme-
linked immunosorbent assay (16), with a sensitivity of 0.01 U/ml (i.e.,
1% of normal plasma levels).

Probes. The factor IX cDNA clone used, cVII, is ~ 2 kb and covers
the signal peptide and mature protein coding regions and half the 3'
noncoding region of factor IX mRNA (Fig. 1) (4). The intragenic probes
XI, VIII, II, and III are located at exons a, d, e, and f respectively of the
factor IX gene, and the intragenic probe IV is located midway within
the intron between exons f and g (Fig. 1) (4). Probes Eco 3.2, Cla 1.4,
and Bam 5.0 are genomic probes located at ~ 25 kb, 40 kb and 80 kb
respectively in the flanking region, 3' to the end of the factor IX gene
(Fig. 1). Probe pX45h is a random Xq27-linked probe that has not shown
any recombination with the factor IX gene in 14 informative meioses
(17, 18). The Xq27 probe was kindly provided by Dr. B. N. White,
Kingston, Ontario, Canada.

Restriction endonuclease analysis. The patients’ blood was taken into
one tenth volume of 3.8% trisodium citrate and shipped in dry ice. Be-
tween 300 and 500 ug of high-molecular-weight DNA was extracted
from 10 ml of blood according to the method of Kunkel (19). 10 ug
DNA was digested overnight with 2 U/ug of the appropriate restriction
enzyme according to the manufacturers’ conditions. The samples were
electrophoresed for 1 h at 10 V/cm on a Mini-Gel apparatus (Bio-Rad
Laboratories Ltd., Herts, England) to check for complete digestion before
loading onto a 0.7% agarose gel containing ethidium bromide (0.5 ug/
ml) and electrophoresed in a TBE buffer (0.089 M Tris-borate, 0.089 M
sodium citrate, 0.05 M EDTA, pH 8.0) for 20 h at 1.6 V/cm. Following
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electrophoresis each gel was photographed on a short-wavelength transil-
luminator and immediately subjected to alkali treatment (0.5 M NaOH,
1.5 M NaCl) for 1 h followed by neutralization with two washes of 30
min each in 1.5 M NaCl, 0.5 M Tris, pH 7.2,0.001 M EDTA. The DNA
was blot transferred from the gel to a Hybond-N membrane using the
method described by Southern (20) and covalently fixed by wrapping
the membrane in plastic wrap and placing the DNA surface downwards
on a transilluminator for 1 min. Prehybridization was for 1 h at 65°C
in 6 X standard saline citrate (SSC) (1 X SSC is 0.15 M NaCl, 0.05 M
sodium citrate), 5 X Denhardts (100 X Denhardts is 2% wt/vol BSA, 2%
wt/vol PVP, 2% wt/vol Ficoll-400), 0.5 SDS, 20 ug/ml heat-denatured
salmon sperm DNA and 10% dextran sulfate. Hybridization was for 24—
48 h in the same solution with the addition of a heat-denatured radioactive
probe (1.0 uCi/ml, 5 ng/ml). DNA plasmid probes were radiolabeled
with 32PdCTP to 5 X 107 dpm/ug in a nick-translated reaction (21) or
DNA plasmid inserts were radiolabeled to 5 X 10® dpm/ug by the oli-
gonucleotide priming method of Feinberg and Vogelstein (22). On com-
pletion of hybridization the membranes were washed two times in 2
X SSC for 30 min at 65°C followed by two times in 2 X SSC/0.1% (wt/
vol) SDS for 30 min at 65°C and in 0.1 X SSC/0.1% SDS for 10 min at
65°C. After air drying, the membranes were exposed to Kodak Ortho-
G film at —70°C for 2-10 d. For rehybridization the membranes were
first incubated in 0.4 M NaOH at 45°C for 30 min followed by incubation
in 0.1 X SSC/0.1% SDS/0.2 M Tris, pH 7.5, at 45°C for 30 min before
repeating the prehybridization protocol.

Exonb,c 5-3kb
f 36 Exon a
h 27
d 1-8
9 15
d 13
e 1-0

scale Figure 1. Factor IX gene and flanking
probes. Line diagram of factor IX gene
showing regions complementary to the
c¢DNA (cVII) probe, intragenomic (XI,

VIIL 11, 111, IV), and 3-flanking geno-
'Bam 50" mic probes (Eco 3.2, Cla 1.4, Bam 5.0).

Results

An analysis of large structural alterations such as deletions and
insertions in the factor IX genes of hemophilia B patients is
simplified by the X-chromosome linkage of the factor IX gene
whereby males possess only a single copy of the gene.

Fig. 2 shows the results of three hemophilia B inhibitor pa-
tient DNA samples, Hemophilia B (Bilthoven 1), (Malmo 1),
and (Nara 1), (tracks 1-3 respectively) and one normal male
DNA (track 4), cut with the restriction enzyme Taql and probed
with the cDNA (cVII) probe. Six fragments containing the dif-
ferent exons of the factor IX gene were visible in each of the
tracks. Tagql is a particularly useful restriction enzyme in this
context because it resolves most of the exons of the factor IX
gene (Fig. 3). Exon a is not detectable because of the inefficient
binding to the filter of the 300-bp Taql fragment that contains
exon a. Note that exon d can be found in either a 1.8-kb fragment
or a 1.3-kb fragment due to the polymorphic Taql site 3' to exon
d (23). Each of these patients was normal for all of the fragments
generated by Tagl and the cDNA probe suggesting that their
factor IX genes were essentially intact although we would not
have detected small insertions or deletions. To check for the
overall integrity of exon a and 5’ promoter sequences in these

Figure 2. Southern blotting analysis
of factor IX genes in three hemo-
philia B inhibitor patients. Result of
(A4) Taql digestion and probing with
the cDNA (cVII) probe on Hemo-
philia B (Bilthoven 1) (track 1), He-
mophilia B (Malmo 1) (track 2), He-
mophilia B (Nara 1) (track 3), and
normal male (track 4) (note that
exon d can be found as a 1.8-kb or
1.3-kb fragment due to the poly-
morphic Taql site 3' to exon d, see
Fig. 3), (B) Pvull digestion and prob-
ing with intragenomic probe XI
(containing exon a) on Hemophilia
B (Bilthoven 1) (track 5), Hemo-

6-0kb

5 6 738 philia B (Malmo 1) (track 6), Hemo-
philia B (Nara 1) (track 7), and nor-
Pwull mal male (track 8).
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Figure 3. Taql restriction enzyme map of the factor IX gene. Line diagram of the factor IX gene showing location of exons a-h (solid bars) and
Taql restriction enzyme sites. Lengths of Taql fragments containing exons are indicated in kb.

inhibitor patients, DNA samples from all three together with a
normal male DNA were digested with Pvull and probed with
intragenomic probe XI, which includes exon a (Fig. 1). A normal
fragment of 6.0 kb was generated in each of the patient and
control DNAs (tracks 5-8, Fig. 2). Identical results using the
c¢DNA probe and intragenomic probe XI were obtained with
one other inhibitor patient, Hemophilia B (Dublin 1) (results
not shown). One further inhibitor patient, Hemophilia B (Paris
1), was also shown to have a grossly intact factor IX gene, but
with a point mutation in exon h (manuscript in preparation).
The results obtained with DNA samples from inhibitor pa-
tients Hemophilia B (Jersey 1) and (Boston 1) and a normal
male when digested with Tagl and probed with the cDNA probe
are shown in Fig. 4 (tracks 1, 2, 3 respectively). Hemophilia B
(Jersey 1) and (Boston 1) do not possess the fragments corre-
sponding to exons b-h. Likewise they are lacking exon a due to
the absence of hybridization band 6.0 kb when probed with
intragenomic probe XI after Pvull digestion (tracks 4 and 5).
To further investigate the extent of the deletion in these two
patients, their DNA was probed with 3' flanking probes at ~ 25
kb, 40 kb, and 80 kb, 3’ to exon h of the factor IX gene. He-
mophilia B (Jersey 1) gave no hybridization bands with any of
the 3'-flanking probes (tracks 7, 10, 13), indicating that in this
condition the deletion is a minimum length of 114 kb including
the whole of the factor IX gene. Similar results were obtained
with Hemophilia B (Boston 1), (tracks 8 and 11; the result with
the 80-kb probe is not shown), also indicating a minimum dele-
tion of 114 kb, including the whole of the factor IX gene. As
positive control tracks 15 and 16 reveal that both patients He-
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mophilia B (Jersey 1) and (Boston 1) possess the correct Taql
hybridization band of 4.5 kb with the probe pX45h, a random
Xq27 region probe (see Methods). Tracks 6, 9, 12, 14, and 17
in Fig. 4 contain normal male DNA. An autoradiograph of a
Southern blot of genomic DNA from patient B.K., Hemophilia
B (Chicago 1), cut with Taql and probed with the cDNA probe
(cVII), is shown in Fig. 5 (track 2). Patient B.K. is missing the
1.0, 3.6, 1.5, and 2.7-kb fragments corresponding to exons ¢, f,
g, and h, but retains the 5.3 and 1.8-kb fragments corresponding
to exons b/c and d respectively. In addition he has an abnormal
fragment of 4.5 kb. DNA from his brother P.K. showed the
same pattern of fragments (results not shown). Presumably these
brothers have inherited the same defective factor IX gene and
hence have identical rearrangements of the gene.

To investigate this rearrangement in more detail, DNA from
B.K. was digested independently with restriction enzymes Bglll,
Pvull, and Taql and was probed with intragenic probes located
between exons ¢ and g (see Table I and Fig. 5). Fig. 5, track 3
contains DNA from a normal male and shows the normal 4.4
and 8.0-kb fragments generated after Pvull digestion and probing
with probe VIII (includes exon d, Figs. 1 and 6). B.K. however
shows the normal 4.4-kb fragment together with an abnormal
3.0-kb fragment (Fig. 5, track 4). Fig. 5, track 5 shows the normal
3.6 and 1.0-kb Taql fragments in DNA from a normal male
probed with probe II (includes exon e, Figs. 1 and 6). No au-
toradiographic signal was observed in DNA from B.K. with this
probe, (Fig. 5, track 6), implying that this part of the gene is
deleted. In contrast DNA from B.K. shows a normal 1.0-kb
Pvull fragment (Fig. 5, track 10) and an abnormal 4.5-kb Taql

Figure 4. Southern blotting analysis of fac-
tor IX locus in two hemophilia B inhibitor
patients. Result of (4) Taql digestion and
cDNA probing of Hemophilia B (Jersey 1)
(track 1), Hemophilia B (Boston 1) (track
2), normal male (track 3), (B) Pvull diges-
tion and probing with intragenomic probe
XI on Hemophilia B (Jersey 1) (track 4),
Hemophilia B (Boston 1) (track 5) and nor-
mal male (track 6), (C) Taql digestion and
probing with 3’ flanking genomic probe Eco
3.2 kb (Fig. 1) on Hemophilia B (Jersey 1)
(track 7), Hemophilia B (Boston 1) (track
8), and normal male (track 9), (D) Taql
digestion and probing with 3'-flanking geno-

%30

15 16 7

mic probe Cla 1.4 kb (Fig. 1) on Hemophilia B (Jersey 1) (track 10), Hemophilia B (Boston 1) (track 11), and normal male (track 12), (E) Taql
digestion and probing with 3 flanking probe Bam 5.0 kb (Fig. 1) on Hemophilia B (Jersey 1) (track 13), and normal male (track 14), (F) Taql
digestion and probing with pX45h (15, 16) on Hemophilia B (Jersey 1) (track 15), Hemophilia B (Boston 1) (track 16), and normal male

(track 17).
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fragment (Fig. 5, track 8) after probing with probe III (includes
exon f, Figs. 1 and 6). This result suggests the retention of exon
fin the B.K. factor IX gene. No signal was observed with DNA
from B.K. with probe IV (Figs. 1 and 6), (Fig. 5, track 12).
Normal fragments were observed with probe XI and flanking
probes at 20, 40, and 80 kb 3' to the factor IX gene with B.K.
DNA (results not shown).

These results indicate that there are four breakpoints within
the factor IX locus in Hemophilia B (Chicago 1). Breakpoint A
must be located within the intron separating exons d and e and
breakpoint B in the intron separating exons € and f, thus creating
deletion 1 of ~ 5.0 kb including exon e (see Fig. 6). Breakpoint
C must be located within the 3 kb immediately 3’ to exon f (Fig.
6). Breakpoint D must be situated in the 20 kb that separates
exon h and the locus for the Eco 3.2 3' flanking probe (Fig. 1).
Breakpoints C and D have generated deletion 2 of between 9
and 29 kb that includes exons g and h. '

Table 1. Size of Restriction Enzyme Fragments
in Hemophilia B (Chicago 1)

Intra-genomic Size in patients
probe Size in normal BK., PK.
kb - kb
Bgl II 7.5,4.6,0.5 11.0, 4.6, 0.5
VI Pvull 8.0,4.4 3.0,44
Taql 5.3,1.8/1.3 53,18
Bgl II 12.0
II Pvull 8.0 No signal
Taq1 36, 1.0
Bgl I 12.0 11.0
i1 Pvull 1.0 1.0
Taql 3.6 <45
Bgl II 12.0
v Pvull 38 No signal
Taql 46

Figure 5. Southern blot analysis of the
factor IX gene in hemophilia B inhibitor
patient B.K. with Hemophilia B (Chi-
cago 1). Result of (4) Taql digestion
and probing with cDNA probe (cVII) on
normal male (track 1) and Hemophilia
B (Chicago 1) (track 2), (B) Pvull diges-
tion and probing with intragenomic
probe VIII on normal male (track 3)
and Hemophilia B (Chicago 1) (track 4).
(C) Taql digestion and probing with in-
tragenomic probe II on normal male
(track 5) and Hemophilia B (Chicago 1)

- - o (track 6). (D) Taql and Pvull digestions
. and probing with intragenomic probe III
9 10 n o on normal male (tracks 7 and 9 respec-
tively) and Hemophilia B (Chicago 1)
Pwull Taq!

(tracks 8 and 10 respectively). (E) Taql
digestion and probing with intragenomic
probe IV on normal male (track 11) and
’ Hemophilia B (Chicago 1) (track 12).

We have also performed a study using Tagl and probe III
on this Hemophilia B (Chicago 1) family (Fig. 7). The patients’
grandmother, M K. (track 4), is homozygous for the normal 3.6-
kb fragment, whereas the patients’ mother (R.K.) and sister
(T.K.), (tracks 2 and 3 respectively) possess the 3.6-kb fragment
and the abnormal 4.5-kb fragment. Since the patients’ grand-
father did not have hemophilia B the mutation must have arisen
at the level of the patients’ mother. An abnormal 11-kb fragment
seen after Bglll digestion with probes VIII and/or III (Table I
and Fig. 6) in B.K. and P.K. and their mother R.K. is a marker
for the presence of both deletions (results not shown). Interest-
ingly, since grandmother M.K. only shows the normal 12-kb
Bglll fragment with probe III, then both deletions appear to
have arisen at the same time. '

In addition DNA from 25 noninhibitor hemophilia B pa-
tients was digested independently with 15 different restriction
enzymes and probed with the cDNA probe. In each case all the
hybridization fragments were found to be normal (results not
shown).

Discussion

Of the nine hemophilia B inhibitor patients studied, including
two brothers, five appear to have intact factor IX genes. We
presume that gene mutations such as single nucleotide changes
or small deletions rarely detected by this kind of analysis are
responsible for the defect in these patients. A single nucleotide
substitution affecting the correct maturation of factor IX mRNA
has already been described in one case of severe hemophilia B
(24). Fig. 8 illustrates the extent of the deletions in Hemophilia
B (Jersey 1), (Boston 1), and (Chicago 1) compared to factor IX
deletions already reported (6, 8, 13, 14).

The deletions in Hemophilia B (Jersey 1) and (Boston 1) are
of a minimum size of 114 kb, but the 5’ and 3’ breakpoints have
yet to be characterized. The factor IX gene has been located to
the Xq27 region of the X-chromosome (25-28). Since Hemo-
philia B (Jersey 1) and (Boston 1) show a positive result with
pX45h, also located in the Xq27 region (17, 18), at least one of
the deletion breakpoints in these conditions must be situated
within this region. Karyotype analysis in Hemophilia B (Jersey

Factor IX Locus in Hemophilia B Inhibitor Patients 749
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Figure 6. Restriction map showing the positions of deletions in Hemo- location of intragenomic probes VIIL, II, III, and IV (hatched boxes).
philia B (Chicago 1). (a) Map of the central 26 kb of the normal factor (b) Map of the factor IX gene in Hemophilia B (Chicago 1) showing

IX gene (from references 4 and 5) showing exons d, e, and f (solid the location of deletion 1 (between exons d and f) and deletion 2 (3' to
bars), restriction sites for BgllI (B), Pvull (P), and Taql (T) and the exon f).
1) showed no abnormalities. Three other patients, Hemophilia Hemophilia B (Chicago 1) is a complex rearrangement of

B (Manchester 1), (Manchester 2) (Giannelli et al. patients 1 the factor IX gene that appears to involve two discrete deletions,
and 2, reference 6) and Hemophilia B (Pisa 1) (8), also have one of ~ 5.0 kb and the other of between 9 and 29 kb. At

complete deletions of the factor IX gene with undefined break- present we have no idea of the mechanism that could cause such
points (Fig. 8). a rearrangement but we are in the process of cloning a DNA
HAEMOPHIUA B
FAMILY K

.

Figure 7. Pedigree of family K (Hemophilia

—d J)’: & &7
B [Chicago 1]) and Southern blotting analy-

sis using intragenomic probe III to detect
. H . the inheritance of the abnormal Tagl frag-
2 3 4 ment in this family. DNA from proband
P.K. (1lI-1), patients’ sister T.K. (III-3), pa-
tients’ mother R.K. (II-3), and patients’

grandmother M.K. (I-1) restricted with
N 1K RK MK PK Tagql and probed with probe III.
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fragment from patient B.K. that spans both deletion junctions
to characterize the sequences at the breakpoints. Jones et al. (29)
have reported a rearrangement of the human g-globin gene clus-
ter involving an inversion of the sequences between the Ay and
d-globin genes that was flanked by two deletions. We believe
that Hemophilia B (Chicago 1) is the first observation of a natural
gene rearrangement involving two separate deletions within the
same gene.

Hemophilia B (Chicago 1) involves the removal of exon e,
encoding amino acids 85-127, and exons g and h encoding
amino acids 196-415. The polyadenylation/cleavage signal of
the factor IX mRNA are also deleted. The two affected brothers
do not appear to synthesize any factor IX antigen, possibly as a
result of incorrectly 3’ processed and unstable factor IX mRNA.
In contrast, Hemophilia B (Seattle 1) (13) is a deletion where
exons e and f are removed and the patients synthesize low levels
of a partial factor IX antigen but have not developed an anti-
factor IX inhibitor (30). In this condition all the correct signals
for 3’ processing of the factor IX mRNA are presumed to be
intact allowing a truncated factor IX protein to be translated.

It is interesting to note that the 5' breakpoints in Hemophilia
B (Chicago 1) (deletion 2) and (London 1), (a partial deletion
reported by Giannelli et al., reference 6), and the 3’ breakpoints
in Hemophilia B (Chicago 1) (deletion 1), (Seattle 1) (13), and
(Bari 1) (14), are located near Alu repeat sequences. Four highly
repetitive Alul sequences are present in the factor IX gene (5).
The first is in the intron between exons a and b, and the next
three are within the intron between exons f and g. A fifth is
found in the flanking region of the 3’ end of the gene. Reports
that some B-globin gene cluster (31, 32) and low-density lipo-
protein receptor gene (33) deletions have breakpoints close to

or within family repeat sequences possibly indicates the existence
of a general mechanism that can result in large gene deletions.
It is hoped that by cloning and sequencing the deletion junction
regions of Hemophilia B (Chicago 1) the proximity of the repeat
sequences will be better assessed.

Giannelli et al. (6, 34) have proposed that the origin of an-
tibodies to factor IX in hemophilia B patients is due to their
lack of immune tolerance to epitopes in the factor IX protein.
This can either be due to lack of expression of any factor IX
antigen, or to synthesis of an altered factor IX molecule lacking
certain epitopes that are critical for the initial development of
tolerance. Whereas all nine hemophila B patients we have studied
appear to satisfy these criteria in having undetectable plasma
factor IX, in only four is this absence due to a large deletion of
the factor IX gene. In addition several of the noninhibitor patients
we have studied do not produce any measurable factor IX antigen
in plasma. However it is possible that these patients synthesize
small amounts of factor IX that, although undetectable by our
assays, are sufficient to allow induction of immune tolerance.
Alternatively these patients may have lost the ability to synthesize
factor IX after the development of tolerance. Secondary factors
such as the treatment regime and/or polymorphism of the im-
mune response could also be influential in predisposing only a
percentage of hemophilia B patients to develop an inhibitor (35).
Evidence for this comes from family studies where only one of
two affected individuals has developed an inhibitor (35).

Of the 14 hemophilia B inhibitor patients thus far reported,
eight have a detectable deletion of the factor IX gene (6, 8, 14,
15, and this study), whereas in only 2 of 19 hemophilia A in-
hibitor patients studied is inhibitor development associated with
a detected gene deletion (36-38). As the overall incidence of
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gene deletions in hemophilia A and B is approximately the same
(1-2%) (6-14, 36-38), single nucleotide changes or small inser-
tions/deletions in the factor VIII gene appear to result in the
development of inhibitors in hemophilia A more frequently than
similar kinds of changes in the factor IX gene in hemophilia B.
This is presumably due to loss of the epitopes critical to the
development of immune tolerance as discussed above. Addi-
tionally the much lower plasma level of factor VIII compared
with factor IX (~ 100 ng/ml compared with 10 ug/ml) may be
significant in the establishing of self-immune tolerance to these
proteins in hemophilia A and B patients with lowered levels of
factor VIII and factor IX respectively.
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