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5.1 Introduction

Blood coagulation factor IX (FIX) is a vitamin K-dependent glycoprotein which
consists of 415 amino acid residues with a molecular weight of 57 kDa [1]. This
coagulation factor has a vital role in coagulation cascade. FIX is mainly activated to
FIXa by tissue factor-FVII (TF-FVII) complex and also by FXTIa. FIXa with FVIIIa,
phospholipid and calcium, makes an activating complex, called tenase, which con-
verts FX to FXa. This reaction has a crucial role in the propagation phase of the
coagulation cascade (please refer to Chap. 1) [2].

Hemophilia B is a congenital bleeding disorder caused by mutation in the F9
gene, which is located in chromosome Xq27.1 [3]. Although hemophilia B is an
inherited sex-linked recessive disorder, in ~30% of patients, mutations are sporadic,
with no preceding family history of the disease [1]. In addition to genetically deter-
mined defect, FIX deficiency can be an acquired deficiency due to vitamin K defi-
ciency, in which all vitamin K-dependent coagulation factors including FII, FVII,
FIX, and FX and proteins C, S, and Z are decreased [4].

There is a strong correlation between severity of the disorder and residual FIX
activity in the bloodstream in hemophilia B. Hemophilia B is classified according to
residual plasma FIX activity into severe (<1%), moderate (1-5%), and mild (>5-
30%) deficiency [1]. Hemarthrosis, ecchymosis, epistaxis, and dental-related bleed-
ing are common clinical presentations of patients with hemophilia B. Rarely,
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patients with severe deficiency may present with life-threatening bleeds such as
intracranial hemorrhage (ICH) [5].

In initial laboratory examination, patients with hemophilia B have prolonged
activated partial thromboplastin time (aPTT) and normal prothrombin time (PT),
thrombin time (TT), and platelet count. Factor assay should be performed to con-
firm the diagnosis. In addition, molecular studies can contribute to detection of
underling mutation, carrier detection, and prenatal diagnosis (PND) [5].

Fresh frozen plasma (FFP) and prothrombin complex concentrate (PCC) were
therapeutic choices, but these possessed risks of blood-borne disease transmission
[2]. Todays, plasma-derived FIX (pdFIX) and recombinant FIX (rFIX) are treat-
ments of choice. With timely diagnosis and appropriate management, burden of the
disorder can be decreased, and the patients’ quality of life can be improved [6].

5.2 Factor IX Structure and Function

FIX is a vitamin K-dependent single-chain glycoprotein which contains 17% carbo-
hydrates and is produced by hepatocytes in the liver. Plasma half-life of FIX is
~18 h, and its average plasma concentrate is 2.5-5 pg/ml [7].

The complete sequence of F9 gene was determined in 1985 [7]. The gene is
located in the long arm of the X chromosome in the chromosomal location Xq27.1
and spans 33 kb. 9 gene has eight exons that transcribe to a 2.8 kb mRNA. Of this,
1.4 kb mRNA translate to a precursor protein with 461 amino acids, from which the
signal peptide (28 amino acid residues) and propeptide (18 amino acid residues) are
removed by proteolytic cleavage. As a result, mature FIX zymogen of 415 amino
acids and 57 kDa of molecular weight are released to bloodstream (Fig. 5.1) [8].

Blood coagulation FIXa glycoprotein has several domains including
y-carboxylation domain (Gla domain), short hydrophobic stack, epidermal growth
factor-1 (EGF-1)-like domain, EGF-2, activation peptide (AP), and serine protease
(SP) domain (Fig. 5.2) [9, 10].

Gla domain has 11 glutamic acids which post-translationally is modified to
y-carboxy-glutamate. These modified residues are necessary for binding to calcium
ions. These calciums with positive charge make feasible binding of Gla domain to
membrane phospholipids with negative charge. Regions with high affinity for con-
necting to calcium were reported in SP and EGF-1 domains [8].

Both EGF domains are related to EGF superfamily and have six cysteine resi-
dues, which form disulfide bridges. AP is removed to convert FIX zymogen to FIXa.
The catalytic activity of FIXa results from a catalytic triad of Ser411, Asp315, and
His267 in SP domain [1].

However, crystal structure of full-length human FIX has not been determined,
but a structure model could be constructed by considering porcine FIXa (because
of 84% identity) and determined three partial structures of human FIXa, Gla,
EGF-1, and EGF2-SP domains (Fig. 5.3). According to these findings, FIXa com-
prises of a light chain with three domains (Gla, EGF-1, and EFG-2) and a heavy
chain with one domain (SP domain), which linked together by a single disulfide
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Fig. 5.1 F9 gene located in Xq27.1. It has eight exons and spans 33 kilobase (kb) pairs . F9 gene
transcribed to an mRNA with 2.8 kb, from which 1.4 kb translated to a precursor FIX with 461 amino
acids. Then two domains of FIX, including signal peptide and propeptide domains, are removed by
proteolytic cleavage. The remained zymogene FIX has 415 amino acids with 57 kDa molecular
weight. UTR untranslated region, aa amino acid, FIX factor IX, sig.p signal peptide, pro.p propeptide

bond (Cys178-Cys335) [10]. Light chain of FIX which includes Gla, EGF-1, and
EGF-2 domains creates a stalk so that Gla domain connects to the phospholipid
membrane. Serine protease which is catalytic domain places above the structure
[8, 10]. FVIIIa as cofactor of FIX, in order to playing its important cofactor role,
makes interaction with catalytic domain and critical residues in EGF-1 and EGF-2

domains either [11, 12].
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Fig. 5.2 Precursor FIX which synthesized in the liver has several domains including Gla domain,
EGF1 and EGF2 domains, activation peptide, and serine protease domain. Proteolytic cleavages
remove signal peptide and propeptide domains. Thus initial FIX converts to FIX zymogene. Then
FIX zymogene is released to blood circulation. Cleavage of activated peptide by activated FXI
(FXIa) or tissue factor-FVII (TF-FVII) complex leads to conversion of FIX to activated FIX
(FIXa). FIXa comprises of a light chain (Gla, EGF-1, EGF-2) and a heavy chain (serine protease
domain) which bonded together by a single disulfide bridge. L linker, Gla glutamic acid, EGF
epidermal grow factor, FIX factor IX, AP activated peptide, sig.p signal peptide, Pro.p propeptide,
TF-FVlIla, tissue factor-activated factor VII

Activation of FIX either via extrinsic pathway by TF-FVII complex, or via
intrinsic pathway by FXI, occurs upon double cleavages of peptide bonds after
Arg192 and Arg226 residues. This phenomenon leads to removal of AP and release
of FIXa to the plasma [13]. When FIXa binds to FVIIIa as its cofactor, its function
is dramatically increased by 50,000 fold. In addition, its binding to membrane phos-
pholipid increases its catalytic activity. FIXa as a component of intrinsic complex
which includes FVIIIa, calcium, and phospholipid cleaves an arginine-isoleucine
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Fig. 5.3 (a) Epidermal growth factor (EGF)-like domain from human factor IX. B chain and C
chain are shown in purple and blue, respectively. Calcium ions are illustrated in gray residues. (b)
Porcine FIX domains. The blue color shows light chain which includes Gla domain and EGF-1 and
EGF-2 domains. The serine protease (SP) domain which is the catalytic region of the coagulation

factor is shown in purple color
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Fig. 5.4 Factor IX (FIX) which activated by tissue factor-activated FVIIa (FVIIa) complex or factor
FXIa leads to formation of intrinsic tenase complex that converts FX to FXa. Ca calcium, PL phospho-
lipid, TF tissue factor, FIX factor IX, FIXa activated factor IX, FVIIla activated factor VIII, FX factor X

bond to convert FX to FXa (Fig. 5.4). Then, FXa initiates prothrombin to thrombin
conversion and ultimately results in clot formation. Therefore, FIX has a vital role
in the coagulation cascade. Hence mutations in F9 gene causing FIX quantitative
deficiencies (type I) or/and qualitative defects (type II) lead to hemophilia B—a
bleeding disease [10].
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5.3 Hemophilia B

Hemophilia B or Christmas disease is a congenital X chromosome-linked bleeding
disorder, which arises from different mutations in 9 gene located in Xq27.1 [13,
14]. The overall incidence of hemophilia B is 1 per 30,000 male live births, whereas
hemophilia A has a prevalence of 1 per 5000 male infants [15]. Although most cases
of hemophilia B are hereditary, 30% of cases are due to sporadic mutations. In the
case of hereditary deficiency, because of X-linked recessive manner of inheritance,
a male with one mutant X chromosome and a female with two mutants X chromo-
some (although scarce) have hemophilia. Females by one mutant X chromosome
are carriers of this genetic abnormality. In the case of a hemophilic father and a
normal mother, all sons would be non-hemophilic, while daughters would be carri-
ers of hemophilia B. On the other hand, when father has none mutant X chromo-
some and mother is carrier, 50% of sons would have mutant allele, and 50% of their
daughters would be carrier (Fig. 5.5) [1].

The most prevalent genetic abnormalities in patients with hemophilia B with
a frequency of 64% are point mutations. Overall, mutations are categorized in
two main groups: type I mutations which cause quantitative deficiency of FIX
and type II mutations which manifest as functional defects [1, 10]. In rare
cases, hemophilia B can be an acquired phenomenon due to antibody against
FIX [16].

Patients with hemophilia B present with recurrent joint bleeding, soft tissue
hematoma, and rarely in severely affected cases, life-threatening manifestations
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Fig. 5.5 Inheritance pattern in hemophilia B. (a) In a family with hemophilic father and non-
hemophilic mother, all daughters are genetic carrier, and all sons are non-hemophilic. (b) In the
case of a non-hemophilic father and carrier mother with one mutant X chromosome, 50% of sons
are hemophilic, and 50% of daughters are hemophilic carrier. Black, hemophilia patient; white,
nonhemophilia; gray, carrier
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such as ICH. Recurrent joint bleeding may lead to disabling arthropathy [5].
Diagnosis of disorder can be made based on clinical presentations, family history,
and appropriate laboratory approach. Routine coagulation tests such as PT and
aPTT accompany with FIX activity assay, and in well-equipped laboratories, molec-
ular analysis can be used for diagnosis of the disorder [5]. The main drawback with
replacement therapy via injection of plasma-derived protein and rFIX is producing
of inhibitors against exogenous factor [17].

5.4 Molecular Basis

F9 gene is located on Xq27.1 and comprises of eight exons. Approximately 1000
distinct mutations have been reported in 9 gene, up to now [3]. The miscellaneous
genetic abnormalities were observed within F'9 gene including missense/nonsense
mutations (64%), small insertion/deletion (indels) (18%), splicing (9%), large
indels (6%), regulatory (2%), and complex rearrangement (1%) (Fig. 5.6) [1].
Therefore, unlike hemophilia A, the most common abnormalities in hemophilia B
are missense mutations which most of them are combined with normal FIX antigen
level (type II mutations) [15].

There are some mutational hotspots within F9 gene that are more prone to occur-
rence of mutation. For instance, the high rate of mutations in regions with high
frequency of guanine and cytosine, typically near the initiation transcript region,
revealed that they are mutational hotspots. The loci of mutation can affect

Fig. 5.6 This pie
illustrates percentage of
genetic abnormalities in
patients with hemophilia
B. The most prevalent
genetic abnormalities are
point mutations (64%).
Prevalence of other
abnormalities reported
within 9 gene are small
indels (insertion and
deletion) (18%), splicing
(9%), large indels (6%),
regulatory (2%), and
rearrangement (1%)

1%

. Point mutations . Splicing . Regulatory
. Small indels . Large indels. Rearrangement
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production and function of coagulation FIX and therefore can influence disease
severity. Point mutations can manifest as missense, premature stop codon, or splice
site mutations. F'9 gene mutations are classified in two main types, type I and type
II, which lead to quantitative deficiencies and qualitative defects, respectively. Type
I mutations often result in reduced transcription and FIX secretion to the blood-
stream and can cause severe hemophilia B [1].

A signal peptide (residues 1-28) directs intracellular trafficking of the protein
and has no effect on the protein function; its mutations lead to impaired FIX secre-
tion and therefore lead to type I mutation. An example of functional deficit in F9
gene is mutation in triad residues of serine protease domain which produces protein
defective in catalytic activity. This results in severe hemophilia B and associated
with increased susceptibility to inhibitor formation. In addition, mutations in pro-
peptide (residues 29—46) which mediates interaction with the vitamin K-dependent
y-carboxylase lead to impaired phospholipid-binding capacity that presents as mild
or moderate phenotype [10].

Generally, nonsense mutations are associated with severe type I defect, without
any protein production. Nevertheless, when a nonsense mutation occurs in coding
gene of C-terminal region of protein, results in producing nonfunctional FIX and
type II defect. However a splicing defect creates a variable range of disease sever-
ity; a single point mutation that impairs a splice donor site or occurs in the
sequence of an intron which creates an alternative splice acceptor site results in a
nonsense mRNA and severe hemophilia B. In north America, England, and
Ireland, some recurrent mutations due to founder effect were reported. Founder
effect illustrates how certain genetic abnormalities occur more frequently in a
specific geographically restricted hemophilia B population due to identity by
descent. These are usually mild or moderate disease causing mutations for the
reason that a severe defect reduces reproductive fitness of affected males (please
refer to Chap. 2) [1].

There are some mutations in the F9 gene promoter that cause permanent low
level of FIX throughout patient’s life. However in hemophilia B Leyden with more
than 20 different identified mutations in proximal F9 gene promoter, a severe FIX
deficiency presents at birth. The FIX level starts to increase in the second decade of
life at the onset of puberty, and finally reaches to near normal level in the third
decade of life, that then remains stable throughout life. It is apparent that the defect
in the promoter makes FIX transcription dependent on testosterone level, and hence
the severity of disease is reduced after puberty [18].

Small insertion or deletion with a prevalence of 18%, generally occurs in asso-
ciation with runs of dinucleotide repeats. This abnormality usually occurs within
introns without any effect on FIX protein. However, occasionally these indels can
occur in regulatory regions or lead to frameshifts which result in a severe hemo-
philia B. As inhibitor formation is influenced by genetic abnormalities, a null allele
which means complete deletion of F9 gene has the most probability for inhibitor
formation [19]. Although the overall prevalence of inhibitor formation against ther-
apeutic products is 1-3%, this rate is increased to nearly 20% in cases with com-
plete deletion of the F9 gene [10].
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5.5 Factor IX Propeptide Mutation-Associated
Hypersensitivity to Coumarin Therapy

There are two missense mutations in FIX propeptide which lead to major bleeding
after coumarin therapy. These mutations occur in Ala-10 locus which is a high pro-
tected site in vitamin K-dependent clotting factors (FII, FVII, FIX, and FX). These
two point mutations, Ala-10(GCC) — Val(GTC) and Ala-10(GCC) — Thr(ACC) in
exon 2 of F9 gene result in a propeptide to which carboxylase enzyme has low affin-
ity and therefore exhibit extremely low FIX coagulant activity (FIX:C) after couma-
rin therapy. It is considered that these patients have normal phenotype and
coagulation screening test without any bleeding episodes in their life. They only
show a defect once they undergo oral anticoagulation therapy with warfarin. Upon
receipt of anticoagulant, they would show extreme fall in FIX:C to <1-3% and sub-
sequently abnormal increase in aPTT in therapeutic range of PT and INR. In other
people usually after coumarin therapy FIX:C decreases to 15-30% as do other vita-
min K-dependent factors [20-22].

Prothrombin complex factors (FII, FVII, FIX and FX) for connection to mem-
brane phospholipid need y-carboxylation in NH2 terminal of mature protein. The
propeptide is a carboxylase recognition site, and their junction together is a key step
of the reaction (Fig. 5.7). In cases with propeptide mutations, although the affinity
of hydroxylase enzyme is reduced, its activity is normal in absence of coumarin
therapy. So it could be the probable cause of normal FIX:C and lack of bleeding
before treatment with oral anticoagulants as warfarin. After coumarin therapy, in
addition of low affinity, the activity of enzyme falls down because of inhibition of
vitamin K reductase and lack of KH2 as cofactor (Table 5.1). Therefore, the result
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Fig. 5.7 The mechanism of vitamin K-dependent clotting factor carboxylation. The propeptide is
carboxylase recognition site, and after connection, KH2 is used as enzyme cofactor. Generated KO
coverts to KH2 through epoxide reductase function. It is goal enzyme for inhibition by warfarin.
Pro.p propeptide, FIX factor IX, KH2 dihydro vitamin K, KO epoxide vitamin K
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Table 5.1 Activity and affinity of carboxylase enzyme in wild-type factor IX propeptide and
mutant factor IX propeptide in the presence and absence of coumarin

Wild-type FIX propeptide Mutant FIX propeptide
Enzyme characteristics® Activity Affinity Activity Affinity
Absence of coumarin N N N L
Coumarin therapy L N L L

In absence of coumarin, although enzyme activity and affinity are normal in wild-type factor IX
propeptide, affinity of enzyme is reduced in mutant propetide. In wild-type, enzyme activity is
reduced after coumarin therapy. Low activity and low affinity after coumarin therapy in mutant
factor IX propeptide are the main causes of bleeding complications

N normal, L low, FIX factor IX

“Enzyme is referred to y-glutamyl carboxylase

is FIX:C less than 1-3%, abnormally increased aPTT, and severe bleeding in these
patients after treatment with coumarin [20-22].

Propeptide mutations in other vitamin K-dependent clotting factors show less cou-
marin sensitivity due to their autosomal recessive inheritance (unlike to 79 gene which
is located on X chromosome). Consequently, the effect of these mutations should be
observed greatly in males [21, 22]. In conclusion, in cases with unusual bleeding pat-
tern after treatment with oral anticoagulant which are vitamin K antagonist, aPTT and
FIX:C should be evaluated, even in therapeutic range of PT and INR [22].

5.6 Clinical Manifestations

Patients with hemophilia B present various clinical symptoms including hemarthrosis,
epistaxis, ecchymosis, and post-dental extraction bleeding. The most common site of
spontaneous bleeding is the joints [5]. Life-threatening symptoms such as central ner-
vous system (CNS) bleeding and umbilical cord bleeding are rare and usually only
seen in severely affected individuals [5]. Over the long period, the main complications
of recurrent joint bleeding and soft tissue hematomas are extensive arthropathy, mus-
cle contractures, and pseudotumors that result in disability and chronic pain [15].

According to FIX:C, hemophilia B is classified into three types: severe (FIX:C
<1% or <0/01 IU ml™"), moderate (FIX:C of 1-5% or 0/01-0/05 IU ml~"), and mild
(FIX:C of 5-30% or >0/05-<0/30 TU ml~") deficiency. The main presentation of
patients with severe hemophilia B is spontaneous bleeding, while patients with
moderat FIX deficiency has seldom spontaneous bleeding and patient with mild
FIX deficiency is lack of this clinical feature. Most commen clinical presentations in
patients with moderate hemophilia B is post-traumatic hemorrhage, while post-
surgical bleeding, post-dental extraction hemorrhage and bleeding after major injo-
ries are more common in patients with mild phenotype (Table 5.2) [3, 10, 14].

In overall, severity of disease influenced by type of mutation and some of muta-
tions lead to severe hemophilia B. Frameshifts, nonsense mutations, large deletions,
and splicing mutations are the most common genetic abnormalities that lead to severe
hemophilia B. However, small deletions and missense mutations cause severe, mod-
erate, or mild deficiency, depending on their location on genome (Table 5.3) [23].
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Table 5.2 Classification and characteristics of hemophilia B according to residual plasma factor
IX activity

Factor IX Mean age

activity | Disease Prevalence Bleeding at

(%) severity (%) Clinical symptoms frequency diagnosis

<1 Severe 60 Spontaneous joint or Up to 2-5 per | <2 years
deep muscle bleeding month

1-5 Moderate | 15 Seldom spontaneous Vary from 1 2-5 years
bleeding, usually after per month to 1
minor trauma per year

>5-30 | Mild 25 No spontaneous bleeding, | Vary from 1 Often later
usually bleeding after per year to 1 in the life
severe trauma, surgery and | every 10 years
tooth extraction

Table 5.3 Genotype-phenotype correlation in hemophilia B

Genetic abnormality Severity of disease

Frameshifts Severe (95%)*

Nonsense mutations Severe (84%)*

Large deletions Severe (100%)*

Splicing mutations Severe (100%)*

Missense mutations Severe, moderate, or mild deficiency, depending on the
genetic abnormality location

“The percentage refer to phenotype that causes by the mentioned genetic abnormality

Generally, hemophilia B is a less severe bleeding disease with lower bleeding
frequency and better long-term outcomes than hemophilia A [14]. Approximately
one-third of heterozygous women are classified as symptomatic carriers because
their FIX activity is between 40% and 60%. Their clinical manifestations are similar
to mild hemophilia B. In addition, they often have more prolonged menstrual bleed-
ings [1].

5.7 Diagnosis

The usual age of patients with hemophilia B at diagnosis relies on the severity of
disorder. In the case of severe hemophilia, usual age at diagnosis is <2 years.
Moderate hemophilia typically is diagnosed at age of 2—5 years, while mild defi-
ciency is often diagnosed later in the life. In the cases with sporadic mutations or in
the cases without family history, the time of diagnosis is related to outward symp-
toms of patients [1].

Generally, diagnosis of disorder is based on clinical presentations, family his-
tory, and appropriate laboratory approach. As recurrent bleeding episodes are rela-
tively similar in various coagulopathies, proper laboratory assessment is necessary
for correct and timely diagnosis of the disorder [5]. Complete blood count (CBC) is
normal in hemophilia B; however a reduction in hemoglobin and RBC might be
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seen due to prolonged hemorrhages. In screening coagulation tests, aPTT is pro-
longed up to 2.5 times, while PT is normal [1].

Diagnosis of hemophilia B should be differentiated from vitamin K deficiency,
heparin consumption, von Willebrand disease (VWD), and hemophilia A which all
presented with increased aPTT (Table 5.4) [24].

Factor assay could be used for determining each factor activity level. In hemo-
philia B, FIX level is decreased [5]. There are two methods for FIX activity assay
including one-stage clot assay which is based on aPTT and chromogenic assay. The
former is traditional common method, whereas the later rarely is used for hemo-
philia B. Chromogenic assay is used more commonly in hemophilia A than hemo-
philia B. According to recent reports from seven countries, chromogenic assay is
used in 68% of laboratories for hemophilia A, while only 11% of laboratories used
this method for hemophilia B [25].

For FIX:C, blood should be collected in citrated tube and immediately be cen-
trifuged in 2000g for 20 min. Then plasma should be separated and be freezed in
—70 °C [25]. After melting, FIX:C could be performed with one of two methods:
one-stage assay or chromogenic assay [26]. The one-stage assay is an aPTT-based
method and the most routinely used method. Patient plasma and FIX-deficient
plasma preincubate with aPTT reagent for 3—5 min. Then, after addition of cal-
cium, the clotting time should be recorded. The result of patient’s plasma clotting
time is compared with a standard curve that is generated from plasma samples
with determined FIX activity. Each patient’s plasma at least should be measured
in three different dilutions for analyzing of parallelism between standard dilutions
and patient plasma dilutions. Two lines should be parallel, unless there is an
inhibitor [24].

Chromogenic assay include two stages: at first stage, a reactive mixture consist-
ing of FXla, thrombin, phospholipid, and calcium chloride adding to patient’s
plasma with unknown FIX activity. It is assumed that amount of generated FXa is
proportional with the amount of residual plasma FIX. In the second stage, a specific
peptide of FXa, nitroanilin substrate, is measured through a peptide cleavage.
Generated p-nitroaniline is analyzed photometrically in absorbance of 405 nm. The
created color is directly proportional with the amount of functional FIX in plasma
according to a standard curve (Fig. 5.8) [24, 25].

According to a study on patients with hemophilia B, discrepancy between two
activities assay methods is not observed in patients with severe hemophilia B, while
in non-severe hemophilia B, discrepancy between one-stage assay and chromogenic
assay is observed. This study illustrated that those patients with non-severe hemo-
philia B and mutation in N-terminal site of activation peptide and propeptide
domains of FIX have twofold more differentiate between results of one-stage and
chromogenic stage assays (higher activity in chromogenic assay) [25].

Different aPTT reagents don’t have any impact on discrepancy between these
assays. In fact, each method has some advantages and disadvantages (Table 5.5).
Furthermore, the use of both assays is contributory for favorable diagnosis and clas-
sification of hemophilia B (Table 5.6) [25].

To assess inhibitor development in response to factor replacement therapy or
when presence of inhibitor is suspected, a mixing test is used, in which normal
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Table 5.4 Differential diagnosis of hemophilia B

Disease

\PT ‘aPTT ‘Cause of disease

‘ Differentiation

Bleeding disorders with low factor IX activity level

Combined vitamin |1 |1 Genetic Increased PT, multiple coagulation

K-dependent abnormalities in | factor deficiencies (factor II, VII, IX,

factors deficiency GGCX and X), autosomal recessive inheritance
VCORCI genes

Acquired vitamin |11 |1 Warfarin Increased PT, multiple coagulation

K-dependent
factor deficiency

treatment, liver
disease

factor deficiencies (factor II, VII, IX, X)

Bleeding disorders with prolonged

aPTT and normal factor IX activity level

Hemophilia A N |1 Genetic It is undistinguishable clinically from
abnormalities in | hemophilia B. A decreased FVIII activity
the F9 gene level (<30%) with normal VWF level

VWD N | tor |Genetic VWD type 1: Multimers—normal

N abnormalities in | pattern but reduced intensity

VWF gene GPIb binding/Ag: >(0.5-0.7)

CB/Ag: >(0.5-0.7)
FVII/VWE: >(0.5-0.7)
VWD type 2 variable
VWD type 3: Multimers—no VWF
present
GPIb binding/Ag: NA
CB/Ag: NA
FVII/VWEF: NA

FXI deficiency N |1 Genetic A specific FXT activity assay which is
abnormalities in | normal in HB
F11 gene

FXII, N |1 Genetic Don’t cause any clinical bleeding

prekallikrein, or abnormalities in

HMWK underling gene

deficiencies

Prothrombin (FII), | 1 1 Genetic A specific coagulation factor assay

FV, or FX abnormalities in

deficiencies underling gene

FVII deficiency T [N Genetic Prolonged PT with normal aPTT
abnormality in
F7 gene

Inherited 1 1 Genetic Usually prolonged PT, aPTT, TT, RT

fibrinogen abnormality in

disorders FGA, FGB, or
FGG genes

FXIII deficiency N N Genetic All routine coagulation test are normal,
abnormality in joint bleeding is rare, a specific FXIII
Fi3Alor FI3B assay should be used
genes

Inherited platelet |N |N Underling gene Joint, muscle, and intracranial bleeding

function disorders defect are rare. Platelet aggregation assays,

flow cytometry, and platelet electron
microscopy could be used for

differential diagnosis

FIX factor IX, PT prothrombin time, aP7T activated partial thromboplastin time, GGCX Gamma-
Glutamyl Carboxylase, VKORCI vitamin K epoxide reductase complex, subunit 1, N normal,
VWEF von Willebrand factor, VWD von Willebrand disease, HMWK high molecular weight kinase
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Fig. 5.8 Principle of factor IX (FIX) chromogenic assay. A reactive mixture (FXIa, Thr, Ph, and
Ca) adding to patient plasma with unknown FIX activity. In the first stage, generated FX is directly
proportional to FIX activity in patient’s plasma. In the second stage, a peptide cleavage of chromo-
genic FXa substrate leading to generation of p-nitroaniline and therefore analyzing of this color in
absorbance of 405 nm. FX/a activated factor XI, Thr thrombin, Ph phospholipid, Ca calcium, FX
factor X, FXa activated factor X, FIX factor IX

Table 5.5 Advantages and disadvantages of one-stage assay and chromogenic assay

One-stage assay Chromogenic assay

Advantages Simple, readily automated Added thrombin allows unlimited FIX
activation. High dilution of coagulation
factors leading to reduction of
interferences of heparin,
anticoagulants, lupus anticoagulant.
The limited number of their kits leads
to reduction of variability in results

Disadvantages | Influenced by lipemia, heparin, More expensive, influenced by direct
direct thrombin inhibitors, direct FXa inhibitors which cause false
FXa inhibitors. reduction

Differences between laboratories in
results owing to using of different
aPTT reagents, instruments, and
FIX deficiency plasma

FIX factor IX, FXa activated factor X, aPTT activated partial thromboplastin time

Table 5.6 Chromogenic assay reagents for factor IX assay

Company Kit Country
Diagnostica Stago STA-R FIX kit France
Diagnostica Stago Asserachrom IX:AG France
Aniara BIOPHEN Chromogenic Factor FIX: USA

C kit
Siemens Healthcare Unsp Germany
Rossix Unsp Sweden

Unsp, unspecified
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pooled plasma as a source of FIX is mixed with equal parts of patient’s plasma. The
assay is based on incubation of this mixture for 1 h at 37° followed by aPTT assay. A
prolonged repeated aPTT should be followed by Nijmegen assay to determine the
inhibitor titer. One unit of inhibitor is the amount of inhibitor that will inactivate 50%
or 0.5 unit of FIX activity over 10 min at 37°. This assessment helps to make a cor-
rect decision for management of patients with hemophilia B with inhibitor [5, 24].

In the case of a known carrier mother, chorionic villus sampling (CVS) and
amniocentesis can be performed for screening of the fetus. After birth, coagulation
tests for identifying clotting factor level should be performed for such cases. It is
considerable that although low level of FVIII is pointing to hemophilia A, results for
FIX are not so decisive. FIX takes approximately 6 months after age to reach normal
level, so in interpretation of FIX assay at birth, this issue should be considered. On
the other hand, if there is mild decrease in FIX level at birth, it is not representative
of hemophilia B, while an extensive reduction of FIX level is suggestive of the dis-
order [1].

Molecular analysis can be used for confirmation of the disorder and can assist to
achieving valuable data about carrier detection, prenatal diagnosis (PND), and pre-
diction of inhibitor formation and therefore management of disorder [5]. Additionally
determination of eligibility for gene therapy in future will benefit from molecular
analysis. Since there is no common reported mutation within F'9 gene, for molecular
diagnosis full F9 gene sequencing is required. The DNA amplification by poly-
merase chain reaction (PCR) and then direct sequencing is a well-standardized
manner for molecular analysis; however large deletions or other gross abnormalities
due to the existence of other normal allele could not be detectable by this method.
Multiplex ligation-dependent probe amplification (MLPA) and multiplex amplifica-
tion and probe hybridization (MAPH) could be used to reduce percent of F9 gene
mutations in patients with hemophilia B [27, 28].

5.8 Treatment

In the past, initial treatment of patients with hemophilia B was injection of fresh
frozen plasma (FFP) or prothrombin complex concentrate (PCC) which, in addition
to FIX, contains additional coagulation factors. The problems associated with these
products were extreme activation of coagulation cascade, volume enhancement, and
risk of blood-borne diseases especially in using of FFP [1, 2].

Next achievement for hemophilia treatment was advent of plasma-derived FIX
(pdFIX) products and recombinant FIX (rFIX) concentrates. pdFIX and FVIII are
available since 1970 which lead to self-infusion and home therapy. rFIX which are
available since 1999 eradicate risk of animal and human infectious agent transmis-
sion. In addition, rFIX is safe and effective and with lower rate of allergic and
thrombosis reactions and inhibitor formation [29].

The purpose of replacement therapy is achievement of plasma FIX level to
60-80% and 20-40% for major and minor bleeding, respectively. There are several
plasma-derived and recombinant FIX products for treatment of hemophilia B
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(Table 5.7) [30]. Over past years, the safety and purity of these products were
improved, so the current treatment of choice for hemophilia B is intravenous injec-
tion of these products. However, the fear, pain, and annoyance related to needle-
based injection of these products are causes of low patient requisition [5].

In 2014, for the first time, Food and Drug Administration (FDA) confirmed a
long-lasting rFIX Fc fusion protein (rFIXFc) which required a lower frequency of
injections to maintain hemostasis. This product meets the current goal of producing
a FIX with extended circulation time which can decrease injection frequency and

Table 5.7 Factor IX products for hemophilia B treatment

Product ‘ Company Country Explanation
Plasma-derived factor IX
Aimafix Kedrion Italy
AlphaNine SD | Grifols Spain FDA approval in 1996
Mononine/ CSL Behring Australia FDA approval in 1992
Berinin-P
Betafact LFB Several
countries
Factor IX Grifols Spain
Grifols
Haemonine Biotest Germany
Hemo-B- Shanghai RAAS China
RAAS
Immunine Baxter BioScience America
Nanotiv Octapharma Switzerland
Nonafact Sanquin Amsterdam
Octanine F Octapharma Switzerland
Replenine BPL England
TBSF FIX CSL Biotherapies Australia
Recombinant factor IX
Rixubus Baxter/Baxalta America FDA approval in June 2013, with a
normal half life
Alprolix Biogen Idec America FDA approval in March 2014,
(rFIXFc) long-lasting recombinant Fc fusion.

Phase II/III trials showed a 2.5 times
increase in half-life

Ixinity Emergent Maryland FDA approval in May 2015, with a
(trenonacog BioSolutions normal half-life
alfa) (previously
Cangene)
Idelvion CSL Behring Australia FDA approval in March 2016,

long-lasting recombinant albumin
fusion, a five times increase in

half-life
NN79 Novo Nordisk Denmark PEGylated recombinant FIX, five
(N9-GP) times increase in half-life
BeneFIX Pfizer America FDA approval in 1997

FDA food and drug administration, FIX factor IX
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improve quality of life. rFIXFc has an extended half-life up to 48 h, compared to
standard rFIX with half-life of approximately 18 h, in animal models of hemophilia
B. Alprolix which is a rFIXFc comprises of a single-chain FIX that is recombi-
nantly connected to constant region (Fc) of immunoglobulin IgG. Fc domain pro-
tects protein from catabolism via binding to Fc receptors (FcRn). These receptors
protect IgG from degradation [30].

GlycoPEGylated rFIX is another rFIX concentrate which has twofolds recovery
time and fivefolds longer half-life than standard FIX. PEG covalently connects to
activation peptide, so PEGylation of rFIX in this special site, saves its biological
activation and increases its circulation time Therefore patients requier lower fre-
quency of injections. Once per week administration of 40 IU/kg of PEG-rFIX is
required for hemophilia B treatment [30-32].

Another type of fusion protein is albumin-rFIX which has five times increased
half-life compared with standard rFIX. However, more studies are required for
establishing safety and efficacy of newer rFIX products [30, 33].

Replacement therapy could be administrated as prophylaxis or on-demand regi-
mens [30]. Primary prophylaxis therapy is replacement protein injection in absence
of bleeding as a protective procedure. This trend has improved life expectancy and
quality of life in patients with hemophilia B. On-demand therapy is treatment when
bleeding is occurred [29]. Recommended dosage of FIX concentrate for hemophilia
B treatment is shown in Table 5.8 [30, 34]. Prophylaxis is recommended care for
patients with severe hemophilia B; it prevents joint bleeding and hemophilic
arthropathy and improves patient’s quality of life [30]. Common prophylaxis is
injection of FIX concentrate twice per week, but emergence of extended half-life of

Table 5.8 Recommended dosage of factor IX concentrate for treatment of hemophilia B

Factor IX dose (IU/kg) Kind of hemorrhage
20-40 Mild or moderate hemarthrosis or hematoma
40-60 Severe hemarthrosis or hematoma

External bleeding with anemia
Moderate post-traumatic bleeding

50-100 Cranial trauma
Cerebral hemorrhage
Surgery prophylaxis

30-40 Primary prophylaxes
Site of hemorrhage

30-40 Muscle

50-80 Joint

40-60 Gastrointestinal tract

30-40 Oral mucosa

30-50 Epistaxis

70-100 Hematuria

100 Retroperitoneal

100 CNS bleeding

100 Trauma or surgery

CNS central nervous system
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FIX products leads to once per week injection. In a study, it has been shown that
100 IU/kg injection of rFIX nonacog alfa once per week is as effective as 50 [U/kg
injection of it twice per week in 50 patients [35].

5.9 Inhibitor Formation a Challenge of
Replacement Therapy

The most important complication of replacement therapy in hemophilia B is inhibi-
tor development which leads to increasing risk of bleeding-related morbidity such
as nephrosis and mortality [36]. The FIX inhibitor is commonly IgG4 subclass with
affinity to Gla domain and SP domain in light and heavy chains, respectively. This
phenomenon not only reduces efficacy of replacement therapy but also uses lots of
economic resources [17, 37]. Although the prevalence of inhibitor in hemophilia B
is less than 5%, in severely affected patients with major gene defects, this increases
to 9-23% (Fig. 5.9) [19, 29, 36].

Approximately 50% of patients with FIX inhibitor might experience life-
threatening anaphylactic reactions. The inhibitor development results from genetic
and non-genetic reasons which the mutation type is the major risk factor. In HB,
null mutations in which the genetic abnormality such as large deletions and non-
sense mutations prevents synthesizes of coagulation factor result in inhibitor devel-
opment. In contrast, in milder molecular defects such as small deletions, insertions,
splice site, and missense mutations which result in synthesis of coagulation factor
but loss of function, inhibitory development risk is less [5, 17, 36, 37]. Since the
missense mutations are the most common molecular defects in hemophilia B, it

Fig. 5.9 Crystal structure of human factor IX GLA domain in complex with an inhibitory anti-
body. Heavy chain and light chain of inhibitory antibody are shown in blue and purple, respec-
tively. Gla domain is shown in brown color. The grey residues are calcium ions. Ab antibody
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might be the reason of low prevalence of inhibitor antibody in these patients than
hemophilia A [5, 36]. The other risk factors, for instance, non-genetic reasons, are
less studied and analyzed in hemophilia B because of rarity of inhibitor develop-
ment in these patients [19].

The treatment strategy for these patients depends on the inhibitor levels. When
the inhibitor titer is low (<5 Bethesda unit (BU)), the treatment approach is injection
of FIX in high level of standard dose. In contrast, the high titer of inhibitor (>5 BU)
requires more rigorous therapeutic options. In these cases, management of patients
is divided into two parts: prevention of further hemorrhage and eradication of inhib-
itor. Bypassing agents, recombinant activated FVII (rFVIla), and activated pro-
thrombin complex concentrate (APCC) are main options for management of
bleeding episodes. Immune tolerance induction (ITI), requiring high-dose injection
of FIX for months to years, is used for inhibitor eradication. In cases of ITI-resistant,
immunosuppressive drugs such as rituximab are the alternative choice for inhibitor
elimination (Fig. 5.10). ITI is less effective in patients with hemophilia B in com-
parison with cases with hemophilia A (<50% and 60-80% for hemophilia B and
hemophilia A, respectively) [17, 36]. Since rFVIla as a bypassing agent doesn’t
include FIX, it’s a suitable choice for hemophilia B patients who developed the
inhibitor and manifest anaphylactic reactions to FIX injections [38].

Treatment
of HB with
inhibitor

Inhibitor
titration

4

| <5 U/B ' | >5U/B '
Treatment i1
'}f\oéitl'z"f divided to 2
I portions

rFVlla

Bleeding
management

Inhibitor
eradication

Rituximab

Fig. 5.10 The treatment approach for patients with hemophilia B and inhibitor antibody. HB
hemophilia B, U/B unite/Bethesda, FIX factor IX, /71 immune tolerance induction, rFVIla recom-
binant activated factor VII, APCC activated prothrombin complex concentrate
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5.10 Gene Therapy

Gene therapy is one of the curative options for hemophilia B. It can lead to long-stay
synthesis of FIX. Additionally, it can eliminate spontaneous bleeding and requiring
for frequently injections. In fact gene therapy treats hemophilia completely. Adeno-
associated virus (AAV)-mediated gene therapy is full of promise because this vector
could induce long term FIX level [39, 40].

Current therapy using pdFIX products and rFIX concentrates has increased life
expectancy and quality of life in patients with hemophilia B. However, these treat-
ments require high-cost and lifelong factor injection [41, 42].

A promising strategy for effective treatment of patients with hemophilia disease
is gene therapy. This approach is especially effevtive for severe untreated patients
with less than 1% factor activity accompanied with arthropathy and life-threatening
bleeds. Gene therapy is a conclusive treatment using AAV vectors to transfer F9
gene through intramuscular injections or liver-targeting delivery [40]. According to
a study on ten patients with severe hemophilia B, a single AAVS vector dose injec-
tion causes long-term expression of FIX and clinical improvement [41].

AAV is a nonpathogenic virus with a single-strand genome which is 4.7 kb in
length. Results of gene transferring through the AAV vector are reduction of pro-
phylactic costs and bleeding episodes. Among various serotypes of AAV, AAV sero-
type 8 is more effective because it is lack of abiliy to cross react with antibodies
produced against other AAV serotypes [40, 43]. Nevertheless the main complication
of gene therapy is liver toxicity and aminotransferase elevation 7-10 weeks after
gene transfer [41]. This phenomenon is aresult of T cell-mediated immune responses
to conducted hepatocytes. It can be simply resolved by using glucocorticoid therapy
like prednisolone without loss of transgene expression. The level of increase of FIX
is dose-dependent. In high-dose vector injection, FIX level reaches to 8—12% of
normal levels [39].

In conclusion, gene therapy is the potential curative option for hemophilia because
it induces long-term endogenous production of FIX. A small enhancement in factor
level at least 1% of normal, ameliorates bleeding episodes [44]. So, despite increase
in aminotransferase levels which could return to basic level through glucocorticoid
therapy, without loss of gene expression, gene therapy could convert severe hemo-
philia to mild form or reverse it completely [39]. In fact, the future of gene therapy
for management and treatment of hemophilia patients looks bright [40].
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