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Abstract

Hereditary Angioedema (HAE) is an autosomal dominant disorder characterized clinically by recurrent episodes of swell-
ing involving subcutaneous tissues, gastrointestinal tract, and oro-pharyngeal area. Gene mutations are the most common
genetic cause of HAE and observed in more than 90% of patients. More than 700 mutation variants have been described so
far. Patients with angioedema who have no mutations in the gene for C1-INH and normal levels and activity of this inhibitor
are labelled: normal C1 inhibitor HAE. These include genetic mutations in factor 12 gene, plasminogen gene, angiopoietin
gene, kininogen 1, and myoferlin genes. The clinical manifestations of patients with these mutations are similar to with
patients with C1-INH gene mutations. However, a later age of onset, oro-pharyngeal involvement, and higher female prepon-
derance have been reported in these rare subtypes of hereditary angioedema. With the advent and increased accessibility of
whole-exome sequencing, it is expected that new genetic defects and novel pathophysiological pathways will be identified
in families with HAE of unknown cause or normal C1-INH angioedema. This review covers some of the recent advances in
the field of HAE. The review focuses on pathophysiology of HAE beyond the well-known C1-INH deficiency phenotypes,
including various biomarkers that can serve the diagnosis and management of these rare disorders.
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Abbreviations HAE Hereditary angioedema
ACE-1 Angiotensin convertase enzyme KKS Kallikrein-kinin system
inhibitors KNG1 Kininogen 1,

ANGPTI1 Angiopoietin gene LK Low molecular weight kininogens
ARB Angiotensin receptor blockers MYOF Myoferlin gene
AP2 Amino peptidase-2 nCI1-INH-HAE Normal C1 inhibitor HAE
BK Bradykinin PLG Plasminogen gene
C1-INH C1-inhibitor siRNA Small interfering RNA
EREs Estrogen responsive elements Tie-2 Tunica interna endothelial cell kinase 2
FXlIa Activated factor XI U-HAE HAE with unknown mechanism
FXII Factor XII VEGF Vascular endothelium growth factor
F12 Factor 12 gene, VEGFR2 Vascular endothelial growth factor
GWAS Genome-wide association studies receptor-2

WES Whole-exome sequencing
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dominant disorder characterized clinically by recurrent
episodes of swelling involving the subcutaneous tissue,
oro-pharyngeal mucosa, and gastrointestinal tract [2].
There has been significant progress in our understanding
of pathophysiology of HAE. This is based on two landmark
discoveries: (i) identification of Cl-inhibitor (C1-INH)
protein deficiency in serum of patients with C1-INH-HAE
(Type I and Type II) and (ii) identification of bradykinin
(BK) as the main mediator of swelling. Mutation in the
gene coding for C1-INH, SERPINGI1 gene, are the most
common genetic cause of C1-INH-HAE and are seen in
more than 90% of patients. Patients who have no mutations
in SERPING] gene are referred as normal C1-inhibitor HAE
(nC1-INH-HAE) [3, 4].

New Types of Hereditary Angioedema

Several other genetic mechanisms also have a role in
pathogenesis of HAE [3, 5]. These include genetic defects
in factor 12 gene (F12), plasminogen gene (PLG), and
angiopoietin gene (ANGPTI) [3, 6-9]. Recently, defects in
kininogen 1 (KNG1I) and myoferlin (MYOF) genes have also
been identified in some patients with nC1-INH-HAE [10, 11].
With the advent and increased accessibility of modern genetic
technologies, such as whole-exome sequencing (WES), it
is expected that new genetic defects will also be identified
in families with nC1-INH-HAE and HAE with unknown
mechanism (U-HAE).

In this review, we attempt to cover some of the recent
advances in the field of the new types of HAE, beyond
the more familiar SERPING1 mutations typical for
C1-INH-HAE.

Pathophysiology and Genetics of Coagulation Factor
XIl Gene Mutation (FXII-HAE)

Factor XII (FXII) is a multi-domain serine protease first
identified by Ratnoff et al. in 1955 [12]. It is present as
inactive zymogen in human plasma and activated upon
contact with negatively charged surfaces and by plasma
kallikrein (PKa). PKa is generated from pre-kallikrein (PK)
by the activated form of FXII (FXIIa). Furthermore, high
molecular weight kininogen (HK) acts as a co-factor for
reciprocal activation of PK and FXII [13]. FXII is a mosaic
protein with 19 bp long leader peptide and 596 amino acid
long mature plasma protein that can become activated by
PKa, plasmin, and other proteases. FXII is also activated
through an autoactivation loop that is normally controlled
by C1-INH [14]. F12 gene is composed of 14 exons, and its
promoter region shows similarity with the gene for estrogen
responsive elements (EREs). Moreover, estrogen has been
shown to increase concentration of FXII in plasma and
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excess estrogen may produce clinical features mimicking
HAE [15, 16].

Mutations in F12 gene have been associated with familial
angioedema [17-22] and account for up to 25% patients
with nC1-INH-HAE [23]. This rare type of HAE was first
described separately by Bork et al. and Binkley et al. in
2000, in families in which females only were affected and
all affected had normal levels and function of C1-INH and
normal C4 [24, 25]. It was initially thought to be inherited
in an X-linked dominant pattern, but the actual genetic
defect was identified in 2006 [9]. Missense mutations
(c.1032C > A, p.Thr309Lys and c.1032C > G, p.Thr309Arg)
are the most frequently detected at exon 9 of FI2 gene
by several authors. Five different mutations located in a
region coding for proline-rich linker peptide, between the
kringle and trypsin-like serine protease domains, have been
identified in this gene. These include 2 missense variants
in exon 9 (c.1032C > A, p.Thr309Lys and c.1032C > G,
p-Thr309Arg), a 72 bp deletion variant at exon 9-intron
9 junction (c.971_1018 +24del72), 18 bp duplication
(c.892_909dup) on exon 9, and another missense mutation
on exon 10 (c.1027G > C, Ala324Pro) [17, 23, 26, 27]. These
putatively gain of function mutations in F12 gene show
autosomal dominant pattern of inheritance and lead to over-
production of FXIIa [16, 28, 29]. However, a few reports
have refuted the concept of such gain-of-function activity.
Bork et al. showed no differences in surface expression
of FXII or kallikrein-like activity in these patients [30].
Normally, FXIIa further leads to overproduction of PKa and
subsequently an increased production of BK (Fig. 1a and
b). In nC1-INH-HAE It has been shown that the mutations:
c.1032C > A, p.Thr309Lys, ¢.1032C > G, p.Thr309Arg, and
¢.971_1018 +24del72, increase the sensitivity of the mutant
FXII protein for cleavage of plasmin [16]. Plasmin cleaves
the variant FXII protein at the mutated site (i.e. proline rich
domain) and separates its surface binding domain from the
protease domain.

Similar effects may also be produced by thrombin and
activated factor XI (FXIa) in patients with c.1032C > A,
p-Thr309Lys and c.1032C > G, p.Thr309Arg mutations [30].
As aresult, the activation loop of FXII is exposed and FXII
becomes overtly sensitive to activation for plasmin or PKa.
The same pathogenic mechanism has, however, not been
reported in patients with ¢.892_909dup and ¢.1027G>C,
p-Ala324Pro mutations. Therefore, the pathogenic
mechanisms for increased BK production in patients with
these 2 mutations remain unclear [27].

Based on these pathophysiological models, a small
interfering RNA (Si-RNA) that would bind to and stop
the transcription of FXII mRNA may become a potential
prophylactic treatment for patients with HAE [31]. Two
different mutations in F12 gene (c1681-1G > A [intron
13] and c1027G > C [Exon 10] were also observed in
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patients with idiopathic nonhistaminergic angioedema.
However, it is conjectural whether these mutations are
primarily responsible for the disease per se. It is possible
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degradation by various enzymes leading to its overactivity

that some other gene polymorphisms associated with
breakdown of BK may also have a role in nC1-INH-HAE
[23].
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Clinically, patients with FXII-HAE suffer similar
manifestations to patients with C1-INH-HAE but with higher
female preponderance (76-95%). Symptoms are noticeably
exacerbated by estrogens during the menstrual cycle or
use of contraceptives [18]. However, recently, a rare male
majority was reported in a cohort of patients from Brazil
[19]. Additionally, Tamoxifen (a selective estrogen receptor
modulator) may trigger severe episodes of angioedema
in patients with FXII-HAE [32]. Mean age of onset and
frequency of disease-free intervals in patients with FXII-
HAE is higher than in patients with C1-INH-HAE [23].
Unlike the clinical manifestations of C1-INH-HAE wherein
extremity swelling is the predominant feature, patients with
F12 gene mutation often present with swelling of face, oro-
pharynx, and abdominal attacks. Erythema marginatum, a
characteristic prodromal clinical manifestation of patients
with C1-INH-HAE, were rarely reported in patients with
FXII-HAE [33]. Patients with FXII-HAE tend to develop
symptoms during second decade of life or later, whereas in
C1-INH-HAE, most patients develop symptoms during the
first decade [34, 35].

Therapeutic Solutions for FXII-HAE

Since FXII-HAE is thought to be BK-mediated, and despite
having normal levels and function of C1-INH, these patients
occasionally respond to C1-INH therapy. Additionally,
Icatibant (bradykinin B2 receptor antagonist), plasma-derived
C1-INH, tranexamic acid, and fresh frozen plasma have been
tried successfully for the management of acute attacks in
patients with FXII-HAE [22, 36—40]. This may suggests a
concentration dependent control of C1-INH of the kallikrein-
kinin system (KKS) [36]. Additionally, Tranexamic acid,
danazol, and plasma-derived C1-INH have shown some
benefits in the prevention of attacks (prophylaxis) in these
patients [19, 20, 23, 36-39]. Mechanism of action of danazol
in patients with FXII-HAE is likely related to increase
in aminopeptidase P activity, leading to more effective
inactivation of kinins [20]. Tranexamic acid (a lysine
analog anti-fibrinolytic agent) is thought to prevent attacks
of angioedema in these patients by suppressing plasmin
activity. Progestin has also been observed to be beneficial
in a case series [36, 41]. Future treatments based on SiIRNA
as a potential prophylactic treatment for patients with these
patients are already in development [31].

Pathophysiology of Plasminogen Gene Mutation
(PLG-HAE)

In 2017, Bork et al. identified a novel mutation in PLG gene
in patients with nC1-INH-HAE [8]. This missense mutation
(c.9886A > G, p.Lys330Glu) located in exon 9 of PLG gene
was identified using whole exome sequencing in 4 different
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families and is transmitted in an autosomal dominant manner.
Later, this mutation was also found in 9 other families with
nC1-INH-HAE. Tongue swelling is more common in patients
with this mutation, as compared with patients with FXII-
HAE [8]. Again, facial swelling, oedema of the extremities
and genitalia, abdominal symptoms, and laryngeal oedema
are significantly less common in patients with PLG-HAE.
The typical erythema marginatum prodromal skin rash in
HAE was also not observed in these patients [8].

The PLG gene contains 19 exons and 18 introns, and the
expressed PLG protein is 791 amino acids long. It contains
N-terminal pre-activation short peptide region (11 amino
acids), 5 kringle domains (K1-K5), an activation cleavage
domain, and a catalytic domain. It circulates as an inactive
zymogen and gets converted to the active enzyme plasmin
by cleavage of peptide bond and removal of N-terminal
region [8]. Unlike F/2 gene mutation wherein factor XII
becomes more sensitive to activation by plasmin, factor XII
in these patients has been found with normal sensitivity to
plasmin [27]. PLG gene mutations in the kringle 3 domain
may alter the protein structure and function (Fig. 2) [42].
Kringle 3 domain facilitates binding of PLG protein to
multiple endothelial receptor proteins. The mutant PLG
protein may thus exhibit higher affinity for tissue activators.
This may lead to increased activation of the fibrinolytic
system, subsequently leading to increased formation of
plasmin, activation of the KKS, and eventually to increased
BK production (Fig. 1c).

Subsequent to first descriptions by Bork et al., Dewald
et al. reported a missense mutation in 3 patients from
Germany-c.1100 A> G in exon 9 of PLG gene causing
lysine to glutamic acid substitution at 311 amino acid
position [43]. This mutation is similar to the original one
reported by Bork et al. [8]. Dewald, however, studied the
pattern of plasminogen protein using isoelectric focusing and
sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) and found that patients with PLG-HAE had
altered patterns referred to as “dysplasminogenemia” [43].
The PLG mutation was also reported by several European
investigators, as well as from Japan and USA [43—-48].

Belbezier et al. reported PLG gene mutation in
10 patients. Attacks were found to be precipitated by
angiotensin converting enzyme inhibitors (ACE-I) and
angiotensin receptor blockers (ARB) [45]. Tongue swelling
was reported in most patients, while none of the patients
developed oedema of the extremities. Bodian et al.
carried out sequencing of PLG gene in 2820 apparently
healthy adults and found the previously reported mutation
(c.9886A > G, p.Lys330Glu) in only one (frequency of 3.54
in 10,000) [48]. The clinical features of this patient were
consistent with phenotype of PLG-HAE.

Germenis et al. reported p.Lys330Glu mutation in PLG
gene in patients with nC1-INH-HAEfrom Spain, Greece,



Clinical Reviews in Allergy & Immunology

Fig.2 Structure of human
Kringle domains in plasmino-
gen (PLN) protein. Pathogenic
K330E mutation is indicated
with a black arrow in the
mutated Kringle domain.
Individual circles with a single
letter represent amino acids and
the corresponding (+) or (—)
sign denotes net charge on the
side chain. Residues involved in
ligand binding are highlighted
with a glow around the circle
and charge sign. K330E muta-
tion leads to replacement of a
positively charged amino acid
(K) by a negatively charged one
(E). This mutation, thereby,
increases the affinity of mutated
Kringle domain towards lysine-
rich protein domains

Kringle 2

and Bulgaria, using targeted next-generation sequencing
(NGS) [47]. Detailed evaluation of these patients revealed
that every symptomatic patient had a second variant.
They included other variant(s) in PLG gene, in 1 family; a
predicted deleterious variant in carboxypeptidase N gene;
and a homozygous variant of the PLG gene in 1 patient
each. Two relatives with heterozygous variant in PLG gene
without other relevant variants were asymptomatic [47]. The
authors concluded that heterozygous mutation in PLG gene
alone may not be sufficient for causing HAE phenotype and
would probably need a “second hit” from another variant in
genes involved in coagulation or contact pathway. Therefore,
the role of heterozygous PLG gene mutation in causing HAE
remains conjectural.

Therapeutic Solutions for PLG-HAE

Icatibant (specific bradykinin B2 receptor antagonist)
has been used as an acute treatment, and tranexamic acid
was used as LTP in patients with PLG-HAE [44-46]. The
response to BK-icatibant) seen in PLG-HAE suggests that
BK is the potential mediator leading to angioedema. High
doses of the anti-fibrinolytic agent (tranexamic acid) have
been reported to be effective in patients with PLG gene

Kringle 4

Kringle 5

Mutated
Kringle3

mutation, as increased activity of fibrinolytic system seems
to be in the basic pathogenesis of this entity [8]. It should
be noted that these patients do not respond to steroids and
antihistamines.

Pathophysiology of Angiopoietin-1 Gene Mutation
(ANGPT1-HAE)

Baffuno et al. reported in 2018 another potential genetic
defect in a cohort of patients with nC1-INH-HAE from Italy
[7]. The clinical profile of these patients is similar to C1-INH-
HAE. Transmission is autosomal dominant. However, it was
observed that some of these patients also had nail-fold capillary
abnormalities [7]. Using WES, a novel missense mutation
(c.807G>T, p.A119S) in the ANGPT]I gene was identified in
a family who had no pathogenic mutation in SERPINGI gene
or F12 gene [7]. This was an important observation inasmuch
as a genetic defect had been identified in a protein not directly
involved in coagulation, contact/KKS or fibrinolytic pathways.
ANGPT1 protein stabilizes the blood vessels, promotes
endothelial cell survival and inhibits bradykinin and vascular
endothelium growth factor (VEGF)-mediated plasma leakage
(Fig. 3a). Because of mutation in coiled-coil domain at position
119, the mutant ANGPT1 protein is unable to form multimers.

@ Springer



Clinical Reviews in Allergy & Immunology

This crucial function is required for interaction with its receptor,
tunica interna endothelial cell kinase 2 (Tie-2), on the vascular
endothelium. This interaction is part of a signalling cascade
involved in stabilizing and preventing vascular permeability [7]
(Fig. 3b).

Interestingly, while the total plasma concentration of
ANGPT1 protein was found normal, immunoblotting
showed reduced multimers and increased concentrations
of dimeric and trimeric forms of ANGPT1 protein. Further
functional analysis showed that the mutant protein had
reduced binding to a soluble form of Tie-2 protein [7]. It
was later demonstrated by the same group that heterozygous
substitution mutation at position 119 of the ANGPTI gene
leads to loss-of-function through haploinsufficiency [49].
Firinu et al. later observed this mutation in two other families
from Italy. While one family had a history suggestive of an
autosomal dominant mode of inheritance, the second family
had only one affected patient [50].

Therapeutic Solutions for ANGPT1-HAE

There are no known definitive therapeutic options for this
subtype of HAE. However, it has been hypothesized that
activation of the Tie-2 receptor (i.e. by a recombinant
ANGPT1 protein or its analogues) may help in decreasing
vascular leakage.
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Fig.3 The interplay between signalling cascades inside the endothe-
lial cells. a Normal endothelial function. b Mutation in angiopoi-
etin-1 gene leads to defective multimerization of the protein required
for normal intracellular signalling. Defective signalling is represented
with thinner lines, while thicker arrows denote amplified molecu-
lar reactions. Because of defective signalling downstream of the
ANGPT-1 and Tie-2 receptor, uncontrolled activation occurs down-
stream BK pathway of its receptor (BKRB2) leading to angioedema.
¢ Schematic representation of pathophysiology of MYOF-HAE:
Myoferlin R210S mutation has been postulated to lead to an increase
in its function thereby leading to elevated VEGFR2 recycling (dou-
ble arrows) that triggers an increase in vascular permeability. (Note:
Arrows denote molecular reactions and stimulatory influences, while
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Meanwhile, treatment with tranexamic acid was found
to reduce frequency and intensity of attacks in 2 out of 4
patients reported [7]. No improvement was noted with
steroids or antihistamines.

Pathophysiology of Myoferlin Gene Mutations
(MYOF-HAE)

Recently, Ariano et al. have recently reported myoferlin
gene mutation (R217S) in 3 women (mother and her 2
daughters) with nC1-INH-HAE [11]. Myoferlin has been
shown to prevent degradation of vascular endothelial growth
factor receptor-2 (VEGFR2); therefore, a loss of myoferlin
protein, either through gene silencing or knockout models,
has been shown to decrease expression of VEGFR2 (and
even Tie-2) on plasma membranes of endothelial cells [51,
52]. The gain-of-function mutation reported in myoferlin
gene has been postulated to lead to an increased localization
of VEGFR?2 to the plasma membrane leading to increased
VEGF signalling and increased vascular permeability
(Fig. 3¢) [11, 53].

Clinical manifestations included oedema of head and neck
region with onset during adolescence. Menstruation and
high temperature were found to be likely triggers. Affected
patients had a relatively slower onset and delayed resolution
of oedema. MYOF-HAE follows an autosomal dominant
mode of inheritance with incomplete penetrance [11].

Mutated
Angiopoietin

Plasma Plasma
3 TIE-2 membrane . BR2 TIE-2 membrane
homodimer homodimer
e .
2

,//////‘J/ PIgK' ‘
N\ —

Angiopoietin

Vessel lumen VEGT multimers

__ AKT
~ activation

AKT
[ st activation
\aclwatmn

<

Nitric oxide VE-cadherin
PKC — — . s T
o production internalization
activation

T 4 Vascular permeability

cvnthems

VE-cadherin
internalization

bar at the end denotes 638 inhibitory effect. Brown thick curved
arrows denote role of myoferlin in recycling of VEGFR2) Abbrevia-
tions: AA arachidonic acid, AKT protein kinase B, BKRB2 brady-
kinin receptor type B2, Ca?* ionic calcium, DAG diacyl glycerol, FA
fatty acid, GP G protein, IP3 inositol 1,4,5-trisphosphate, PG pros-
taglandin, PI3K phosphoinositide 3-kinase, PIP2 phosphatidylinositol
(4,5)-bisphosphate, PIP3 phosphatidylinositol (3,4,5)-trisphosphate,
PKC protein kinase C, PLA, phospholipase A,, PLC phospholipase
C, PLs other phospholipids, MF myoferlin, Tie-2 tyrosine kinase with
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Therapeutic Solutions for MYOF-HAE

The very few patients reported with MYOF-HAE do not
respond to steroids or antihistamines. Nonetheless, Apatinib (a
selective VEGFR?2 inhibitor) has been found to be useful for
the management of radiation induced vasogenic brain oedema
[54], and based on this report and the pathogenetic mechanisms
of MYOF-HAE, it can be speculated that VEGFR2 inhibitors
may be a potential therapy for these patients.

Vascular Endothelium—a New Player
in Pathophysiology of HAE

Vascular endothelium is a single layer of mesenchymal
cells that demarcates tissues from circulating blood vessels.
It plays an important role in regulating blood flow and
movement of blood cells through the vessel wall [55].
Endothelial cells are heterogeneous in their ability to
process signals generated by vasoactive agents, stress, or
changes in chemical environment [56]. These cells control
vasodilation and vasoconstriction by releasing mediators
such as prostacyclin, thromboxane, nitric oxide, superoxide,

Fig.4 Potential biomarkers for
diagnosis and monitoring of dis-
ease activity of nC1-INH-HAE.
(See the article for common

and endothelin [57]. Bradykinin is a potent vasodilator and
exerts its effects by releasing nitric oxide and prostacyclin
from vascular endothelium. Bradykinin also mediates
plasma leakage by interacting with vascular endothelium
growth factor (VEGF) and bradykinin receptor. Vascular
endothelium plays an active role in regulating plasma
leakage in patients with HAE. Several other proteins (e.g.
bradykinin B2 receptor and ANGPT1 receptor) that are not
related to fibrinolysis and contact pathways but directly
involved with vascular endothelium may potentially be
involved in pathogenesis of HAE. Description of two
mutations involving the vascular endothelium (ANGPT1
and MYOF) opens new frontiers in our understanding of
the complex interplay between BKR2, Tie-2 and VEGFR2
signalling in the vascular endothelium in patients with HAE.

Pathophysiology of Kininogen-1 (KNG1) Gene Mutation
(KNG1-HAE)

Bork et al. reported a hitherto unknown variant (c. 1136 T> A,
p-Met379Lys) in all 6 affected members in a family with nC1-
INH-HAE by using WES; a variant was not detected in other
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unaffected family members [10]. Kininogen gene (KNGI) gene
contains 11 exons, and by alternate splicing, it transcribes into
a unique mRNA transcript for both HK and low molecular
weight kininogens (LK). This variant was identified in exon
10 of KNG gene and was predicted to be pathogenic using in
silico analysis. The variant leads to a change of the amino acid
methionine to lysine and was found to be present in both iso-
proteins (i.e., HK and LK). The variant was found to be inherited
in an autosomal dominant pattern. In all these patients, C1-INH
antigen level, C1-INH function, C4, plasminogen activity, and
FXII and FXI clotting activities are normal. Furthermore, PK
and HK levels and activity were also found to be normal [10].
It has been hypothesized that in patients with mutation
in KNGI gene, the variant potentially leads to change in the
N-terminal cleavage site of HK and LK, thereby leading to
production of an aberrant BK. This aberrant bradykinin is
functionally active but may become resistant to cleavage by
enzymes such as ACE or amino peptidase-2 (AP2), leading to
its increased half-life and higher than usual activity (Fig. 1d).

Potential Biomarkers for Diagnosis
and Disease Activity of nC1-INH-HAE

Diagnosis of nC1-INH-HAE is challenging at present
time because of lack of valid biomarkers. Unlike patients
with C1-INH-HAE, in which most patients would have
either a low C1-INH antigen level or low C1-INH activity,
and low serum complement C4 levels, these laboratory
values are normal in patients with nC1-INH-HAE. Even
though the clinical presentation of some of these patients
may differ from patients with C1-INH-HAE, it may be

extremely difficult to distinguish them clinically without
laborious and expensive genetic analysis. Hence, it is
very important to have a biomarker that can reliably
distinguish the BK- mediated angioedema from other
diseases. It is also important to identify a biomarker that
may be useful for assessment of disease activity and may
also be measured during prodromal phase to predict an
attack [58, 59]. We have reviewed currently available
biomarkers for diagnosis of nC1-INH-HAE (Fig. 4).

Over activation of the fibrinolytic and contact/KKS
occurs in patients with CI-INH-HAE as well as nC1-
INH-HAE [60, 61]. Thus, measurement of activated
products of these pathways may prove to be useful
biomarkers. Since overproduction of BK is central to
the pathogenesis of most subtypes of HAE, serum levels
might serve as a useful biomarker of disease activity.
It should be noted that although plasma Lys-BK can be
assayed by a competition enzyme linked immunosorbent
assay (ELISA) or mass spectrometry (MS) [62, 63], BK
has a very short half-life in plasma (a few seconds) and
this limits its usefulness as a biomarker. To circumvent
this problem, cleaved HK (cHK), the residua of HK after
the nonapeptide BK was removed, has been proposed
as a potential biomarker for BK mediated angioedema
[64, 65]. The sensitivity and specificity of this noble
technique are yet to be assessed.

Recently, Bova et al. studied plasma concentration of
cHK, Angiopoietin, VEGF, and secreted phospholipase
A, (sPLA,) in a cohort of patients with FXII-HAE,
ANGPTI1-HAE, and U-HAE [66]. Indeed, cHK levels
were significantly higher in patients with FXII-
HAE and U-HAE as compared with normal serum
controls. VEGF-A, VEGF-C, and ANGPT]1 levels were
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Fig.5 Summary of clinical profile and pathophysiology of subtypes of HAE
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significantly higher in patients with U-HAE, while
only patients with FXII-HAE had elevated VEGF-C.
Angiopoietin 2 levels and serum phospholipase A2
(sPLA2) activity was found to be normal. All the above
biomarkers were not altered in patients with ANGPTI1-
HAE [66].

Other biomarkers studied in patients with nC1-INH-HAE
include serum glycoprotein 120 (sgp120) fragmentation
[67], plasminogen activator inhibitor 2 (PAI-2) [68, 69],
assessment of C1-INH activity in plasma based on inhibition
of activated factor XII and kallikrein [70], PKa activity [71],
and multimers of ANGPT1 [7]. (Fig. 4).

In conclusion, despite studies carried out for validating a
potential biomarker for nC1-INH-HAE, non-replicability of
different biomarker signatures in different settings remains
an issue for further research. Barriers include sample
handling, processing, and different testing platforms. At
the present time, it may be difficult to use these biomarkers
for routine clinical practise for diagnosis, disease
monitoring, or for prediction of an acute attack. Figure 5
summarizes important differences in the clinical profile and
pathophysiology of various subtypes of HAE.

Conclusions and Future Directions

Over the last two decades, our understanding of pathophysiology
of nC1-INH-HAE has significantly improved. Several genetic
defects in pathways for BK production and the vascular
endothelium are now better characterized. Next-generation
genetic technologies, like Genome-wide Association Studies
(GWAS) and WES offers opportunities, to diagnose other
patients and families with yet unknown mechanisms of
angioedema. The availability of advanced bioinformatic tools
would also be applied to identification of several other target
causative genes. This would, in turn, impact the development
of novel treatment options for these patients.
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