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Abstract

Background: Hereditary angioedema (HAE) with normal C1 inhibitor (C1-INH) (HAENnCl) is associated with skin swell-
ings, abdominal attacks, and the risk of asphyxia due to upper airway obstruction. Several different gene mutations
linked to the HAE phenotype have been identified. Our aim was to qualitatively assess and describe the clinical dif-
ferentiators of these genetically identified HAENCI types. To achieve this, we performed a systematic literature review
of patients with angioedema symptoms and a genetically confirmed diagnosis of an HAEnCI type.

Results: A systematic literature search, conducted in March 2020, returned 132 records, 43 of which describe patients
with symptoms of angioedema and a genetically confirmed diagnosis of an HAEnCI type. Overall, this included

602 patient cases from 220 families. HAEnCI with a mutation in the coagulation factor XIl gene (F12) (HAE-FXII) was
diagnosed in 446 patients from 185 families (male:female ratio = 1:10). Estrogens (oral contraceptives, hormonal
replacement therapy, and pregnancy) negatively impacted the course of disease in most female patients (252 of 277).
Asphyxia occurred in 2 of 446 patients. On-demand and/or long-term prophylaxis treatment included C1-INH concen-
trates, icatibant, progestins, and tranexamic acid. HAEnCl with a specific mutation in the plasminogen gene (HAE-PLG)
was diagnosed in 146 patients from 33 families (male:female ratio = 1:3). Estrogens had a negative influence on the
course of disease in the minority of female patients (14 of 62). Tongue swelling was an important clinical feature.
Asphyxia occurred in 3 of 146 patients. On-demand treatment with icatibant and C1-INH concentrate and long-term
prophylaxis with progestins and tranexamic acid were effective. HAEnCl with a specific mutation in the angiopoietin-1
gene (HAE-ANGPT1) was diagnosed in 4 patients from 1 family and HAEnCl with a specific mutation in the kinino-
gen-1 gene (HAE-KNGT) in 6 patients from 1 family.

Conclusions: A number of clinical differentiators for the different types of HAENCI have been identified which

may support clinicians to narrow down the correct diagnosis of HAEnCI prior to genetic testing and thereby guide
appropriate treatment and management decisions. However, confirmation of the causative gene mutation by genetic
testing will always be required.
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Background

Angioedema is a hallmark sign of various hereditary
and acquired conditions. It is characterized by recur-
rent localized and self-limited edema episodes in vari-
ous organs. Clinical symptoms include swelling of the
skin and tongue, abdominal pain attacks, as well as
pharyngeal and laryngeal edema that can lead to death
by asphyxia [1, 2].

The most common type of hereditary angioedema
(HAE) is the result of impaired C1 inhibitor (C1-INH)
activity (HAE-C1-INH) due to protein deficiency (type
I) or dysfunction (type II) and was identified in 1963 by
Virginia Donaldson [3]. In 1987, the link to mutations
in the SERPINGI1 gene was revealed by Southern blot
analysis using SERPINGI-specific gene probes [4].

In 2000, a novel type of HAE was identified which
was linked with normal C1-INH activity in plasma and
classified as "HAE with normal CI1-INH" (HAEnCI)
or "HAE type III" [5, 6]. A breakthrough in the under-
standing of HAEnCI came with the discovery of several
different mutations in genes involved in kallikrein-kinin
system activation, each of which being linked to the
HAE phenotype.

In 2006, previously unknown mutations in exon 9 of
the coagulation factor XII (FXII) gene (F12) were iden-
tified in families with HAEnCI, resulting in the term
HAE-FXII [7]. However, since not all HAEnCI patients
harbored an FI2 gene mutation, it was assumed that
there must be mutations in further genes resulting in
HAEnCI [7, 8].

Subsequently, in large families with 3 or more gen-
erations, further HAEnCI-linked mutations were
identified by linkage analysis in genes involved in
the formation of bradykinin: the plasminogen (PLG),
angiopoietin-1 (ANGPT1I), kininogen-1 (KNGI), and
myoferlin (MYOF) genes [9-12] (Fig. 1).

Based on these findings, 4 additional HAEnCI types
were defined: HAE with a specific mutation in the PLG
gene (HAE-PLG), HAE with a specific mutation in the
ANGPTI gene (HAE-ANGPT1), HAE with a specific
mutation in the KNG1 gene (HAE-KNG1), and HAE with
a specific mutation in the MYOF gene (HAE-Myoferlin).

In many families with HAEnCl, the genetic back-
ground of the disease is still unknown (referred to as
"HAE-unknown") [8, 13]. Table 1 summarizes the vari-
ous types of HAE identified until now.

For the novel types of HAEnCI described until March
2020—namely HAE-FXII, HAE-PLG, HAE-ANGPT],
and HAE-KNG1—we aimed to summarize and analyze
the differences in clinical characteristics such as demo-
graphics, trigger factors, location of attacks, and response
to various treatments. Therefore, we performed a system-
atic literature review of these genetically defined HAE-
nCI types neglecting the cases with HAE-unknown and
the cases of individuals carrying 1 of the known HAEnCI
mutations but without clinical manifestation of the dis-
ease. Since HAE-Myoferlin was described shortly after
our literature search was conducted, we mention it here
in the interest of completeness but have not included the
patient cases for further analysis.

Methods

Systematic literature search

A systematic literature search was conducted in the US
National Library of Medicine, National Institutes of
Health database PubMed for a period from 1 January
2006 to 1 March 2020, which was limited to publications
in English. We supplemented our search by hand search-
ing the bibliographies and abstracts of key papers.

We identified 706 publications that met our electronic
search strategy: "complement c1 inhibitor protein" (Med-
ical subject headings [MeSH] Terms) and "angioedema,
hereditary" (MeSH Terms). Of these, 132 records
described HAEnCI patients. Since the nature of data was
inappropriate for meta-analysis, a qualitative synthe-
sis was performed. All publications which reported on
unique patient cases with symptomatic angioedema and
a genetically confirmed HAEnCI were included in our
data analysis.

Excluded were cases on patients/families without an
HAEnCI-specific mutation or cases of asymptomatic
carriers. Patients described in more than 1 publication
were counted only once. Publications identified as being
potentially relevant were retrieved in full-text format and
screened. A QUOROM flow-chart showing the number
of publications screened and those included for our qual-
itative synthesis is depicted in Fig. 2.

Results

The literature search results and selection of articles for
data extraction are summarized in Tables 2 and 3. The
search returned 43 unique records that were eligible for
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Fig. 1 Mutations linked to various types of HAEnCI and its impact on the various proteases and protease inhibitors of the fibrinolytic and
kallikrein-kinin systems. ANGPT1 =angiopoietin-1 gene, B2R = bradykinin-2 receptor, C1-INH=C1 esterase inhibitor, FX|l= coagulation factor
XIl gene, HMWK = high molecular weight kininogen, KNG1 =kininogen-1 gene, MYOF = myoferlin gene, PAl = plasminogen activator inhibitor,
PLG = plasminogen gene, TIE2 = tyrosine-protein kinase, tPA =tissue plasminogen activator, scuPA =ssingle-chain urokinase-type plasminogen
activator, uPA = urokinase-type plasminogen activator, VEGF = vascular endothelial growth factor

patient data extraction. Overall, 602 affected HAEnCI
patients coming from 220 families were identified.

HAE-FXII was identified in 446 patients from 185
different families based on 31 records; 5 records were
excluded due to double reporting of cases.

HAE-PLG was identified in 146 patients from 33 fami-
lies based on 10 records; 2 records were excluded due to
double reporting.

For HAE-ANGPT1 and HAE-KNGI, 1 record was
identified each (Table 3): 4 cases from 1 family with HAE-
ANGPT1 and 6 cases from 1 family with HAE-KNG1.

Only recently, after the cut-off for the research period of
our literature review, a novel HAEnCI type was described
in an Italian family of 3 women with angioedema symp-
toms [12]. The symptoms were limited to the face, lips,
and oral mucosa. Since a MYOEF-217S gain-of-function
variant was identified as the genetic cause, leading to
an abnormal myoferlin protein involved in VEGF signal
transduction, this type was named HAE-Myoferlin.

Hereditary angioedema with a specific mutation in the F12
gene

Since 2006, when HAE-FXII-specific mutations were
first described [7], further affected patients/families have
been identified using genetic standard methods for link-
age analysis (Sanger sequencing). These include large
families of 2 or more generations that were previously
diagnosed with HAEnCI of unknown cause. Based on
observations of our Angioedema Outpatient Service in
Mainz (Germany), we estimate the prevalence of HAE-
FXII in Germany at 1:400,000 [13].

Following the first description of 2 different missense
mutations in the F12 gene, 2 further mutations were iden-
tified: a F12 gene deletion and a F12 gene duplication. Up
to now, a total of 185 families with HAE-FXII have been
described, including 179 families with a Thr328Lys muta-
tion, 2 with a Thr328Arg mutation, 3 with a F12 deletion
mutation, and 1 family with a duplication mutation. All
4 HAE-specific mutations are in the FI2 gene region
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HAE type Gene Nucleotide change  Protein change Chromosome First described by Methods used
HAE-C1-INH SERPINGT Numerous Numerous 11 Stoppa-Lyonnet et al. [4] Southern blot analysis, linkage
analysis
HAE-FXII Fi2 Cc983C>A p.T328K 5 Dewald and Bork [7] Candidate gene, Sanger sequencing,
linkage analysis
€983C>G p.T328R 5 Dewald and Bork [7] Candidate gene, Sanger sequencing,
linkage analysis
c971_1018+424del72 Indel 5 Bork et al. [13] Sanger sequencing, linkage analysis
€892_909dup dup p.298_303 5 Kiss et al. [14] Sanger sequencing, linkage analysis
HAE-PLG PLG Cc.988A>G p.K330E 6 Bork et al. [10] WES, linkage analysis, Sanger
sequencing
HAE-ANGPT1  ANGPT1  c807G>T p.A119S 8 Bafunno et al. [9] WES, linkage analysis
HAE-KNG1 KNG c1136T>A p.M379K 3 Borketal. [11] WES, linkage analysis, Sanger
sequencing
HAE-Myoferlin  MYOF c651G>T p.R217S 10 Ariano et al. [12] WES, linkage analysis
HAE-unknown ni® na na na na na

ANGPT1 =angiopoietin-1 gene, bp =base pairs, C1-INH =C1 esterase inhibitor, del = deletion, dup = duplication, F12 = coagulation factor XIl gene, FXIl=coagulation
factor XIl protein, HAE = hereditary angioedema, HAE-ANGPT1 = HAE with a specific angiopoietin-1 gene mutation, HAE-C1-INH =HAE due to C1-INH deficiency, HAE-
FXIl=HAE with a specific coagulation FXIl gene mutation, HAE-KNG1 =HAE with a specific kininogen-1 gene mutation, HAE-Myoferlin = HAE with a specific myoferlin
gene mutation, HAE-PLG =HAE with a specific plasminogen gene mutation, KNGT =kininogen-1 gene, na=not applicable, ni=not identified, MYOF = myoferlin

gene, PLG = plasminogen gene, WES =whole exome sequencing
2 By definition

coding for the proline-rich region of the FXII protein
(Table 2). HAE-FXII with missense mutations ¢.983C > A
(p.Thr328Lys) and c.983C>G (p.Thr328Arg) in the FI12
gene was first described in 2006 in patients from 6 unre-
lated families [7]. Currently, 181 families with 440 HAE
patients with these gene mutations are reported in litera-
ture (Table 2).

HAE-FXII with a large deletion mutation of 72 base
pairs on the FI12 gene (c.971_1018+ 24del72) was first
described in 2011 in a family of Turkish origin, including
2 sisters and their symptom-free father [14]. The deleted
region includes codon p.Thr328 and therefore also the
position of the two previously identified missense muta-
tions: p.Thr328Lys and p.Thr328Arg [7]. It is a partial
exon 9/intron 9 deletion, causing a loss of 48 base pairs
of exon 9 (coding amino acids 324 to 340, including the
authentic donor splice site) and of 24 base pairs of intron
9) [14]. In 2014, a second family (from Turkey) [41] and
in 2018, a third family with an affected pair of siblings
(from South America) [37] were reported.

HAE-FXII with a duplication mutation (c.892_909dup)
in the F12 gene was reported in a 37-year-old female
patient and her daughter [15]. Screening of F12 for this
duplication revealed that 4 family members carried the
mutation.

Inheritance, gender, penetrance, transmission
Among the 185 different families with 446 patients with
HAE-FXII, the overall male to female ratio was about

1:10. In a cohort with 42 patients from Brazil the ratio
was 1:6 whereas in the remaining patients the male to
female ratio was 1:13 [38]. The reason for the higher
prevalence of male patients in Brazil is unknown.

HAE-FXII is inherited as an autosomal-dominant trait
with incomplete penetrance. In 1 patient series, overall
penetrance of HAE-FXII was 66.3%: Males had a pen-
etrance of 4.0% and females a penetrance of 86.1% [13].

Individuals with homozygous genotype of Thr328Lys
mutations have been described and appear to have a
more severe phenotype [34].

Patient origin, age of onset, clinical symptomatology,

and attack triggers

To date most patients with HAE-FXII were observed in
Brazil, France, Spain, and Germany (Table 2). In addition,
reports come from various other countries including
Australia and Morocco.

Symptom manifestation was usually around the age of
20 (range 1-65 years) [13]. Estrogens (oral contraceptives
[OC], menstruation, pregnancy, and hormone replace-
ment therapy [HRT]) often play an important role as
triggering or aggravating factors in HAE-FXII [5, 8, 13,
26, 33, 35, 36, 38, 39, 42, 43]. In 17 of 35 female patients,
the first HAE attacks coincided with the intake of OCs.
Other females experienced their first symptoms dur-
ing pregnancy or after start of HRT [8]. Further triggers
include angiotensin converting enzyme (ACE) inhibi-
tors [36, 37, 39, 42]. A few patients have been reported
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Fig. 2 QUOROM flow-chart shows the number of publications screened and included in the systematic review for qualitative evidence.
HAE-ANGPT1 = hereditary angioedema with a specific mutations in the angiopoietin-1 gene, HAE-FXI| = hereditary angioedema with specific
mutations in the factor Xl gene, HAE-KNG-1 = hereditary angioedema with a specific mutation in the kininogen-1 gene, HAE-PLG = hereditary
angioedema with a specific mutation in the plasminogen gene, HMWK = high molecular weight kininogen, HAEnCl = hereditary angioedema with
normal C1 esterase inhibitor, MeSH = medical subject headings, N=number of records. *("complement c1 inhibitor protein"[MeSH Term] AND
("angioedema, hereditary" [MeSH Term]) search for a period from 1 January 2006 to 1 March 2020

to have received ACE inhibitors without any influence on
their disease [39]. Aggravation of symptoms with angio-
tensin-1 receptor blocker has only been observed in 1
case [8].

For 277 female patients with HAE-FXII, the impact
of estrogens on the course of disease was described.
Estrogens triggered or exacerbated HAE symptoms in
252 (91.0%) and had no impact in 25 (9.0%). Similarly, it
was reported in a case series that HAE-FXII started or
worsened in 90% of females taking OC, while 10% did
not notice any negative effect [13]. In 58 females with
92 pregnancies, symptom onset or exacerbation was

reported for 43 pregnancies, no influence for 42, and an
improvement of HAE-FXII symptoms for 7 pregnan-
cies. While in some females with HAE-FXII, clinical
symptoms were limited to periods of OC intake, HRT,
and pregnancies ("estrogen-dependent angioedema"),
1 patient reported the opposite and became symptom-
free during all 3 of her pregnancies [8]. Clinical symp-
toms seem to be independent of the type of F12 gene
mutation, and include skin swellings, abdominal pain
attacks, tongue swellings, and life-threatening laryn-
geal edema [8, 38]. Among the 446 patients, 2 cases of
asphyxia due to edema have been reported [13], result-
ing in an asphyxia rate of 1:225.
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Most skin swellings were on the face or just on the lips,
but other locations such as extremities, genitals, neck,
and ears were affected as well.

In 2007, hemorrhages into skin swellings on the face
or extremities were observed in HAE-FXII. They started
1-2 days after onset of the swelling and were not asso-
ciated with anticoagulant treatment or bleeding disor-
ders [44]. Subsequently, 15 more patients with bruising
or ecchymosis at the site of skin swelling or other sites
were reported [35, 42]. In 1 patient, bruising preceded
abdominal pain attacks [38]. In total, skin bleedings were
reported in 17 of 446 (3.8%) patients with HAE-FXII.

Erythema marginatum, a gyrated erythematous rash on
the chest or other parts of the trunk that often precedes
or accompanies edema attacks in HAE-C1-INH, was not
reported in HAE-FXII patients [8]. Prodromes such as
unusual fatigue, chest discomfort, and palpitation have
been observed in a few patients [35].

The frequency of attacks varied greatly between
patients; while some remained symptom-free most of the
time, others suffered from almost daily attacks. There is
a report of a female patient who had her first and only
swelling at age 67 while another 78-year-old woman
experienced over 1000 angioedema attacks in 64 sympto-
matic years [8].

Treatment experiences

Current therapeutic strategies focus on reducing dis-
ease burden and improvement of quality of life based on
2 treatment approaches: on-demand treatment of acute
attacks and prophylactic treatment, for both short and
long-term use.

Since no specific treatments are approved for HAE-
EXII, current treatment strategies include similar medi-
cations and treatment principles as have shown to be
effective in patients with HAE-C1-INH [45].

The following section describes treatment strategies
that were applied in patients with HAE-FXII. The first
step of the treatment algorithm involves the strict avoid-
ance of exacerbating factors and the discontinuation of
certain co-medications, mainly estrogen-containing OCs
and HRT, as well as ACE inhibitors [36].

For on-demand treatment, CI1-INH concentrates,
either plasma-derived or recombinant, icatibant, or
ecallantide were most commonly used [26, 35, 36, 39,
46]. The mean duration of facial swelling observed in 11
females was markedly reduced by treatment with plasma-
derived C1-INH (Berinert; CSL Behring, Marburg, Ger-
many) compared with no treatment (28 versus 64 h [h])
[36]. Other cases of good treatment response to C1-INH
have also been reported [38, 39]. Icatibant was reported
by Bouillet et al. to be effective for a severe abdominal
HAE-FXII attack, with onset of symptom improvement
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within 30 min and complete resolution by 1 h [47]. Simi-
larly, Veronez et al. showed a marked reduction in dura-
tion and intensity of attacks in 9 females taking icatibant
[38]. Bova et al. reported good response in 7 of 9 patients
who received icatibant for HAE-FXII attacks, compared
with 2 non-responders [39].

For short-term prophylaxis prior to dental, surgi-
cal procedures, or other invasive medical interventions
as well as for deliveries, it has been reported that intra-
venous plasma-derived CI1-INH effectively prevented
attacks [35]. No attacks occurred when C1-INH was used
for short-term prophylaxis in 3 patients for esophago-
gastro-duodenoscopy, 3 patients for dental procedures,
and 1 patient for bronchoscopy [39].

For long-term prophylactic treatment, progestins,
tranexamic acid (TXA), C1-INH, and danazol were used
[8, 35, 36]. There are several reports on good treatment
response to long-term prophylaxis with progestins. For
16 females, an effective switch from estrogen-contain-
ing oral contraceptives to progestins was shown (99.8%
mean reduction of attack frequency) [36]. Likewise,
Veronez et al. reported partial or complete control in
27 females with long-term prophylaxis with progestins
[38] and a patient who took a desogestrel-containing pill
daily remained symptom-free for 2.5 years [35]. TXA
was also shown to be effective for long-term prophy-
laxis in patients with HAE-FXII. Nearly complete control
was achieved in 4 female patients [36], partial or com-
plete control in 30 patients [38], and partial control in
8 patients [26, 39]. When used temporarily in 3 female
patients, 1500 mg daily TXA resulted in reduced fre-
quency and severity of symptoms [35].

C1-INH was shown to be effective for long-term
prophylaxis during pregnancy, achieving complete con-
trol in 1 patient and partial control in another patient
[48], and almost complete control of HAE-FXII in 2
members of a family [39]. In 1 patient, partial attack con-
trol was reported on concomitant prophylaxis with TXA
and C1-INH [39].

Improvement was also reported for long-term prophy-
laxis with attenuated androgens in 3 females using dan-
azol with a complete response [36], and 7 females with
danazol and 4 patients using oxandrolone with complete
or partial control [38]. Pifiero-Saavedra et al. reported
that 1 patient who received danazol (600 mg daily) for
1 year did not experience improvement in symptoms
until she stopped taking estrogen-containing OCs [35].

Hereditary angioedema with a specific mutation

in the plasminogen gene

In 2018, a previously unknown mutation in the PLG
gene was identified by whole exome sequencing (WES).
It was transmitted in an autosomal-dominant manner
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and was linked to clinical symptoms of HAE. The genetic
alteration was a c.988A>G missense mutation leading
to an amino acid exchange p.Lys330Glu (K330E), which
affected the kringle 3 domain of the PLG protein. Thus,
a novel type of HAEnCI was proposed, since a total of 14
patients from 4 families harbored the PLG gene muta-
tion, while an HAE-specific F12 gene mutation was
missing [10]. In the same report, 9 of 38 index patients
from 38 families, which were classified as having HAE-
nClI of unknown genetic background, were re-diagnosed
by Sanger sequencing with HAE-PLG. Thereby, 13 Ger-
man families with the PLG mutation were identified [10].
Subsequently, more cases of HAE-PLG were identified in
various European countries, the United States, and Japan
[49-56]. Thus, a total of 146 patients from 33 families
were reported (Table 3).

Inheritance, gender

The mutation is heterozygous, transmitted as an autoso-
mal-dominant trait, and linked with the HAE phenotype
across pedigrees. Information about gender is available
for 95 HAE-PLG patients, of which 25 (26.3%) were male
and 70 (73.7%) were female. Hence, the gender ratio was
1:3 (male:female).

Patient origin, age of onset, clinical symptomatology,

and attack triggers

Most patients were observed in Germany and France;
others were identified in Japan, the United States, and
various European countries (Table 3).

In the first German patient series, which described 60
patients from 13 families with HAE-PLG, the mean age
(+standard deviation [SD]) of onset of clinical symptoms
was 30.5£15.5 years (range 5 to 72 years) (Table 3).

The age of onset of clinical symptoms may be a distin-
guishing feature. While symptoms of HAE-C1-INH and
HAE-FXII usually manifest during the first 2 decades of
life, they may start nearly at any age in HAE-PLG. This
is an important observation for counseling asymptomatic
members of families with HAE-PLG, since the risk of
developing the disease remains life-long.

Of the 60 German patients, 47 patients experienced
recurrent swelling of the face, lips, and an average of
80.7 tongue swellings before the correct diagnosis was
established. In 11 patients, recurrent tongue swellings
were the only symptom, with a range of 1-150 swell-
ings at the time of diagnosis. In 23 patients, 8.7% (331 of
3795) of all reported tongue swellings were associated
with dyspnea, voice changes, and imminent asphyxia. In
1 female patient, a total of 160 episodes of tongue swell-
ings were described before she died from asphyxia due to
an upper airway obstruction [10]. Death by asphyxia was
observed in 2 other female patients [10, 50]. Hence, for
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the 146 patients reviewed here, an asphyxia rate of 1:50
was determined.

In a case series from France, 10 patients were described
with a median annual number of attacks of 5 and a
median attack duration of 2 days [55]. OCs, ACE inhibi-
tors, and psychological stress have been observed to trig-
ger or exacerbate attacks in HAE-PLG patients [10, 50,
51, 54-56].

In contrast to HAE-FXII, only a minority of females
(14.0%; 6 of 43 females) with HAE-PLG were reported
to experience initial clinical symptoms after OC intake
and there were no reports of an onset during pregnancy
[10]. As shown in Table 3, information on the impact of
estrogen was available in 62 females: a negative impact
on the course of HAE was described by 14 (22.6%)
and no impact by 48 (77.4%) patients. It is notewor-
thy that, across multiple case series and reports, estro-
gens appeared to play a consistently small physiological
role in triggering attacks in HAE-PLG compared with
HAE-FXIL

Treatment experience
Treatment experience with on-demand treatments was
recently reported for a larger case series of 111 patients
[52]. Of these, 13 patients were treated with icatibant for
201 acute swelling attacks and 12 patients were treated
with plasma-derived C1-INH for 74 acute swelling
attacks. In an indirect comparison, icatibant appeared to
provide a better treatment effect on attack duration than
C1-INH, and a higher proportion of patients responded
to treatment. The mean duration (£SD) of icatibant
treated attacks (4.3 +2.6 h) was significantly shorter than
that of the previous 149 untreated attacks (44.7 £28.6 h;
»<0.0001) within the same patients. The mean dura-
tion (+SD) of attacks treated with C1-INH (31.5+ 8.6 h)
was significantly shorter than that of the previous 129
untreated attacks (48.24+32.5 h; p<0.0001) [52]. Fur-
thermore, 2 HAE-PLG patients of French origin reported
improvement in attacks upon icatibant treatment [55].

Long-term prophylaxis, evaluated by attack frequency
before and after treatment, appeared to be more effective
in 3 patients treated with TXA (93.9% mean reduction of
attack frequency) compared with 6 patients treated with
progestins (46.3%), and compared with 3 patients treated
with danazol (83.3%) [52].

TXA was also effective in 2 French patients and in 1
Japanese female patient with HAE-PLG [55, 56].

Hereditary angioedema with a specific mutation

in the angiopoietin-1 gene

In 2018, a novel type of HAEnCI, classified as HAE-
ANGPT1, was identified by WES in 2 patients from
1 family, and was linked to a mutation in exon 2 of the
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ANGPT-1 gene (c.807G>T, p.Alal19Ser [A119S]) [9].
The mutation was confirmed to be present in 2 other
symptomatic family members but absent in 7 asymp-
tomatic family members of 3 generations by Sanger
sequencing. The mutation was inherited in an autosomal-
dominant manner and is presumed to impair the inter-
action with its membrane receptor, leading to increased
plasma leakage of bradykinin.

Patients with HAE-ANGPT1 had a history of recurrent
angioedema since their second decade of life without any
identifiable trigger, with a frequency of 2 attacks per year
and a median attack duration of 33 h (range 1-2 days).

Attacks were primarily located on the face, lips, oral
mucosa, and abdomen. Trigger factors were reported in
a minority of HAE attacks only and included mechani-
cal stimuli such as minor trauma and prolonged pressure.
Two patients responded to prophylaxis with oral TXA
with reduced number and severity of attacks. Patients did
not respond to antihistamines and corticosteroids, when
used for acute attacks or as prophylaxis [9].

Hereditary angioedema with a specific mutation

in the kininogen-1 gene

In 2019, in a large family with hitherto HAE-unknown,
an HAE-linked mutation was identified by WES in
exon 10 of the KNGI gene (c.1136 T>A, p.M379K
[Met379Lys]) [11]. Pedigree analysis revealed that clini-
cal symptoms of HAE occurred in 3 generations and co-
segregated with the KNGI mutation (c.1136 T >A) in all
analyzed patients (HAE-KNG1). The mutation is inher-
ited in a dominant manner.

The mutation was found in the cleavage region for
kinins, including bradykinin. Bradykinin is the presumed
mediator for the symptoms of HAE. All investigated
symptomatic family members carried the described
KNGI gene mutation. The mutation was not present in
any of the 38 index HAEnCI patients without any specific
mutation in the FI12, PLG, or ANGPT1I genes.

Patients had facial, tongue, hand, and feet swellings as
well as abdominal attacks. In 1 patient, only abdominal
attacks were observed. The mean age (£ SD) at onset was
35+16.2 years (range 17-55 years). Triggering factors
included pressure, OCs, and pregnancies. In 1 patient,
symptom relief was reported for 2 facial attacks, 30 min
after treatment with 1000 IU C1-INH concentrate. Corti-
costeroids and antihistamines were ineffective [11].

Discussion

To the best of our knowledge, this is the first systematic
literature review of case series of patients diagnosed with
1 of the genetically defined types of HAEnCI described
until March 2020. Including the most recent HAE-
nCI type described by Ariano et al. 2020, 8 different
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HAE-specific mutations were identified up to now: 4
are located in the FI12 gene and the other 4 in the PLG,
ANGPT-1, KNG-1, and MYOF genes (Table 1). All types
of HAEnCI mutations seem to affect the pathways of the
fibrinolytic and kallikrein-kinin system at different lev-
els, leading to bradykinin-mediated vascular leakage and
angioedema formation via activation of the bradykinin
B2 receptor (Fig. 1).

Our present systematic review assesses the evidence of
clinical features from all cases and case series published
until March 2020, which can be expected to provide a
more comprehensive insight into the different HAEnCI
types than single reports. Indeed, we identified clinical
differentiators of the different genetic types of HAEnCI
(Table 4). All of them are quantitative in nature as they
are more prevalent in 1 HAE type than in the others.

The clinical differentiators identified were: First, the
aggravating effect of estrogens (OC, HRT, pregnancy)
observed in HAE-FXII, which was much more pro-
nounced than in other types of HAEnCI. Second, hem-
orrhage at the swelling site, which up to now, has been
reported in HAE-FXII but not in HAEnCI with other
mutations. And third, the high frequency of tongue
swellings in HAE-PLG, which not only occurred more
frequently than in other types of HAEnCI but was often
reported as the only type of swelling with no other clini-
cal manifestation.

Interestingly, erythema marginatum, often observed
in HAE-C1-INH, was not reported in any of the types of
HAEnCIL

These features may serve to delineate the phenotypes
of the different types of HAEnCI, opening the field for
future research, e.g. regarding the influence of additional
pathogenic gene mutations or functional gene polymor-
phisms on the clinical characteristics of these new HAE-
nClI types.

HAE-FXII and HAE-PLG have been described in 185
families and 33 families. In contrast, HAE-ANGPT1 and
HAE-KNG1 have so far only been described in 1 fam-
ily each, indicating that the prevalence of the genetically
identified types of HAEnCI is highly variable. Since the
different HAE types can be diagnosed only by genetic
testing, the prevalence rates depend on the number of
genetic tests for these recently described HAE types.
Test frequency may vary for different reasons, including
its availability, access to genetic testing, and awareness of
the types of HAEnCL

A plausible explanation for the uneven distribution of
the different types of HAEnCI across the global regions
is that the highest prevalence is reported at locations
where the founding patient originated, most likely in
Europe. The spread to other regions is determined by
various socio-economic factors and therefore it may take
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Table 4 Clinical differentiators between HAE-FXII, HAE-PLG, HAE-ANGPT1, and HAE-KNG1
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HAE-FXII N =446

HAE-PLGN=146

HAE-ANGPT1 N=4

HAE-KNG1 N=6

Genetics
Specific mutations serving  c983C>A[7] C.988A>G[10] c.807G>T[9] c.1136T>A[11]
for identification of HAE - gg3c 5 7]
type
P c971_1018+ 24del72 [14]
€.892_909dup [15]
Gender ratio Clear female predominance
Male 39 25 0 1
Female 404 70 4 5
Not reported 3 51 0 0
Ratio (M:F) 1:10 13 0:4° 1:.5°
Penetrance High penetrance in females  nr nr nr
(86%), low in males (4%)
(13]
Clinical features
Average age of onset (years) 20 [13] 311[10] nr 35[11]
Location of attacks Small number of tongue Large number of tongue No tongue swellings Small number of tongue
swellings swellings [10] swellings
Hemorrhages (into the 17/446 (3.8%) patients; pos- 0 0 0
skin swellings or bruising sibly a unique feature; not
preceding abdominal observed in other geneti-
attacks) cally defined types
Clinical course Some patients have symp- Some patients have exclu- nr nr
toms exclusively when sively tongue swellings
exposed to estrogens (OC, [10]; considered to be a
HRT, pregnancy) "estrogen-  unique clinical feature
dependent angioedema"
Deaths by asphyxia 2 (1:225) 3 (1:50) 0 0
(asphyxia rate)
Estrogen impact
Clear impact 252 14 0 2
No impact 25 48 4 3
Pathogenesis
Protein change Introduction of new cleavage Change of the kringle 3 Impairment of ANGPT1 [9]  Change of bradykinin

sites for plasmin in FXII [57];
cleavage of mutant FXII by
thrombin and FXlla [58]

domain of PLG [10]

cleavage from HMWK
(1]

ANGPT1 = angiopoietin, FXIl = coagulation factor XII, HAE-ANGPT1 = HAE with a specific angiopoietin-1 gene mutation, HAE-FXIl = HAE with a specific FXIl gene
mutation, HAE-KNG1 =HAE with a specific kininogen-1 gene mutation, HAE-PLG = HAE with a plasminogen gene mutation, HMWK = high molecular weight
kininogen, M:F = male:female, N =number of patients, nr=not reported, PLG = plasminogen

2 1 family only

several generations before these patients are found in
other regions of the world.

Current treatment strategies for HAEnCI rely on those
already approved for HAE-C1-INH. Attempts have been
made to customize treatment strategies in HAE-FXII and
HAE-PLG based on the molecular pathways involved in
the pathogenesis [36, 52]. However, the exact pathogenic
mechanism has yet to be elucidated, despite encouraging
findings in HAE-FXII [57-59].

Our scope to identify further differentiating features of
the various HAEnCI types was limited due to incomplete

reporting on certain aspects, such as prevalence, pen-
etrance, and long-term outcomes.

As discussed above, our findings show that several clin-
ical differentiators exist between the genetically identi-
fied types of HAEnCI. The underlying mutations hamper
with the biochemical function of different proteins of the
kallikrein-kinin and fibrinolytic system pathways (Fig. 1).
We conclude that these different gene mutations lead to
different biochemical disturbances, resulting in differ-
ent clinical features. Therefore, we suggest each HAEnCI
type to be considered as a distinct disease entity.
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Conclusion

This systematic literature review of 602 reported cases with
the genetically determined types of HAEnCI, coming from
220 families, shows that there are several clinical differen-
tiators for the different types. They include specific clinical
characteristics and symptoms which are found to be more
common in some types of HAEnCI than in others. A tar-
geted diagnosis of HAE using certain clinical character-
istics can be helpful for differential diagnosis but cannot
replace a genetic work-up of cases to identify the specific
genetic mutation. This is considered important to better
define specific management and treatment strategies for
angioedema patients diagnosed with these new diseases.
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