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B S T R A C T

bjective: To provide an update on the molecular mechanisms of hereditary angioedema (HAE).
ata Sources: MEDLINE and PubMed databases were searched to identify pertinent articles using the
llowing key terms: hereditary angioedema, angioedema, C1 inhibitor, bradykinin, contact system, factor XII,
echanism, pathophysiology, severity, permeability, and estrogen.
tudy Selections: Articles were selected based on their relevance to the subject matter.

Results: Although the biochemical basis of “classic” HAE is known to result from C1 esterase inhibitor
(C1INH) deficiency, a new form, HAE with normal C1INH, has been identified. HAE types I and II are caused
by mutations in the SERPING1 gene that result in decreased plasma levels of functional C1INH. In HAE with
normal C1INH, mutations in the F12 gene have been identified in a subset of individuals, but the genetic
defect remains unknown in most patients. The primary mediator of swelling in HAE is bradykinin, a product
of the plasma contact system that increases vascular permeability. HAE disease severity is highly variable
and may be influenced by polymorphisms in other genes and other factors, such as hormones, trauma,
stress, and infection.
Conclusions: Hereditary angioedema is a heterogeneous disorder with a complex pathophysiology. Impli-
cated genes include SERPING1 and FXII in patients with HAE from C1INH deficiency and HAE with normal
C1INH levels, respectively. Disease severity is highly variable.
� 2014 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.
Introduction

Hereditary angioedema (HAE; OMIM 106100) is a rare life-
threatening disorder characterized by recurrent episodes of angioe-
dema localized to subcutaneous ormucosal tissueswithout associated
pruritus or hives. Although first described clinically more than
130 years ago by Quincke and Osler,1,2 it was not until 1963 that the
biochemical basis of “classic” HAE was defined by Donaldson and
Evans3 as a deficiency in C1 esterase inhibitor (C1INH). Since that time,
a growing body of scientific literature has provided further insight into
the molecular mechanisms, genetic basis, and treatment of the dis-
ease. This article briefly summarizes the clinical features, diagnosis,
and management of HAE, also reviewed elsewhere,4e9 with special
emphasis on the current understanding of the disease mechanisms.

Clinical Summary

Hereditary angioedema can be broadly divided into 2 major
categories: decreased and normal C1INH activities.6 HAE from
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decreased C1INH (HAE-C1INH) can be subdivided into quantitative
(type I) and qualitative (type II) defects in C1INH. Type I HAE rep-
resents approximately 85% of patientswith HAE and is characterized
by lowantigenic and functional C1INH levels. Type II HAE represents
approximately 15% of patients with HAE and is characterized by
normal or elevated C1INH concentrationswith lowC1INH functional
activity owing to the secretion of a dysfunctional protein. A distinct
form of familial angioedema with normal C1INH protein and func-
tion has recently been identified.10,11 HAEwith normal C1INH (HAE-
nlC1INH) can be divided further into 2 subcategories: with F12
mutation and of unknown cause.11 The diagnosis of HAE-nlC1INH
requires the demonstration of a lack of response to high-dose anti-
histamines plus amutation in the F12 gene (found in only aminority
of patients) or a positive family history of angioedema.

Patients with HAE typically experience recurrent episodes of
nonpitting, nonurticarial edema that commonly include tissues of
the face, extremities, gastrointestinal and genitourinary tracts, and
oropharynx and may include the hypopharynx and larynx.4 Typical
attacks of HAE follow a predictable course, often preceded by a
prodrome marked by an erythematous serpiginous rash (erythema
marginatum) or sometimes fatigue, weakness, local discomfort, or
a tingling sensation.13 Progressive swelling develops over hours
and may start in one location and then spread to another before
subsiding spontaneously after 2 to 5 days. Attacks may be disabling,
with a substantial burden of disease and impact on quality of life;
Immunology. Published by Elsevier Inc. All rights reserved.
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Table 1
Complement levels and distinguishing features in the diagnosis of HAE

Type of angioedema C1INH antigenic
level

C1INH functional
level

C4 level C1q level Distinguishing features

HAE-C1INH type I low low low normal usually family history; young age of onset; angioedema of bowel
frequent; may have prodrome of erythema marginatum; longer
duration; unresponsive to antihistamines and corticosteroids

HAE-C1INH type II normal low low normal same as HAE type I
HAE-nlC1INH normal normal normal normal usually family history; more severe in female patients; predilection for

face, mouth, upper airway
Acquired C1INH deficiency low low low low older age of onset; underlying lymphoproliferative disorder,

malignancy, or C1INH autoantibody may be present
Idiopathic or allergic angioedema normal normal normal normal may be accompanied by hives; typically responsive to antihistamines

and corticosteroids
Angioedema from ACE inhibitor normal normal normal normal typically within first 3 mo of medication use but may occur anytime;

more often affects face, mouth, upper airway

Abbreviations: ACE, angiotensin-converting enzyme; C1INH, C1 esterase inhibitor; HAE, hereditary angioedema; HAE-C1INH, hereditary angioedema from decreased C1
esterase inhibitor activity; HAE-nlC1INH, hereditary angioedema with normal C1 inhibitor.
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and all patients with HAE are at risk for laryngeal attacks, which can
be fatal if untreated.14 HAE attacks are often unpredictable, but
known triggers include trauma, dental or surgical procedures,
emotional or physical stress, menstruation, oral contraceptive use,
or infection.15 Angiotensin-converting enzyme (ACE) inhibitors can
worsen disease and are contraindicated.

Themean age of onset of symptoms in patients with HAE is 8 to 12
years. Untreated patients may have attacks every 7 to 14 days on
average, but the frequencyand severityof attacks canvary significantly
between individuals and evenwithin the same kindred.4 HAE attacks
are classically distinguished from allergic or idiopathic angioedema by
their longer duration (typically 72 to 96 hours), absence of accompa-
nying urticaria, and failure to respond to antihistamine or corticoste-
roid therapy. Although HAE usually presents in childhood and
progresses during puberty, there is oftenprolongeddelay in diagnosis;
therefore, it is important for clinicians to consider the disease in the
differential diagnosis of episodic cutaneous or abdominal swelling.

The clinical characteristics of HAE-nlC1INH are similar to those
of HAE-C1INH, except that women appear to be more severely
affected than men and these patients tend to experience fewer
abdominal attacks and more cutaneous and facial swellings.12

The differential diagnosis of HAE and the distinguishing clinical
and laboratory features are listed in Table 1 and have been recently
reviewed elsewhere.4e9 All forms of HAE are inherited in an auto-
somal dominant pattern; however, a substantialminority of patients
may present without a family history because of a de novomutation
and HAE-nlC1INH has a significantly lower penetrance than HAE-
C1INH.

Laboratory analysis of circulating complement components is a
key diagnostic tool in the workup of angioedema and should begin
with measurement of serum C4 levels, which will be low in cases of
HAE-C1INH (types I and II) and acquired C1INHdeficiency but normal
in cases of allergic angioedema, ACE inhibitoreinduced angioedema,
HAE-nlC1INH, and chronic idiopathic angioedema.7 Decreased C4
during an attack is found in nearly 100% of HAE-C1INH cases and, if
normal, essentially rules out the diagnosis.16 Confirmation requires
measurement of circulating antigenic or functional C1INH. If C1INH
deficiency or dysfunction cannot be demonstrated but the clinical
features are suggestive of HAE, genetic testing for F12 mutation may
be considered.4 In acquired C1INH deficiency, C1q levels are low in
most cases, which differentiate it from HAE-C1INH. Acquired C1INH
deficiency may develop from C1INH autoantibodies, underlying
malignancy, or lymphoproliferative disorder.17

Hereditary angioedema is a complex, chronic disease requiring a
highly specialized, multidisciplinary approach to care. Treatment of
HAE has been revolutionized in the past 10 years with the devel-
opment of multiple new drug therapies.7 The goal of HAE treatment
should be to allow patients to achieve a normal life with minimal
disruption from acute attacks and minimal side effects. Treatment
should consider not only aborting attacks but also preventing
swelling in the short and long term. Tailored therapy for each patient
requires the consideration of different factors, including frequency
and severity of attacks, comorbid conditions, cost, patient prefer-
ences, and varying response to available treatments. The treatment
of HAE has been recently reviewed.4e9 Given the complexity of
therapeutic decisions and the high cost of the newer medicines, it is
recommended that physicians with substantial experience dealing
with HAE be involved in the management of these patients.

All patients with HAE should have an established action plan in
place for treatment of attacks and effective drug therapy immedi-
ately available. C1INH concentrates, ecallantide, and icatibant have
each been shown effective for the treatment of HAE attacks. Treat-
ment should occur with early onset of symptoms and preferably be
self-administered. Short-term prophylaxis can be achieved with the
administration of 1,000 to 2,000 U of plasma-derived C1INH several
hours before a scheduled surgical or dental procedure.7 Alterna-
tively, 2 U of freshly frozen plasmamay be used to prevent attacks of
HAE when C1INH concentrates are not available. High-dose andro-
gens given for a week in advance of a scheduled procedure also can
be used for short-term prophylaxis. Because short-term prophylaxis
is not always successful in preventing attacks, on-demand therapy
also must be readily available during and after procedures.

The decision to use long-term prophylaxis should be based on
attack frequency, attack severity, comorbid conditions, access to
emergency treatment, and patient experience and preference.7

Before the approval of C1INH, 17a-alkylated androgens and anti-
fibrinolytics were used for HAE prophylaxis. Antifibrinolytics,
including ε-aminocaproic acid and tranexamic acid, are not always
effective in preventing angioedema episodes.7e18 Androgens are
generally considered more efficacious than antifibrinolytics but
are contraindicated in patients younger than 16 years, women who
are pregnant or breastfeeding, and men with a history of prostate
cancer.5,7 In addition, their use is limited by dose-dependent adverse
side effects. Purified C1INH replacement therapy is highly effective
for long-term prophylaxis. Because their use has been associated
with adverse events,19 indwelling venous ports should be avoided.

Mechanisms of Disease

Determinants of C1INH Levels in HAE-C1INH

C1 esterase inhibitor, an a2 globulin of approximately 105 kDa, is
a member of the serine protease inhibitor (SERPIN) superfamily
that also includes a1 antitrypsin and antithrombin.20 C1INH regu-
lates different proteases, including C1r, C1s, mannose-binding lec-
tin-associated serine protease-1 and -2, (MASP-1 and MASP-2) of
the complement system; plasma kallikrein and activated factor XII



Figure 1. Contact system activation generates bradykinin, which acts on B2 bradykinin receptors to increase vascular permeability. Deficiency of C1INH also leads to activation
of the complement and fibrinolytic systems. B2BKR, B2 bradykinin receptor; BK, bradykinin; C1INH, C1 esterase inhibitor; DAG, diacylglycerol; ECall, ecallantide; FXII,
coagulation factor XII; FXII, factor XII; FXIIa, factor XIIa; FXIIf, coagulation factor XII fragment; HMWK, high-molecular-weight kininogen; Icat, icatibant; Kall, plasma kallikrein;
NO, nitric oxide; PGE2, prostaglandin E2; PK, plasma prekallikrein; PKC, protein kinase C; PLC, phospholipase; PMGN, plasminogen; VE-cadherin, vascular endothelial cell
cadherin.
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of the contact system; activated factor XI of the coagulation system;
and plasmin of the fibrinolytic system (Fig 1). As a result, patients
who are deficient in C1INH function exhibit evidence of continuous
activation of the plasma complement, contact, and fibrinolytic
systems. Functional C1INH levels are generally 5% to 30% of normal
in HAE despite the presence of 1 functioning gene. Therefore,
additional mechanisms must be at play to account for C1INH levels
below 50% of normal.

Like other classic SERPINs, C1INH functions as a suicide inacti-
vator in which 1 molecule of C1INH is consumed by forming an
irreversible complex with 1 of its target proteases.21 Excessive
activation of these proteases, particularly the contact system pro-
teases, can result in cleavage of C1INH into an inactive fragment.22

These mechanisms would be expected to result in enhanced con-
sumption of C1INH in cases in which there is evidence of excessive
activation of its target proteases.23 Evidence of increased clearance
of radiolabeled normal C1INH injected into patients with HAE-
C1INH has indeed been demonstrated.24 In addition, there is evi-
dence that mutated C1INH proteins may be capable of interfering
with the biosynthesis or secretion of normal C1INH protein in the
same cell through a process called transinhibition.25

Genetics of HAE

Hereditary angioedemawith decreased C1INH is fundamentally
a consequence of a mutation in the gene encoding C1INH (SERP-
ING1), which is located on chromosome 11 (11q12.1).20 HAE-C1INH
is inherited in an autosomal dominant; however, up to 25% of cases
may be the result of de novo mutations.26 With an estimated
prevalence of approximately 1 in 50,000 in the general population,
it appears to affect all ethnic groups equally. To date, more than 200
genetic mutations have been identified in the SERPING1 gene,
distributed across the entire gene.27 Fewer than 20% of these mu-
tations are large insertions or deletions, whereas themajority result
from missense, frameshift, nonsense, or splicing defects owing to
changes in one or several base pairs. Patients with HAE-C1INH are
almost always heterozygous for the SERPING1 mutation. In rare
cases of homozygous C1INH deficiency, clinical severity has been
variable.28,29

The structural consequences of the SERPING1 mutation deter-
mine whether a patient develops type I or type II HAE.30 Several
mechanisms may interfere with secretion of the type I mutant
protein, including nonsense or frameshift mutations that cause
truncation of the protein or instability of the mRNA and missense
mutations that affect protein folding and intracellular transport of
the mutant C1INH protein.31 In type II HAE, mutations have been
localized mostly to exon 8 near the Arg444 reactive site. The
defective protease is secreted normally but cannot form complexes
with proteases, which increases its half-life in the circulation.

Hereditary angioedema with normal C1INH is not associated
with a mutation in SERPING1.10 Approximately 25% of European
patients with HAE-nlC1INH have been identified as having a mu-
tation of the gene F12 (chromosome 5q35.3) encoding coagulation
factor XII (Hageman factor).6 The mutation is most often a
threonine-to-lysine substitution (Thr328Lys) in exon 9, which is
not associated with the proteolytic site of the coagulation factor XII
protein.32 Although genetic studies have shown that the mutations
co-sort with inheritance of the disease, the functional conse-
quences of the F12 mutations remain unknown. There have been
very few reported cases of F12mutations in the United States.6 The
genetic defects associated with HAE-C1INH and HAE-nlC1INH are
listed in Table 2.
Pathophysiology of Increased Vascular Permeability in HAE

To treat HAE appropriately, it is important to understand the
underlying pathogenesis. Patients with HAE-C1INH exhibit



Table 2
Genetic defects associated with HAE

Disease Mode of inheritance Gene/locus Encodes Complement phenotype

HAE-C1INH autosomal dominant with
high penetrance

SERPING1, chromosome 11q12.1 C1INH

Type I (85%) large number of mutations throughout gene C1INH protein and functional levels
<50% normal, C4 low

Type II (15%) missense mutations mostly within the mobile
reactive loop

normal C1INH protein levels; C1INH
functional levels <50% normal, C4 low

HAE-nlC1INH autosomal dominant with
variable penetrance

normal C4, C1INH protein and functional levels

FXII (rare) F12, chromosome 5q35.3; mutations in exon 9 coagulation factor XII
Unknown (rare) Unknown unknown

Abbreviations: ACE, angiotensin converting enzyme; C1INH, C1 esterase inhibitor; FXII, factor XII; HAE, hereditary angioedema; HAE-C1INH, hereditary angioedema from
decreased C1 esterase inhibitor activity; HAE-nlC1INH, hereditary angioedema with normal C1 inhibitor; SERPIN, serine protease inhibitor.
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abnormalities in the regulation of the plasma complement, contact
(kallikreinekinin), fibrinolytic, and intrinsic coagulation systems.33

A large body of studies has established that swelling in HAE-C1INH
is a consequence of activation of the contact system, with the
generation of bradykinin leading to increased vascular permeability
(Fig 1).4 Circumstantial evidence also suggests that the swelling in
HAE-nlC1INH is from the generation of bradykinin.6 The diagnosis
of HAE is dependent on complement measurements, and the
pathogenesis of HAE swelling is dependent on the generation of
bradykinin through contact system activation; therefore, these 2
pathways are described in more detail below.

Complement system
C1 esterase inhibitor is the main regulator of the early activation

of the classic component pathway and may suppress spontaneous
activation of C1. It is the only inhibitor of C1r and C1s in the classic
pathway and inhibits MASP-1/2 in the lectin pathway.33 These 2
complement pathways converge to activate complement compo-
nents C4 and C2. In the absence of adequate C1INH levels, C1 auto-
activates and subsequently activates C4 and C2, resulting in lower
levels of C4 and C2. The early classic complement pathway is
further activated during HAE attacks by the active coagulation
factor XII fragment. Interestingly, MASP-1 has been reported to be
capable of cleaving high-molecular-weight kininogen and releasing
bradykinin, although the significance of this remains unclear.34

Contact activation system
Bradykinin, generated from activation of the contact system, has

been shown to be the primary mediator of swelling in HAE-C1INH.4

The major components of the contact system are coagulation factor
XII, plasma prekallikrein, and high-molecular-weight kininogen.
The cascade is initiated when membrane-bound coagulation factor
XII auto-activates and is converted to factor XIIa, which then acti-
vates prekallikrein to kallikrein.35 Active kallikrein efficiently acti-
vates additional coagulation factor XII in a positive feedback loop
that results in rapid activation of the contact system in the absence
of sufficient C1INH.35 High-molecular-weight kininogen is digested
by kallikrein, releasing bradykinin. Coagulation factor XII also is
activated by plasmin, which is not thought to contribute signifi-
cantly unless there is subnormal C1INH activity, as seen in HAE. The
contact system also may be initiated through heat shock protein 90
or direct endothelial cell activation of circulating coagulation factor
XII.36 Recently, prekallikrein has been shown to have some pro-
teolytic activity, which may become relevant in plasma that lacks
sufficient C1INH activity.37

Bradykinin induces angioedema through binding to G-pro-
teinecoupled bradykinin receptors expressed on the endothelial
cell membrane. Mammalian bradykinin receptors are classified as
types B1 and B2.38 The bradykinin B1 receptor is an inducible re-
ceptor with slow agonist desensitization, whereas the B2 receptor
is constitutively expressed with rapid agonist desensitization.
Bradykinin receptor subtypes can be distinguished by their natural
ligands: B1 is preferentially bound by the carboxypeptidase
degradation product, des-Arg bradykinin, and B2 by bradykinin.
Although the bradykinin B2 receptor appears to mediate most of
the bradykinin effects in HAE, some evidence suggests a possible
additional role for the bradykinin B1 receptor.39 Activation of the B2
bradykinin receptor enhances vascular permeability in significant
part by leading to phosphorylation, internalization, and cleavage of
vascular endothelial cadherin, the major protein of the endothelial
adherens junction that regulates fluid movement across the bar-
rier.40 Bradykinin also stimulates production of the vasodilator ni-
tric oxide and actinecytoskeleton contraction. These events lead to
movement of fluid from the vascular space into the interstitial
compartment, which results in the tissue swelling characteristic of
HAE.

Bradykinin also is presumed to cause the angioedema in HAE-
nlC1INH, although the evidence for this is indirect and inconclu-
sive. Antihistamines and corticosteroids consistently fail to alter the
swelling in HAE-nlC1INH, and there are anecdotal reports that the
drugs used to treat HAE-C1INH also work in HAE-nlC1INH.6

Because factor XII is a major component of the contact system,
F12 mutations have been suggested to result in enhanced contact
system activation. F12 mutations in HAE-nlC1INH have involved
the proline-rich region of coagulation factor XII rather than its C-
terminal catalytic protease domain.41 This proline-rich region may
play a role in the binding of coagulation factor XII to negatively
charged surfaces.42
Additional Parameters Affecting Disease Severity

Regulation of the bradykinin B2 receptor and peptidases that
degrade bradykinin may influence HAE disease severity. Lung
et al43 reported that HAE-C1INH clinical severity may be influenced
by genetic polymorphisms in the noncoding first exon of the bra-
dykinin B2 receptor that affects the receptor activity, although a
subsequent study failed to observe this pattern in a different cohort
of HAE patients.44 However, other groups subsequently published
evidence that polymorphisms in the bradykinin B2 receptor gene
have a modifying role in the expression of other disorders, such as
hypertension and ischemic heart disease.45,46

Bradykinin is catabolized by different peptidases (also called
kininases), the most important of which is ACE.38 Other important
peptidases involved in the metabolism of bradykinin include
aminopeptidase P (APP), carboxypeptidase N, neutral endopepti-
dase, and dipeptidyl peptidase IV. Decreasing the activity of these
peptidases, as seen when using an ACE inhibitor, results in
decreased catabolism and therefore a longer half-life of bradykinin,
resulting in potential worsening of HAE. Patients on ACE inhibitors
who develop angioedema have been shown to have decreased
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levels of APP, and this may be due to polymorphisms in the pro-
moter region of the XPNPEP2 gene.47 In turn, treatment of HAE with
danazol has been shown to increase APP levels.48 This suggests that
long-term prophylaxis with androgens may decrease HAE attacks
in part by increasing the breakdown of bradykinin. Binkley and
Davis10 reported on a family with HAE-nlC1INH in which affected
members experienced angioedema in a strictly estrogen-
dependent manner. Genetic analysis of the affected individuals
showed a mutation in the F12 gene and 2 kininase polymorphisms,
an ACE insertion polymorphism and an APP regulatory poly-
morphism, either of which can result in decreased kininase
activity.49

Role of Estrogens

The role of estrogens in women with HAE is well documented
but poorly understood. Estrogens have different effects on the
kallikreinekinin system that can increase bradykinin generation
and effects. Increased plasma coagulation factor XII levels have
been observed in women treated with estrogens.50 The promoter
region of the F12 gene contains an estrogen-response element, and
estrogens have been shown to increase transcription of coagulation
factor XII mRNA.51 Estrogens also may contribute to the regulation
of bradykinin B2 receptor expression. B2 receptor expression in the
rat uterus varied during the estrous cycle, increasing at times of
high estrogen exposure and decreasing at times of low estrogen
exposure.52 In female rats, ovariectomy led to a decreased vaso-
depressor response to bradykinin and decreased B2 receptor mRNA
expression in the aorta and kidneys.53 The vasodilatory effect and
the B2 receptor expression were restored with estrogen replace-
ment. In addition, the hypotensive effect of captopril in female rats
wasmore pronounced in the presence of 17b-estradiol.54 Moreover,
this effect was attenuated by the blockade of bradykinin B2 re-
ceptors or by the inhibition of nitric oxide synthesis, suggesting
that bradykinin and nitric oxide are likely involved in the potenti-
ating effect of ACE inhibitors by estrogen.

Clinical observations have repeatedly noted estrogen-mediated
worsening of angioedema in most women with HAE, including
HAE-C1INH and HAE-nlC1INH.55 This estrogen-mediated wors-
ening of disease is seen most clearly in women treated with
exogenous estrogen but is sometimes seen during periods of high
endogenous estrogen levels. Conversely, androgens have long been
established as effective long-term prophylaxis in HAE. The phe-
nomenon by which estrogens provoke angioedema attacks is likely
the result of hormonal regulation of the kallikreinekinin pathway
and bradykinin B2 receptor expression and function, but further
studies are needed to understand the exact mechanism in human
subjects.

Conclusion

Although a great deal is known about the biochemical basis of
C1INH deficiency, it is evident that HAE is a heterogeneous disorder
with complex biologic and genetic bases of disease. The new clas-
sification of HAE-nlC1INH has been defined, with a growing body of
knowledge identifying the underlying genetic defects. It is impor-
tant for clinicians to be able to recognize when to screen for HAE
and to distinguish it from other more common forms of angioe-
dema. An understanding of the disease has led to the development
and implementation of some innovative and effective therapies for
patients, thereby vastly improving treatment options and patient
quality of life. Nonetheless, further work is clearly needed to
improve the diagnosis and treatment of HAE-nlC1INH. Identifica-
tion of the molecular mechanisms influencing disease severity and
elucidation of the underlying pathophysiology of HAE-nlC1INH
should lead to more effective and better-targeted management of
HAE in the future.
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