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ABSTRACT

Hereditary angioedema (HAE) was first described in the 19th century. Over the past 50 years, many details of the
pathophysiology and molecular biology of HAE have been elucidated. Two types of HAE, type I and type II, result from
mutations in the gene for the broad-spectrum protease inhibitor C1 inhibitor (C1INH). Type I HAE is characterized by low
antigenic and functional C1INH levels and type II HAE has normal antigenic but low functional C1INH levels. Type III HAE,
by contrast, has normal antigenic and functional C1INH levels. In some families, type III HAE has been linked to mutations
in Hageman factor. C1INH is the primary inhibitor of the complement proteases C1r and C1s as well as the contact system
proteases activated Hageman factor (coagulation factor XIIa and XIIf) and plasma kallikrein. It is also an inhibitor of plasmin
and coagulation factor XIa. The primary mediator of swelling in HAE has now been unequivocally shown to be bradykinin,
generated from activation of the plasma contact system. The knowledge gained concerning the underlying mechanisms of the
different types of HAE allow the clinician to approach the laboratory diagnosis with confidence and provides opportunities for
novel therapeutic strategies.

(Allergy Asthma Proc 30:487–492, 2009; doi: 10.2500/aap.2009.30.3277)
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In 1888, William Osler published the first description
of a familial form of angioedema associated with

significant morbidity and mortality.1 He called this
disease hereditary angioneurotic edema, a name that
has subsequently been shortened to hereditary angio-
edema (HAE). The prevalence of HAE is not known for
certain but has been estimated to range from 1:30,000
to 1:80,000 in the general population without any
known gender or ethnic or racial differences.2

HAE is clinically characterized by recurrent episodes
of angioedema that generally involve the extremities,
gastrointestinal tract, face, oropharynx, larynx, or ex-
ternal genitalia. Patients with HAE present with a his-

tory of discrete episodes of nonpruritic nonpitting an-
gioedema. These attacks typically involve the
extremities, genitourinary tract, abdomen, face, oro-
pharynx, or a combination of all of these.2,3 HAE at-
tacks are usually distinguished from allergic or idio-
pathic angioedema by their duration, absence of
accompanying urticaria, and failure to respond to an-
tihistamines or corticosteroid therapy.

Most often, patients with HAE begin swelling and
experiencing abdominal pain during childhood. Fifty
percent of HAE patients begin swelling under the age
of 10 years, with some patients manifesting angio-
edema by the age of 1 year.4,5 Most patients then
experience a worsening of symptoms around puberty.3

Occasionally, patients with HAE do not begin to show
evidence of angioedema until their late teens or early
adulthood. Rarely, patients with HAE have been re-
ported who never experience angioedema.5,6 Although
some patients appear to experience decreased symp-
toms as they age, other patients continue to experience
HAE attacks throughout their lives.

C1 INHIBITOR AND HAE
The pathophysiological basis of HAE as a deficiency

of a plasma inhibitor was discovered in the early 1960s.
Landerman et al. reported that patients with HAE
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lacked an inhibitor of serum globulin permeability fac-
tor (activated Hageman factor) or plasma kallikrein.7

The next year, in a seminal publication, Donaldson and
Evans identified the missing inhibitor as C1 inhibitor
(C1INH).8 The identification of C1INH deficiency as
the basis of HAE allowed the pathophysiological and
molecular mechanisms of HAE to be explored.

C1INH is a broad-spectrum serine protease inhibitor
that is a member of the serpin serine protease inhibitor)
superfamily, with significant homology to �1-antitryp-
sin. It is the major inhibitor of several complement
proteases (C1r, C1r, MASP-1, and MASP-2) and contact
system proteases (plasma kallikrein and activated
Hageman factor [coagulation factors XIIa and XIIf).9

C1INH is also a relatively less important inhibitor of
the fibrinolytic protease plasmin and the coagulation
protease factor XIa. Figure 1 illustrates these pathways
and shows where they are inhibited by C1INH.

Like other serpins, C1INH functions as a “molecular
mousetrap,” undergoing large-scale rearrangement
and trapping the target protease when it is cleaved.10

C1INH is a suicide inhibitor, forming a 1:1 stoichio-
metric complex with the target protease followed by
clearance of the entire complex. In cases of overwhelm-
ing proteolytic activation, C1INH can be cleaved into a
modified inactive form without forming a complex
with or inhibiting the protease.11

The 2.1-kb C1INH cDNA was initially cloned and
sequenced in 1986.12 C1INH is a 110-kDa single chain
glycoprotein consisting of 478 amino acids plus a 22-
residue signal peptide.12 The protein is organized into
two domains: the N-terminal 100 amino acids contain
the N- and O-linked carbohydrates and the carboxy
378 amino acids contain the active site in a stressed
loop conformation typical of the serpins.12 The 17,159
basepair genomic sequence of the gene was published
in 1991.13 The gene, now named SERPING1, is located
on chromosome 11 (p11.2-q13), contains 8 exons and 7
introns, does not contain a 5� TATA box, and is distin-
guished by 17 Alu repeats in introns 3–7. More re-
cently, the crystal structure has been solved.14

The autosomal dominant pattern of HAE was recog-
nized by Osler in 1888. Each child of an affected patient
has a 50% chance of having HAE. Importantly, HAE
does not skip generations. The C1INH deficiency in
HAE has been shown to result from mutations of the
gene coding for C1INH, SERPING1. A large number of
SERPING1 mutations have been identified,9,15–18 with
additional mutations still being reported. A data-
base tabulating known SERPING1 gene mutation
database currently lists over 150 different mutations
identified in patients with HAE.19

Lack of a positive family history of angioedema can
not, however, be used to exclude the diagnosis. Al-
though �75% of patients give a compatible history of
having an affected parent, the remaining 25% of pa-
tients presumably have a de novo mutation of the
C1INH gene that results in HAE.20 More recently, a
form of HAE (type III), not associated with C1INH
deficiency, has been described (see later in text).

MEDIATOR OF SWELLING
Identification of the mediator of swelling in patients

with HAE has important implications for developing
more effective treatment of the disease. Incubation of
plasma from HAE patients ex vivo at 37°C was shown
to generate a factor that caused smooth muscle con-
traction and increased vascular permeability.21 It was
quickly recognized that this vascular permeability en-
hancing factor was likely to be the mediator of swelling
in HAE; however, the identity of this factor was an area
of significant controversy for many years. As reviewed
previously, C1INH is a major inhibitor of several com-
plement proteases and contact system proteases as well
as a minor inhibitor of coagulation factor XIa and
plasmin. During HAE attacks, each of these plasma
proteolytic cascades is activated and several vasoactive
substances are potentially generated. Based on these
considerations, two potential mediators of swelling in
HAE were identified: C2 kinin, generated through ac-
tivation of the classic complement pathway,22 or bra-
dykinin, generated through activation of the contact
system.23
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Figure 1. Interrelated plasma proteolytic cascades inhibited by
C1INH. When exposed to an appropriate stimulus such as an
activating surface, several plasma proteolytic cascades are acti-
vated, including the contact system, the intrinsic coagulation path-
way, the fibrinolytic system, and the classic complement pathway.
Steps that are inhibited by C1INH are shown as circles with an “X”
inside. C1INH, C1 inhibitor; HF, Hageman factor; HFa, activated
Hageman factor; HFf, Hageman factor fragment; PK, plasma pre-
kallikrein; Kall, plasma kallikrein; BK, bradykinin; fXI, coagulation
factor XI; fXIa, activated fXI; PLMG, plasminogen. Complement
proteases shown with a bar on the top are activated.
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Several lines of evidence appeared to favor C2 kinin
as the mediator of swelling in HAE. Because of the
deficiency in C1INH, the classic complement pathway
is continuously activated in patients with HAE with
increased activation during attacks.24–26 Evidence sug-
gested that C4 and C2 were required for generation of
vascular permeability enhancing activity in HAE
plasma, and the factor transducing this effect appeared
to be distinct from bradykinin.22,27 Furthermore, puri-
fied mixtures of active C1s, C2, and plasmin generated
a vascular permeability enhancing factor along with a
peptide cleaved from C2 and a synthetic C2 peptide
had weak vacular permeability enhancing factor activ-
ity on its own.28

Gradually, however, compelling laboratory and clin-
ical data have shown that bradykinin is the primary
mediator that enhances vascular permeability in HAE.
Bradykinin is a nanopeptide generated by activation of
the contact system, in which active plasma kallikrein
cleaves high molecular weight kininogen (HMWK) to
release bradykinin. The generated bradykinin can po-
tently increase vascular permeability by binding to its
cognate receptor (the B2 bradykinin receptor) on vas-
cular endothelial cells. Active plasma kallikrein was
detected in the blister fluid of HAE patients but not in
normal controls.23 Incubation of HAE plasma ex vivo
was shown to generate bradykinin.29,30 Furthermore,

evidence of in vivo activation of the contact system
during attacks of angioedema in HAE patients was
found (Fig. 2 A),31–33 and increased levels of bradyki-
nin measured in plasma during attacks of angioede-
ma.34

Contact system activation was also shown to cleave
C1INH into a nonfunctional form,11 and the plasma
level of cleaved nonfunctional C1INH was increased
during attacks of angioedema in HAE patients (Fig.
2 B).35 Importantly, the vascular permeability enhanc-
ing activity generated by ex vivo incubation of C1INH-
deficient plasma was shown to be independent of C2
but completely dependent on HMWK (the substrate
for bradykinin).36 The C1INH knockout mouse showed
a persistent increase in vascular permeability, which
could be corrected by administration of exogenous
C1INH.37 Additionally, the vascular permeability de-
fect was shown to be dependent on both plasma kal-
likrein activity and bradykinin receptor signaling. In
view of the overwhelming evidence supporting the
predominant role of bradykinin as the mediator of
swelling in HAE, it was of little surprise that drugs
targeting bradykinin generation or action have shown
efficacy in clinical trials for treatment of acute attacks
of angioedema in HAE.38,39

Several stressors have been associated with precipi-
tating HAE attacks, especially trauma (even relatively

Figure 2. Activation of the contact system with cleavage of HMWK and C1INH during attacks of angioedema in HAE patients. (A) HMWK
is cleaved during attacks of HAE. Top shows an immunoblot of plasma HMWK. The first two lanes show normal plasma and plasma in which
the contact system is activated by treatment with dextran sulfate. The final seven lanes show an HAE patient at various times: during
remission and then at the indicated times after admission for a severe attack of angioedema. The bottom graph shows the percentage of HMWK
cleaved in eight separate HAE patients at admission for attacks of HAE and at the time of discharge. (B) C1INH is cleaved during attacks
of HAE. The top shows an immunoblot of plasma C1INH. The lanes and graph below are the same as described for panel A. C1INH, C1
inhibitor; HAE, hereditary angioedema; HMWK, high molecular weight kininogen.
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minor trauma such as sitting on a hard surface for a
prolonged time) and emotional stress.3 The mechanism
by which these stressors enhance bradykinin signaling
in HAE remains unclear. Because angiotensin-convert-
ing enzyme (ACE) inhibitors decrease the catabolism
of bradykinin,40 ACE inhibitors are contraindicated in
HAE patients.41

Hormonal changes can also affect disease severi-
ty.3,42,43 The impact of pregnancy on HAE disease se-
verity is variable with some women worsening and
other women having less swelling during their preg-
nancy. Universally, women appear to be relatively pro-
tected against swelling at the time of parturition; how-
ever, their risk of swelling increases dramatically
during the postpartum period.44 Birth control pills con-
taining estrogen and estrogen replacement therapy
both appear to increase frequency of swelling. Estro-
gens have been shown to increase expression of the
contact system protease Hageman factor,45,46 provid-
ing a potential mechanism by which they may enhance
bradykinin generation.

MOLECULAR BASIS OF HAE
Three different forms of HAE have been identified.

Type I and type II HAE involve a deficiency of C1INH
and can be distinguished depending on whether the
plasma C1INH antigenic levels are low or normal,
respectively. Type III HAE, however, has been clearly
shown to not involve C1INH deficiency. Each of these
three types of HAE will be discussed separately, later.

Type I HAE
Type I HAE is the most common form of HAE,

accounting for �85% of cases. As mentioned previ-
ously it is associated with decreased antigenic levels of
C1INH in the plasma. A large number of different
SERPING1 mutations have been associated with type I
HAE including missense, nonsense, frameshift, dele-
tion, and insertion mutations. In general, type I HAE is
caused by mutations in the C1INH gene that result in
either truncated proteins or misfolded proteins that
cannot be secreted.47

Type II HAE
Another �15% of HAE patients have type II HAE.

This type of HAE is characterized by normal plasma
antigenic levels of C1INH with decreased plasma func-
tional C1INH levels.48,49 The vast majority of SERING1
mutations associated with type II HAE involve resi-
dues at or near the active site on the reactive mobile
loop that result in a mutant C1INH protein that is
secreted but is dysfunctional.50

Type III HAE
A hereditary form of angioedema that does not in-

volve C1INH has been recently described.51,52 This

additional form of HAE has been called type III HAE
or estrogen-dependent/associated angioedema. The
clinical pattern of angioedema attacks is similar to that
seen in types I/II HAE with prolonged angioedema
episodes and marked differences in severity from pa-
tient to patient.53 At the current time, there is no de-
finitive laboratory or clinical parameter to definitively
diagnosis type III HAE and the diagnosis can only be
considered in patients with a strong family history
suggestive of an autosomal dominant pattern. There-
fore, the frequency of type III HAE relative to type I
and type II HAE are difficult to assess.

The original descriptions of type III HAE described
families in which all of the affected subjects were
women. Furthermore, attacks of angioedema were felt
to mirror states of high endogenous estrogen (i.e., preg-
nancy) or administration of exogenous estrogen. Sub-
sequently, a number of families have been described
with affected male subjects and with affected female
subjects whose angioedema does not depend on high
estrogen levels.54

Recently, several of the type III HAE kindreds have
been shown to have a gain-of-function mutation in coag-
ulation factor XII that may result in enhanced generation
of bradykinin.55–57 Other families with type III HAE,
however, were screened for this mutation and found not
to have it. It is conceivable, but not proven, that the
coagulation factor XII gain-of-function mutation is re-
sponsible for the disease in the affected kindreds.

DIAGNOSIS
When a diagnosis of HAE is suspected, confirmation

requires laboratory testing.58,59 The typical patterns for
type I HAE, type II HAE, type III HAE, acquired
C1INH deficiency, ACE-I–associated angioedema, and
allergic or idiopathic angioedema is shown is Table 1.
In addition, an algorithm for the diagnosis of HAE is
shown in Fig. 3.

In general, measuring the complement C4 level is the
best cost-effective screening test to exclude a diagnosis of
HAE.60,61 An analysis of screening tests for the diagnosis
of HAE showed that measurement of the C4 level had a
sensitivity of 65%, a specificity of 94%, positive predictive
value of 23%, and a negative predictive value of 99%.61

On occasion, the C4 can be normal, particularly if the
patient is already being treated for a presumed diagnosis
of HAE.60 When repeated during an HAE attack, how-
ever, the C4 should be low in HAE. A normal C4 level
during an attack of HAE strongly suggests that a diag-
nosis of HAE may be incorrect.

In a patient suspected of having HAE after confirma-
tion of a low C4, the next step should be to measure
C1INH antigen (and function if the antigenic level is
normal).3 The combination of low C4 and low C1INH
function had a 98% specificity for C1INH deficiency and
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a 96% negative predictive value.61 As indicated previ-
ously, type III HAE patients have normal C1INH anti-
genic and functional levels. Some type III families have
been shown to have a mutation in factor XII; however, the
clinical utility of looking for this mutation in patients
suspected of having type III HAE is unclear at the current
time.
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